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Preface

This text presents a short, but thorough, introduction to the main concepts
and practical application of thermodynamics and kinetics appropriate for
materials science. It assumes that the reader is familiar with the concepts
typically taught in introductory, university-level courses in physics and
chemistry. The book is designed with two types of uses in mind: (1) a one or
two semester university course for mid- to upper-level undergraduate or
first year graduate students in a materials science oriented discipline and (2)
individuals who want to study this material on their own.

This text discusses the following major topical areas: basic laws of
classical and irreversible thermodynamics, phase equilibria, theory of
solutions, chemical reaction thermodynamics and kinetics, surface phe-
nomena, stressed systems, diffusion, and statistical thermodynamics. The
text is accompanied by a large number of example problems with detailed
solutions. The pedagogical appeal of the book is enhanced with computer-
based self-tests. These include over 400 questions and 2000 answers,
including many hints for the student.

While it is difficult to give a student a laboratory experience in either a
lecture course or in a self-study learning mode, the book is augmented with
computer-based laboratories. A laboratory problem is posed and the experi-
ment is described. The student has the ability to “perform” the experiments
and change the laboratory conditions to obtain the data needed to meet the
laboratory objective. If the student chooses inappropriate laboratory con-
ditions, the program will give him meaningful, but useless data. The
“laboratory” results are stored in a file that can be sent directly to the
instructor. Text is provided within the “laboratory” as both background
material and as an aid to the student as he or she analyzes the experimental
results. “Laboratory experiments” are available in the following areas:

Construction of phase diagrams from cooling curves.

Determination of carbon activity in austenite.

Determination of nitrogen activity in Fe—-Mn alloys.

Gas adsorption on a solid surface.

Determination of the order and activation energy of a chemical reaction.
Determination of diffusivity.

Chemical reactions.

Nk wWDe=

Note to students

Our ultimate goal was to develop a textbook that can be used as a sup-
plement to a lecture course in thermodynamics and kinetics of materials



vi

Preface

and also be sufficient for you to learn this material on your own. The book
is written in a manner that assumes that you have some background in
elementary physics and chemistry and some basic mathematical skills
(differentiation, integration, solution of very simple differential equations).

If you are using the book in a self-study mode, you should, of course,
first read the text. You should then solidify your understanding by
reproducing the main derivations from the chapter yourself, with the book
closed. If you have difficulties, go ahead and open the book, find out what
you were missing, and repeat. There are some Review questions at the
end of most sections. Do not ignore these! Do not panic if you cannot
answer all of them. Rather, reread the appropriate section of the text and
try again. If you have the opportunity, discuss these questions with other
students or instructors.

Once you feel that you understand the theoretical issues, try to solve
the Example problems included in the text. We tried to choose problems
which illustrate or expand upon the theoretical ideas in the text. Note that
not all of these problems are simple. If you have no idea how to solve the
problem, look at the solution at the end of the book, then take a few days
off and try to solve the problem again (you do not want to mechanically
memorize the solution). If you still have trouble, peak in the back again and
then return to this problem. Remember, there is only way to learn how to
solve problems—just do it!

After you have completed a chapter or two, you should use the
computer-based tests supplied with the text. These tests include many
multiple choice questions. In some cases, hints are provided. The hints will
not tell you which answer is correct, but will give you some additional
information that you may find useful in answering the questions. This is
a powerful learning tool and we strongly recommend that you use it.

Finally, this text-book contains seven computer-based Laboratory
Projects. You will find a complete description of each laboratory
including what you are trying to determine in the menu option labeled
“Background”. In these laboratories, you must determine how to perform
the experiments, how to analyze your results, and determine if any addi-
tional experimental data must be obtained (and give you the opportunity
to do this). Therefore, you must really understand the theoretical material
in order to obtain meaningful results; otherwise you will get absurd data.

If you are using this text to supplement a lecture course, the same
procedure can be followed. However, in this case, your instructor will
guide you. Nonetheless, you will undoubtedly find that following the
pedagogical approach outlined above will increase what you get out of
your lecture course and improve your performance in the course.

Note to instructors

This textbook is appropriate for use in several different types of courses.
This was done because thermodynamics is often combined with other
topics in a single course. Such courses include (1) Thermodynamics,
(2) Thermodynamics and Statistical Mechanics, (3) Thermodynamics and
Kinetics, (4) Thermodynamics of Materials, (5) Chemical Thermodynamics,



Preface vii
and (6) Physical Chemistry. Of course, which topics you cover in a course
will depend on the breadth of the course and the amount of time available.

In a one-semester course of any type, we recommend that you include
the following topics/chapters:

Chapter  Topic Omit

1 Basic laws of thermodynamics 1.2.3,1.2.4,13.2
2 Phase equilibria |

3 Thermodynamic theory of solutions 3.6, 3.7

4 Phase equilibria IT

5 Thermodynamics of chemical reactions

6 Interfacial phenomena 6.1.3, 6.3

8 Kinetics of homogeneous 8.2.3

chemical reactions

Depending on the scope of the course you may want to include the
following topics:

Chapter

Topic

Comments

Thermodynamics of materials

7 Thermodynamics of stressed  If the students had an
systems Elasticity course, you can
omit 7.1, 7.3, 7.5
10 Diffusion This entire chapter may be
omitted if the students will
have a specific course on
diffusion
11 Kinetics of heterogeneous
processes
12 Statistical thermodynamics I ~ This entire chapter may be
omitted if students had a
Statistical Physics or Physical
Chemistry course
13 Statistical thermodynamics IT  If students had a Solid State

Thermodynamics and kinetics

Physics course, you can
omit 13.3; you may also
choose to omit 13.4.4

9 Thermodynamics of

irreversible processes
10 Diffusion You may omit 10.3-10.5
11 Kinetics of heterogeneous

Processes

Thermodynamics and statistical mechanics

12
13

Statistical thermodynamics |
Statistical thermodynamics 11
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This book can also be used for a classical Mechanical Engineering
Thermodynamics course, but in this case, should be supplemented by
additional materials on heat engines. Other major omissions from this
book for specific applications include galvanic cells, corrosion/oxidation,
polymer thermodynamics, catalysis, and phase transformations. If these
subjects are necessary for your course, we recommend supplementing
this text.

The textbook is accompanied by three types of software: laboratory
experiments, self-tests for the students, and exams. The laboratory
experiments and self-tests were described above. These are both important
pedagogical tools. We suggest that you recommend to your students that
they do all of the self-tests. The laboratory experiments can be assigned as
homework, however, we recommend that the students do these computer-
based laboratory experiments together with a teaching assistant in a room
equipped with an appropriate number of personal computers.

The computer-based exams are designed to be a part of a real exam.
These can be administered in a classroom (with personal computers) or as
a “take home” exam. Each exam has 20-40 questions, drawn either from
the entire course or from selected sections. The questions are all multiple
choice, with five possible answers. The exams are timed such that the
student has, on average, 1 min per question (i.e. a half-hour for 30 ques-
tions). When the time expires, the exam will be terminated in its current
state. The final results are put into an encrypted file to be e-mailed to the
instructor, along with the students score.

Acknowledgment
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Basic laws of
thermodynamics

In this chapter, we first introduce the basic laws of thermodynamics and the
most important thermodynamic functions. Even though many of the
concepts introduced here will be familiar to many readers with a back-
ground in elementary physics, this chapter should not be ignored as it
presents these concepts in the language of physical chemistry. Since these
concepts form the basis of physical chemistry, this subject will make no
sense without a firm footing in these fundamentals.

Thermodynamics focuses on the thermal behavior of macroscopic
systems (i.e. systems containing a very large number of particles). Thermal
processes include both heat exchange between a system and its surround-
ings and work. The general scheme of a thermodynamic description of such
processes can be described as in the picture:

. System
Experiment
parameters

Thermodynamic State
laws functions, f

Af

/

Equilibrium conditions
and evolution

Calculations

Thermodynamic descriptions are usually based upon experimental
observations. Experiments can characterize the thermodynamic state of
the system in terms of a small number of measurable parameters (e.g.
temperature 7 and pressure p). The generalization of these measurements




Surroundings

O

Fig. 1.1
Schematic illustration of a system and its
surroundings.

Basic laws of thermodynamics

yields thermodynamics laws. Thermodynamic laws identify state functions
that describe the system behavior solely in terms of the system parameters
and not on how the system came to be in a particular state. Changes in the
state functions during some process depend on only the intial and final
states of the system but not on the path between them. Therefore, these
changes can be determined from calculations based on a very small set
of data. Thermodynamics can be used to answer such questions as (1) is
a particular process possible? (2) can the system spontaneously evolve
in a particular direction?, and (3) what is the final or equilibrium state? all
under a given set of conditions. Equilibrium can be understood as the state
in which the system parameters no longer evolve, there are no fluxes of
matter or energy through the system, and for which all small disturbances
decay. According to the zeroeth law of thermodynamics any isolated system
will eventually evolve to an equilibrium state and will never spontaneously
leave this state (without a substantial external disturbance). It is important
to emphasize that when a state function is properly chosen and how
it changes is determined (using very limited thermodynamic data from
experiment), we are able to answer all three questions raised above without
any consideration of the molecular nature of the system.

The basic laws of thermodynamics are generalizations of experimental
observations and are not derived. In this sense, thermodynamics is a first
principles theory. Since it is based upon a generalization of experimental
results, Finstein said that thermodynamics is “the only physical theory
of universal content concerning which I am convinced that within the
framework of the applicability of its based concepts, it will never be
overthrown.”

1.1 First law of thermodynamics
1.1.1  Basic definitions

Since thermodynamics describes the macroscopic behavior of different
types of systems, we start with a formal definition of the term “system” and
a classification of types of systems. A system is an ensemble of bodies that
can either be extracted or imagined to be extracted from its surroundings
(see Fig. 1.1). A system is referred to as isolated if it neither exchanges
energy nor matter with its surroundings and its volume is constant.
A system which does not exchange matter with its surroundings is closed;
otherwise it is open. The state of a system is determined by a set of system
parameters such as the volume V, temperature 7, pressure p, and con-
centration of each of its components ¢;. These parameters are not inde-
pendent but rather are related to each other by the equations of state. For a
one-component system, this equation takes the form: f{(p,V,T) =0 where f
may, for example, be the ideal gas law f=pV — nRT =0 (n is the number of
moles and R is the ideal gas constant).

How a system participates in a thermodynamic processes is character-
ized by two quantities: work W, and heat Q. The following sign convention
is standard in thermodynamics: work done by the system is positive
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(work done on the system is negative) and the heat supplied to the system is
positive.! The work due to expansion (work against an external pressure) is
often separated from other types of work (e.g. the work to establish a
potential difference between electrodes in a galvanic cell or the work
to separate charges in the presence of an electric field). All types of
work with the exception of that associated with expansion are called
non-mechanical work.

The work of expansion associated with an elementary (infinitesimal)
process that changes the volume is

5 Wexpan = pdV.. (1.1)

The work of expansion is positive if the system volume increases and it is in
accordance with Eq. (1.1). For a finite change in volume, the work of
expansion is

Vs
Wexpan = / pdV. (1.2)
Vi

Equation (1.2) shows that the work of expansion is simply the area under
the curve p(V). Figure 1.2 shows that the work of expansion depends on
path. For example, the system evolving along path I does more work than
that along path II. Thus, the work does not characterize the state of the
system, but rather the path which the system followed to get from one
particular state to another. This can be phrased more rigorously by stating
that W is not a full differential (an integral of a full differential is path
independent). This is why we use the sign 6 instead of d in Eq. (1.1). In
general, the work associated with any infinitesimal change in the system
can be written as:

6W = pdV + 6Wpon-mechanical (1.3)

The amount of heat transferred to the system also depends on the path.
Functions that depend only on the system parameters, and not the path
that led to those values of the system parameters, are state functions.
Neither heat nor work are state functions.

The first law of thermodynamics postulates that for any system there is a
state function, U, called the internal energy, which increases by a quantity
equal to the heat added to the system and decreases by the work done by
the system. Formally, this implies that the difference between the heat (6Q)
added to and the work (6W) done by the system is a full differential of a
state function U:

dU =6Q — sW. (1.4)
Since the internal energy is a state function, it does not change when the

system undergoes any cycle that returns it to its initial state; that is,
$dU = 0. Equation (1.4) can be rearranged as

60 = 5W +dU, (1.5)

! Other conventions have been adopted elsewhere in the literature. Changing convention
simply leads to changes in signs within some of thermodynamic equations.

%
(3]

Fig. 1.2
Schematic to illustrate that work (area
under curve) depends on path.
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which implies that all heat added to the system is either used by the system
to perform work or to increase the internal energy of the system. Since
Eq. (1.4) is written in terms of differentials, the internal energy itself is
only defined to within an additive constant. This constant may be deter-
mined once a reference state is chosen (see Section 1.1.4).

Although the internal energy may have contributions from several
different terms, thermodynamics requires no information on the magni-
tude of these individual terms. Recall, however, that molecular theory or
statistical mechanics can be used to determine the magnitude of such
contributions as the kinetic energy associated with molecular motion (this
is related to the temperature of the system), the interaction energy of
molecules, and the internal energy of the molecules themselves.

In a closed system, the internal energy depends on the system
parameters: p, V, and T.? These quantities are related to each other through
the equation of state. Therefore, the internal energy can be written in terms
of any two of these parameters. For example, if we choose to focus upon
the temperature and volume, the full differential of the internal energy is

simply:
ou oU

1. What is the analytical expression for the first law of thermodynamics?

2. Which of the following are state functions: heat, work, internal energy?

3. Which of the following are system parameters: temperature, volume,
number of molecules, ideal gas constant, pressure, internal energy?

Review questions

1.1.2  Implications of the first law of thermodynamics

We now examine some applications of the first law of thermodynamics. In
these applications, we consider only cases in which the only type of work is
that associated with the expansion of the system, but make no assumptions
about the type of system. The next section considers applications to an
ideal gas.

1. Isochoric processes (i.e. processes that leave V unchanged). In such
processes, the work done is equal to zero and all heat entering the system
is used to change the internal energy; 6Q =dU.
The heat capacity of the system is defined as
. 00
= lim -—=, 1.7
€T ATNAT (4.7
where AT is the change in the temperature of the system associated with
the addition of heat §Q. Frequently, the heat capacity is normalized by

2 If concentrations of the individual components in the system can change, the internal
energy also depends on the quantity of each component. We consider this case in
Section 1.5.
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either mass or moles of the species in the system. The heat capacity per
mole is called the molar heat capacity and the heat capacity per gram is
called the specific heat capacity. Under isochoric conditions, the heat

capacity is
oUu
Cy = (ﬁ)y (18)

Since the internal energy is a state function, so too is the isochoric heat
capacity. We can relate the change in internal energy associated with any
isochoric process to the heat capacity as

T
AU:/ cydT. (1.9)
Ty
2. Isobaric processes (i.e. processes that leave p unchanged). In this case,
6Q=dU+pdV=d(U+pV)=dH
where
H=U+pV, (1.10)

is referred to as the enthalpy of the system. Since the enthalpy depends
only on the internal energy and system parameters, it is a state function.
Just as the internal energy is only defined to within an additive constant,
the enthalpy too depends on the reference state. In isobaric processes, all
heat added to the system increases the enthalpy: §Q =dH. The isobaric

heat capacity is defined as
OH
P

such that the enthalpy change is

T
AH= [ ¢ dT. (1.12)
T,

The isochoric and isobaric heat capacities, ¢j and c,, may be related by
inserting the definition of the enthalpy (Eq. 1.10) into Eq. (1.11).

_(OH\ _ (O(U+pV)\ _ 8£ BiV
(ar)( oT > (8T>p+”<8T)p‘ (1

This relation can be rewritten in another form by noting that 7, ¥, and p
are related by an equation of state and by using standard rules of differ-

entiating a multivariate function:?
<8V> n (8U> <8V>
— =+ == -
oT), ov)r\oT),

(3r) - (o)~ Gv),

3 Some useful hints on working with partial derivatives are provided in Appendix I.
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Inserting this relation into Eq. (1.13) yields the well-known result

0
omer=[(22) 44] (2. 019
p

3. Adiabatic processes (i.e. processes that occur without exchanging heat
between the system and its surroundings, 6Q =0). In such processes, all of
the work performed by the system leads to a decrement of the internal
energy: SW= —dU.

Review question

1. What are the dimensions of the molar heat capacity?

Example problem*

1. 1gofice at T=0°C and 10g of water at T=100°C are mixed in an
adiabatic container. What is the temperature within the container
when its contents reach equilibrium? Express your answer in K.

For H,O0, the change in enthalpy on melting A H ¢, = 6.01 kJ/mole and
¢,=75.3 J/JKmole.

1.1.3  Ideal gas

A gasis referred to as an “ideal gas™ if it can be described by the following

equation of state (i.e. the ideal gas law):
pV =nRT. (1.15)

An important property of an ideal gas follows from this equation: the
internal energy does not depend on volume at fixed temperature,

oU
<W>r: 0. (1.16)

Thus, the molar internal energy of an ideal gas is only a function of
temperature. While a qualitative explanation of Eq. (1.16) is provided
here, a formal derivation may be found in Section 1.4.2. The internal
energy of a gas consists of three terms: the kinetic energy of the molecules,
the energy of interaction between the molecules and the internal energy
of the molecules. Of these, only the interaction energy depends on the
volume (density) of the gas because the mean nearest neighbor distance
between molecules is proportional to (V/N)'3 and the intermolecular
interaction energy is a function of the distance between molecules.
However, the definition of an ideal gas is one for which the molecules

4 Solutions to and discussion of Example problems are provided at the back of
the book.

5 In the remainder of this chapter, the only gases considered are ideal gases. Hence, the
term “ideal” will be omitted. Note, for pressures up to approximately 10 atm and
temperatures above room temperature, nearly all gases behave ideally.
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do not interact. Therefore, the internal energy of an ideal gas does not
depend on volume.

The differential of the internal energy (Eq. (1.6) of an ideal gas can be
expressed in terms of the isochoric molar heat capacity (Eq. (1.8)):

dU = ncydT. (1.17)
For an ideal gas, the relationship between the isobaric and isochoric heat
capacities can be obtained by inserting the ideal gas equation of state into
Eq. (1.14):
¢, =cy+R. (1.18)
We now derive several expressions for the work done by an ideal gas
under different conditions.

1. Isothermal process (T=const). In general, work is defined as:
W= fVV, pdV. For an ideal gas, W = f;/f 2RI 4V Performing the integra-
tion at constant 7 yields:

V.

W =nRT In—2. (1.19)
4

Since dU=0 in an isothermal process (see Eq. 1.17), 6Q =6W. This

implies that all heat added to an isothermal ideal gas is converted into

work.

2. Isobaric process (p=const). In this case, the expression for work

V) ..
W= [,} pdVis simply

W = pAV = nRAT, (1.20)

where the second equality is obtained using the ideal gas equation of state.
3. Adiabatic process (6Q=0). Combining Eqs (1.17) and (1.5) for an
adiabatic process yields: ncydT+ pdV =0. From the ideal gas equation
of state it follows that dT=(pdV + Vdp)/(nR). We can now rewrite the
previous equation as:
~pdV+ Vdp
ncy "R
By inserting the ideal gas result ¢,—cp=R into this equation and
rearranging terms we find pdV + Vdp + (v — D)pdV = Vdp + ypdV = 0,
where we have used the definition
— (1.21)
9%
We can rewrite Vdp +ypdV =0 as dp/p +~dV/V = 0 and integrate to
obtain In p + vIn V' = constant or, equivalently,
PV =C, (1.22)

where C is a constant. This equation is valid for an adiabatic ideal gas.
Combining the first law of thermodynamics with §Q =0 and Eq. (1.17)
provides an expression for the work done by an ideal gas:

+ pdV =0.

T
W=_AU= —n/ eydT, (1.23)

T
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The first equality is valid for any adiabatic system, while the second only
applies to an adiabatic ideal gas. Another approach is to directly integrate
the function p(V'):

Vs V) C Va
W= pdV = C/ VY =—— iy
Vi " 1 - Y Vi
VIV —prny?
= -
Vi—poV.
_nri=p,ha (1.24)
vy—1

Review questions

1. On what system parameters does the internal energy of a mole of an
ideal gas depend?

2. On what system parameters does the enthalpy of a mole of an ideal gas
depend?

3. Which ideal gas system parameter must be held fixed for
O = RT In(V,/V)) to be valid?

Example problems

1. 2g of air was isobarically heated from 7;=0°C to 7,=1°C at a
pressure p =1 atm. The density of air at 7=0°C is p=0.00129 g/cm”.
What is the work of expansion?

2. 21 of nitrogen, originally at 7=0°C and p; =95 atm, isothermally
expands until the final pressure is p, = 1 atm. How much heat flows into
this system during the expansion?

3. 10 g of nitrogen, originally at 7} =17°C, is adiabatically compressed
from 8 to 5. How much work was done to compress the nitrogen? The
isochoric heat capacity of a mole of nitrogen is 2.5R.

4. 1 mole of an ideal gas undergoes the following cycle:

p=const T=const p=const

p1. Th p1. T2 p2. T2 p2. T
F T =const _‘

Derive an expression for the heat added to the gas during this process
using only those parameters shown in the figure.

1.1.4 Thermochemistry

The first law of thermodynamics allows us to systematize the data on the
heat of chemical reactions. Consider, for example, the burning of hydrogen
to produce water:

H2 +%02 = Hzo
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Burning 1 mole of hydrogen changes the internal energy of the system
by AU= U(H,0) — U(H,) — 1/2U(O,), where all values are per mole. At
constant volume, the change in internal energy of the system is equal to the
heat generated during this reaction. If the reaction proceeds at constant
pressure, the heat generated is equal to the change in the enthalpy of the
system AH = H(H,O) — H(H,) — 1/2H(O5). Since both the internal energy
and enthalpy are state functions, changes in these functions are inde-
pendent of the path along which this process occurred. This is the basis of
Hess’s law: the heat generated in a chemical reaction is determined by only
the type and state of the reactants and the products of the reaction, and
does not depend on the reaction path or the existence of any intermediate
substances formed during the reaction. This law has great practical signi-
ficance because it allows us to build rather compact thermodynamic
databases and to limit the number of experiments that are necessary for
the determination of the heats of reaction. To illustrate this, we consider a
simple example. The heat of the reaction

2Fe 430, = Fe, 03, (1.25)
is equal to AH"V = — 822 kJ/mole, and the heat of the reaction
2Fe + O, = 2Fe0;, (1.26)

is equal to AH® = —530kJ/mole. Now, consider the following new
reaction:

2FeO + 10, = Fe,0;. (1.27)

We do not need to perform a separate experiment to determine the heat
of this reaction. Rather, we note that this reaction can be described
by subtracting Eq. (1.26) from Eq. (1.25). Therefore, the heat of reac-
tion associated with Eq. (1.27) is simply AH®=AHY - AH® =
—292 kJ/mole.® We can do this because we know Hess’s law.

In creating a thermodynamic database, we should distinguish between
two types of substances, namely, elementary and compound substances.
The latter can be synthesized from the former (more formal definitions
are discussed below). Any chemical reaction that involves compound
substances can be represented as one or more reactions involving only
elementary substances to produce those compounds. Consider the oxida-
tion of ammonia as an example:

4NH; + 50, = 4NO + 6H,O0. (1.28)

In this reaction, NH3, NO, and H,O are compound substances. This
reaction can be rewritten as the following series of reactions:

(a) %Nz + %Hz = NH;
(b) IN» 410, = NO
(¢) 02 + H, = H,0.

® Note that these heats of reaction are typical for reactions amongst inorganic substances
(i.e. 10-1000kJ/mole).
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Formally, we can rewrite the reaction for the oxidation of ammonia
(Eq. 1.28) as:”

Eq.(1.28) = (4 x b) + (6 x ¢) — (4 x a)

Using Hess’s law, we can write the heat of reaction associated with
Eq. (1.28) as:

AH® = 4AH® + 6AH® — 4AH®.

Thus, to calculate the heat of any chemical reaction, we need only know
the heats of formation of all of the compound substances involved in the
reaction from elementary substances. It is these heats of formation that are
normally tabulated in databases. Since, in practice, we more frequently
encounter reactions proceeding at constant pressure rather than constant
volume, the enthalpies of formation are commonly tabulated at room
temperature and atmospheric pressure, that is, 7=25°C and p=1 atm.
The enthalpy of formation of elementary substances is, by definition,
AHY,4 = 0 (the subscript “f 298" implies formation at 7=298 K and the
superscript “0” implies that p=1 atm.®) If an elementary substance can
exist in more than one structure (polymorphic) at T=25°C and p=1 atm,
AHYg =0 for the most stable form. For example, for graphite
AH{,05(Ciery) =0 and for diamond AHPgq (Cidiamond)) = 1.83 kJ/mole.
As a rule, inorganic compounds have AHg < 0 (their formation is-
exothermic). However, there are exceptions, such as NO, which has a
positive enthalpy of formation. The heat of any reaction that takes place
under standard conditions’ can be determined in terms of the standard
enthalpy of formation of all of the reactants and products:

AHy = Z ViAHfozt)g(i)* Z ViAquzgg(i) (1.29)

products reactants

where the v; are stoichiometric coefficients of the participants in the reaction
(e.g. in Eq (125), VEe= 2, Vo, = %, VFe,03 = 1)

We can calculate the standard heat of reaction at any temperature if we
know the heat capacity of all of the participants in the reaction. Since

. _ (oH
@ =\or),

dAHY
dT ’

we can define

Ac, = (1.30)

7 Check this yourself.

8 If gases take part in the reaction their partial pressures must be equal to 1 atm.

9 “Standard conditions” implies that the partial pressures of all gasses are 1 atm. Cases in
which the reactants or products are in solutions are discussed in Chapter 5. The enthalpy
corresponding to standard conditions is known as the standard enthalpy of reaction.
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which is calculated from the heat capacities in the same manner as in the
determination of the heat of reaction in Eq. (1.29). Integrating Eq. (1.30),
we find:

T
AHY = AH, +/ Ac,dT. (1.31)
298

We can also use the tabulated data on the standard enthalpies of
formation to determine the heats of reaction at constant volume. At con-
stant volume, the heat of reaction is the change in internal energy.
Therefore, we need only find the relationship between U and H. For a gas,
this is simply

H=U+pV=U-+nRT.
For a condensed phase (solid, liquid, or glass), pV is usually small relative

to heats of reaction. Consider, as an example, the case of water at room
temperature and atmosphere pressure:

pV ~10°Pa- 1073 m?/kg - 0.018 kg/mole = 1.8 J/mole
~ 0.002kJ/mole.

Therefore, we usually neglect the pV contribution to the enthalpy of
condensed phases.

The heat of a chemical reaction occurring at constant pressure is related
to that at constant volume by

AHY = AUY + AvgsRT, (1.32)

where Ay, is the difference in the stoichiometric coefficients between the
gas phase products and reactants. For example, for the reaction
Cgr +2H, = CH,4
AHY = AUY + (1 —2)RT = AUY — RT,

that is, Avg,s= — 1.

Review questions

1. What is the typical magnitude of the heat of chemical reactions
involving inorganic substances?

2. Define the term AH,.

3. The standard heat of formation of ammonia is AH,(NH3) =
—294.1kJ/mole. Write the chemical reaction corresponding to this
heat of formation.

Example problems

1. Calculate the heat of reaction for

CH4 +2CO = SC(gr) + 2H,0

n
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at 1100 K. The following thermodynamic data are available from standard
thermodynamic databases:

Substance CH, CO Cor H,O

AHP, kJ/mole —74.60 —110.53 0 —241.81
Shs» J/(K mole) 186.26 197.55 5.74 188.72
a 42.06 28.41 16.86 30.00
b 31.50 4.10 4.77 10.71
¢ —17.29 —0.46 —8.54 0.33

where the temperature dependence of the heat capacities of the reactants
and products are described by

¢p=a+b-107°T+c-10°T2
(The S data are included for other examples, below.)

2. Find the heat of formation of SiO,

Si+ O, = Si0,

at constant volume and 7=700K, given the following thermodynamic
data:

¢,(Si) = 20.0J /(K mole)

¢p(02) =29.4J /(K mole)

¢,(S10,) = 44.2J /(K mole)

AHY = —908 kJ/mole.

1.2 The second law of thermodynamics

While the first law of thermodynamics tells us that energy is conserved,
it tells us nothing about whether a reaction will proceed and, if so, in
which direction. In order to resolve this issue, we must first introduce a
new state function which is central to the establishment of the second law
of thermodynamics. Unlike the first law, the second law is difficult to
succinctly articulate. The next four sections of this chapter describe the
establishment of the second law. However, if it is enough that you
know what it is, rather than where it comes from, you can skip ahead to
Section 1.2.5.

1.2.1 Thomson and Clausius postulates

A thermodynamic system can exchange heat with its surroundings and
perform work. Therefore, it can be viewed as if it were part of a heat engine.
The theory of heat engines was developed primarily in the eighteenth and
nineteenth centuries in connection with answering the following question:
is it possible to construct a perpetual motion machine? (Although this
question has long been settled, counter proposals still appear in news-
papers and investment seminars.) Such a theory is applicable to all
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thermodynamic systems and not just heat engines. We now briefly state
the main ideas of this theory.

We start with a discussion of several features that are common to all
types of heat engines. The heat engine consists of a medium that performs
work (e.g. by expanding) and mechanisms for adding and removing heat,
i.e. a heater and a cooler, respectively. To perform work, the medium must
obtain heat, Qy, from the heater. This acquisition of heat brings the system
from state 1 to state 2 along some path, a. (We shall label such a transition
as 1 —a—2.) We can represent this process on a p—V diagram, as shown
in Fig. 1.3. According to the first law of thermodynamics, the amount of
work done by the medium is related to the heat transferred and the change
in internal energy of the medium: Wy_, ,» = |Qn| — (U2 — U,)."°

If the medium returns to state 1 along the same path, 2 — a — 1, the total
work will be zero. However, if the medium returns to state 1 by a different
path b, 2—b— 1, the net work will be non-zero. During this process
2 — b — 1 the medium gives up some heat, Q., to the cooler and performs
(negative) work Wo_p—1 = —|Qc| — (U; — Uz). The net work performed
by the medium in transversing this circuit is W= W _, o+ Wr_ 1 =
|On| — |Qc|, where Q = |On| — |Qc| is the total heat absorbed by the
medium in this process. This work is simply the area enclosed in going
around the circuit in the p—V diagram in Fig. 1.3 (1 -a—2—b—1).

The efficiency of the heat engine 7 is defined as

174
n=—". (1.33a)
|On]
Replacing the work with its heat equivalent, as per the first law of
thermodynamics, we can rewrite the efficiency as

n= 100~ 10c], (1.33b)

|Onl

Thus, the first law of thermodynamics tells us that the efficiency n <1.
Since the efficiency can never be greater than one, it is impossible to
construct a device that produces more work than the heat provided. If n
were greater than 1, we could produce some work, while returning all of the
original heat provided to the heater (e.g. as a result of friction). This would
be a perpetual motion machine since we are getting work for nothing. Such
a device is known as a perpetual motion machine of the first type and is
prohibited by the first law of thermodynamics.

If Q.=0, then n=1. Such a machine is called a perpetual motion
machine of the second type. Indeed, if we could create an engine without a
cooler, we could simply use the universe as the heater, let it cool by an
infinitesimal amount while transferring an infinite amount of heat to our
medium, and produce an infinite amount of work. However, this violates
all known experience, so we must conclude that it is impossible. This
observation is known as Thomson’s postulate: no closed path through p—V

19 In Sections 1.2.1-1.2.3, we always use the absolute value of the heat and explicitly
indicate the direction of the heat flow.

Fig.1.3

Schematic illustration that shows that
the net work done in one heat engine

cycle is the area enclosed between the
two paths.

13
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space is possible in which the only result is the production of work and the
removal of heat from a heater. This is one statement of the Second Law
of Thermodynamics.

An alternative statement of the Second Law was given by Clausius.
Clausius’s postulate states: heat cannot flow spontaneously from a cooler to
a hotter system (without producing some other change in the universe).
The Thomson and Clausius postulates are equivalent; one follows from
the other. However, we should keep in mind that both the first law of
thermodynamics and these two postulates are not the results of thermo-
dynamics, but are, in fact, assertions that thermodynamics uses. Both are
consistent with centuries of experience.

Example problem

1. Prove the equivalence of the Thomson and Clausius postulates.

1.2.2 Reversible and irreversible processes

Consider the transformation of a system from state A to state B as the
result of some process. If it is possible to return the system from state B
back to state A by a path for which the entire circuit A — B — A leaves the
universe completely unchanged, the original transformation A — B is
reversible. On the other hand, if no such return path exists, the original
process A — B is irreversible. Consider two examples. According to the
Clausius postulate, the spontaneous flow of heat from a body at a higher
temperature to one at a lower temperature is irreversible. According to
the Thomson postulate, the release of heat by friction is an irreversible
process.

Let us consider the piston example shown in Fig. 1.4. Point A corre-
sponds to the initial state of the gas on a p—V diagram. If we remove a
shovel full of sand from the top of the piston, the pressure in the gas will
drop to the value indicated by point B on the p— V" diagram and the volume
will increase to that indicated by point C. If we continue shoveling away the
sand, the system will traverse path 1 to state E, going through D along the
way. We can return the system to its original state by adding sand, as
indicated by path 2 (i.e. the dotted line in the p— V" diagram). Examination

A
)2 NN——

Sand

Gas

Fig.1.4
Schematic illustration of the difference between a reversible and an irreversible process.
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of Fig. 1.4 shows that the work associated with the compression of the gas
in going from E to A along path 2 (i.e. the area under path 2 in Fig. 1.4) is
larger than the original work done by the gas in the expansion from A to E
along path 1. If instead of removing and adding sand by the shovel full, we
use a teaspoon, path 1 will be much closer to path 2 and hence the excess
work is drastically reduced. In the limit that we remove one sand particle at
a time, path 1 and path 2 will be indistinguishable. In this case, the excess
work is (almost exactly) zero and the process corresponding to path A — E
is reversible. Provided we change the system sufficiently slowly so that it is
always in equilibrium, a reversible process traverses a locus of equilibrium
states. If the process is reversible, we could go either way on the solid curve
by adding or removing sand particles one at a time. In other words, we
can always reverse the direction of a reversible process by infinitesimally
changing external conditions.

The piston example suggests that the maximum amount of work a
system can perform in going from one state to another is achieved when the
system moves along a reversible path. We will prove this statement in
Section 1.4.1.

1.2.3 Carnot cycle

One particular thermodynamic circuit is of special significance: this is the
Carnot cycle. By definition, the Carnot cycle is a reversible process in which
the system is alternately in contact with two heat reservoirs (a heater and a
cooler) at constant temperatures Ty, and T, (T, > T¢). At first, the system is
in contact with the heater. According to the Clausius postulate, this process
can be reversible only if the system has the same temperature as the heater.
Since the heater temperature is constant, this contact must correspond to
an isothermal process. During this contact, the system acquires heat, |Qy|
and performs work, W, (see Fig. 1.5). Now, after the system is removed
from the heater and before it is brought into contact with the cooler, it must
be cooled to the temperature of the cooler (otherwise the contact with the
cooler will not correspond to a reversible process, as per the Clausius
postulate). Since there are no other heat reservoirs available, this process
must occur adiabatically. During this process, the system performs work,
W,3. Then, when the system contacts the cooler, it loses heat, |Q.| and
performs negative work, W34. Point 4 in Fig. 1.5 is chosen such that the
system can return to the initial state (i.e. point 1) adiabatically. During this
last adiabatic compression, the system performs negative work, Wy,. Thus,
a Carnot circle consists of two isotherms 12 and 34 and two adiabats 23 and
41 (see Fig. 1.5). During the entire Carnot cycle, the internal energy of the
system does not change (this is a closed circuit), but the system performs
work W= W12+ W23 + W34+ W41 = ‘Qh| — |Qc| Note that the heat flow
from and to the heater and cooler are related by the efficiency 7, as per
Eq. (1.33 b)

1Qc| = (1 —n)|Qnl. (1.34)

Fig. 1.5
A schematic Carnot cycle.

15
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The first Carnot theorem states that the efficiency of a machine
operating with the Carnot cycle depends only on the temperatures of the
heater and cooler and does not depend on any details of how the machine is
constructed or the working medium employed. To proof this theorem, we
consider two Carnot machines that share the same common heater and
cooler but have efficiencies n; and 7,. In order to make this analysis con-
crete, we shall assume that 7; >n,. We will show below that if this
inequality holds, then we contradict Thomson’s postulate. We begin by
allowing machine 1 to perform m; forward cycles, acquiring heat
|On|1 =m1q, from the heater and losing heat |Q,|; to the cooler and in the
process, doing work W, =|0u|1 — |Q¢|1 (e.g. the machine may lift a weight
off of the floor). Now, we stop machine 1 and use the potential energy
stored by the weight dangling above the floor to start machine 2, which will
operate in the reverse direction (this is possible since the Carnot cycle
is reversible). When machine 2 performs m;, cycles, it acquires heat |Q.|»
from the cooler and losing heat |Qy|, =mag; to the heater (i.e. it works
like a refrigerator). During this process machine 2 does negative work
W>=1|0n|a —|Qc|>. Summarizing the results of the actions of both
machines, we find:

e heat |Qp|; — |Qnl>» was transferred from the heater to the system
e heat |Q.|>» — |Q|; was transferred from the cooler to the system

o work W= W, — Wy=(|0nl1 —Qcl1) = (|On|2— 1Qc|2) = 11|On|1 — 72/ Onl2
was performed.

Since m and m; are, to this point, arbitrary, we can choose them such
that |Qp|1 — |Onl2=0. In this case, the heater lost no heat, the cooler lost
heat [Qcl> —|Qcli = (1 =12)|Qnl2 — (1 =n)|Qnl1 = (1 — 12)|@n|1 >0 to the
system, and the machines produced work W= (1, — 12)|On|1 > 0. No other
changes were made to the universe. However, such a process is prohibited
by Thomson’s postulate (i.e. no closed circuit is possible if that produces
only work and transfers heat from a thermal reservoir). Alternatively,
if m; <mnp, we would contradict the second law of thermodynamics if
machine 2 does work in the forward direction while machine 1 does work
in the backward direction. Thus, n; must be equal to 7,. This proves that
any Carnot machines sharing the same heater and cooler have the same
efficiency.

Since the efficiency of a Carnot machine does not depend on the type of
the medium, we can simplify our analysis by choosing an ideal gas as the
medium. Because we know how ideal gases behave, we can derive an
expression for Carnot efficiency that is valid for all Carnot machines.
To this end, we first recall that for any isothermal ideal gas AU =0,
|On|=RTWIn V5V, and |Q.|=RT.InV3/V, (see Section 1.1.3). Thus,
we find

|On| _Thln 12/ Vi
‘Qc‘ T.In VS/V4

(1.35)



The second law of thermodynamics

For adiabatic processes, c¢,dT+RTdV/V=0. Since cy = (%Y),.
the isochoric heat capacity of an ideal gas depends only on temperature;

hence,
/[)31 a7 /pAl dT
Cy— == CV—
p.2 T p4 T

where the limits of the integrals denote points in the p—V diagram in
Fig. 1.5. Since ¢, dT/T = RAV/V, we find:

P34y rlqy Vs Vs Vs Vs
- — — In—=In—; In—=In—.
b2 V pa V Vs Vi Vs "

Combining this result with Eq. (1.35) implies

0] _ |0¢|
Th Tc .

(1.36)

Now using Eqs (1.34) and (1.36), we obtain an expression for the Carnot
efficiency:

_1oi-10)_, o], _T.
|On| |Onl Ty’
T,-T.
=5 (1.37)

Recall that although this derivation was for an ideal gas, Eq. (1.37) is
equally valid for any Carnot machine.

Finally, we note that we can rewrite Eq. (1.36) without the absolute value
signs by being careful about the direction of the heat flow,

&_’_%:0

Tt (1.38)

This expression has the benefit that it looks symmetric with respect to the
identification of the different heat reservoirs as the heater and cooler.

1.2.4 The Clausius inequality

We now consider the general case of a circuit process involving an arbitrary
thermodynamic medium, M. This medium acquires heat Q; from heat
reservoir Ry, heat Q, from reservoir R,, etc. in this circuit (see Fig. 1.6(a)).
We now isolate the medium M from the reservoirs and connect these
reservoirs to Carnot machines that operate between the reservoirs R; and a
common reservoir, Ry, as shown in Fig. 1.6(b). Since we do this after
medium M is isolated, the addition of these Carnot machines does not
change medium M in any way. Let Carnot machine C; perform a circuit,
taking heat Qo; from reservoir R, and heat Q} from reservoir R;. We now
combine the circuit involving medium M with the processes associated

17
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(b)

Fig.1.6

A schematic process involving (a) work performed by medium M and heat flow between n
distinct heat reservoirs R; and the medium and (b) work performed by n Carnot machines C;
and the transfer of heat between these reservoirs and a common reservoir Ry. In step (b), the
medium is isolated from all reservoirs.

with all » Carnot machines into a single complex circuit. In the resultant
complex circuit,

reservoir Ry lost heat Q¢ = 3;Qo;,

reservoir R; lost heat Q; + Q, and

work W = Qy + X4(Q; + Q}) was performed.

By changing the length of the isotherms in the Carnot cycle (see Fig. 1.5),
we can change the quantity of heat transferred to or from the reservoir.
Without loss of generality, we choose Carnot cycles for which Q; + Q) = 0.
In this case, the states of all of the reservoirs R; do not change as we traverse
this complex circuit. We can write Eq. (1.38) for Carnot machine C; in the
following form

Ou O
= 4+ ==0.
To T,

Therefore, during the complex circuit of Fig. 1.6, reservoir R, transfers
heat

Qo = ZQOI‘: —Toz%: TOZ%,

and does work W= Q,. According to the Thomson postulate, this work
cannot be positive, since there are no other changes in the universe.
Therefore,

0>w=0 =1y %

Z% <0. (1.39)

Note that in this derivation, no restrictions were put on medium
M. Rather, our only constraint was that the temperature of all of the
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reservoirs remain constant as the complex circuit is traversed (in practice,
this means that the reservoirs are large).

We now consider an arbitrary thermodynamic system which makes a
circuit transferring heat to or from its surroundings. In this way, we con-
sider the surroundings as a set of heat reservoirs. We can divide the circuit
into infinitesimal parts where the system exchanges heat with a single heat
reservoir, the temperature of which remains constant. Inequality Eq. (1.39)
can be rewritten for this circuit as

Z@ <0,
~ T
where 6Q; is the heat transferred during the infinitesimal part, i, of the
circuit. This summation can be replaced by integration; hence,

60
f7 <o, (1.40)

where T is the temperature of the surroundings. This result is known as the
Clausius inequality.

We now examine an important consequence of the Clausius inequality.
If the system exchanges heat with only two heat reservoirs, the inequality in
Eq. (1.39) can be rewritten as:

‘Qh|_@§0; E§|Qc|; _EE_\QJ;
Tn T, Th = |Oh Ty |On]
173217|Qc|; Th_T02|Qh|_|Qc|.
Ty |Onl Th |On|

The left side of this expression is the efficiency of a Carnot machine (see
Eq. (1.37)), while the right side is the efficiency of an arbitrary machine
which exchanges heat with the same heater and cooler as the Carnot
machine. This result is known as the second Carnot Theorem: the efficiency
of any machine cannot be larger than the efficiency of the Carnot machine
with the same heater and cooler.

1.2.5 Entropy

Consider the case of an arbitrary reversible circuit, as shown in Fig. 1.7.
Since in a reversible process the system is always very close to equilibrium,
the temperature of the system must be the same as the temperature of its
surroundings. Therefore, in the case of a reversible process, the temper-
ature in the Clausius inequality should be understood as the temperature of
the system.

For the process 1 - 2 v 1 §60/T <0. Similarly, for the process

1 - 2—1 $60'/T < 0. Since §Q’' = —60Q in a reversible process, we
a

50
f{T*O‘ (1.41)

must have:

2
/
b

Fig.1.7
An arbitrary circuit process.
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Equation (1.41) is known as the Clausius equality. We can rewrite this
equality in the following form:

7{‘5Q / 0_ [ 0 [ 9
1-2 T 21 T -2 T -2 r v

where 1 and 2 are arbitrary points on the circuit and a and b are the two
paths that connect these two points. Therefore,

/ 00 _ 60
-2 T -2 T

Thus, the integral of §Q/T depends only on the endpoints of the
integral and not on the path of a reversible process. Therefore, 6Q/T is a
full differential of a state function for a reversible process:

dS:(57Q; AS:Sz—S1:/H257Q. (1.42)
Following Clausius, we name this state function the entropy. Note
that according to Eq. (1.42), the entropy is defined to within an additive
constant. We will return to the question of the value of this additive
constant in Section 1.3.1.

Now, consider the case in which the system irreversibly goes from state 1
to state 2 by path a and then returns from 2 to 1 via a reversible path b.
Since the complete circuit is still irreversible, we have to use sign > in the
Clausius inequality:

?{‘SQ / Q_ [ 00 [ Q0 [ 00 L
122 T o T S T S T Jia T

Thus we find that for any irreversible process

6Q 6Q
AS=S5,-S —=; ds>—=. 1.43
LT o7 4
Combining Eqs (1.42) and (1.43), we find
00
> — .
ds > ==, (1.44)

where the equality corresponds to reversible processes and the inequality
corresponds to irreversible processes. Note that for adiabatic systems
6Q=0and dS>0.

Equation (1.44) is the analytical statement of the second law of
thermodynamics, first given by Clausius in 1862. It was on this basis that
he first postulated the existence of a new state function—entropy. For
adiabatic systems, the entropy remains constant if the process is reversible
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and always increases if the process is irreversible. The entropy continues to
increase until the system reaches equilibrium. This necessarily implies
that equilibrium is the state of maximum entropy. Since in an adiabatic
system all spontaneous processes increase the entropy, no spontaneous
process that decreases the entropy is possible. This is the first hint that
thermodynamics provides as to which direction a process will go.

Review question

1. Does the change of the entropy depend on the path by which the system
goes from one state to another?

1.2.6 Implications of the second law of thermodynamics

As we discussed at the beginning of this chapter, thermodynamics
makes predictions based upon changes in state functions. The first law of
thermodynamics provides one state function, the internal energy. In
Sections 1.1.2 and 1.1.3, we saw how this function changes during different
processes. The second law of thermodynamics provides another state
function, the entropy. We now examine how this function changes during
different processes. Inserting the first law of thermodynamics (Eq. (1.5))
into the Clausius inequality (Eq. (1.44)) yields:

TdS > dU + §W. (1.45)

This relationship is called the combined statement of the first and
second laws of thermodynamics. The equality pertains for reversible
processes:

TdS =dU +6W.

If the work of expansion is the only work performed during a process, this
equation reduces to

7dS =dU + pdV. (1.46)

While the temperature in Eq. (1.45) refers to the temperature of the
surroundings, in Eq. (1.46) it is the temperature of the thermodynamic
system itself. Equation (1.46) can be used to find the change of entropy
associated with different processes. Although Eq. (1.46) refers specifically
to a reversible process, the change of entropy is valid for all processes. This
is because the entropy is a state function and its change depends only on the
initial and final states but not on the path the process takes (i.e. it applies
equally to reversible and irreversible processes).

For isochoric processes, 7dS =dU = ¢, dT, which can be integrated as
follows:

T ey
ASV:/ Lar. (1.47)
T T

1

21



22

Basic laws of thermodynamics

For isobaric processes, 7dS=d(U+pV)=dH =c,dT and

T; .
As,,:/ 24r. (1.48)
T T

1

These expressions give a definition for the heat capacity in terms of S,
rather than in terms of U and H (Section 1.1.2):

oS N
Cy = T(aﬁ")[/’ Cp = T<87—'>p (149)

For isothermal processes,

ASt = Q (1.50)

T
This expression can be used to describe the change in entropy associated
with an isothermal phase transition in terms of the heat of the transition

and the temperature,

AS,, ==t (1.51)

The relationships derived above are valid for all systems. We can specialize
to the case of isothermal processes involving an ideal gas,

RT
dU = 0; TdS:pdV:anV;

ASt = nRIn22 = R L, (1.52)
4 D2

We now turn our attention to the important case of the mixing of
two ideal gases at constant temperature and pressure. Consider a closed
container, divided by a membrane into two sections; the first section has
volume V/; and contains gas 1, and the second has volume ¥, and contains
gas 2. Initially, the gases are at the same temperature and pressure. When
the membrane separating the two sections is removed at constant tem-
perature, both gases expand into the entire volume of the container. The
change of entropy associated with this mixing of the two gasses (i.e. the

entropy of mixing) is determined through Eq. (1.52)

|4 v
ASmix =n1Rln71+an ln72, (1.53)

where n; and n, are the number of moles of gasses l and 2, and V=V,+ 1,
is the volume of the container. The total pressure after mixing is the same
as before mixing, therefore,
pV =nRT; pVi=mRT.
Combining these equations, we find:
V. n 1

V] n X1 ’
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where x; is the molar fraction of gas 1 in the mixture. Inserting this rela-
tionship into Eq. (1.53) implies

ASmiX =—R n In

+n In = —nR[x; In x1 + x; In x3]

ny + np ny + np
(1.54)

(Note: gases 1 and 2 must be different; otherwise, of course, ASy,ix =0.)

Review questions

1. What are the dimensions of entropy?

2. Does the entropy of the system increase or decrease upon heating a
substance at constant volume or at constant pressure?

3. Does the entropy of the system increase or decrease when two ideal
gases are mixed?

Example problems

1. Calculate the change of entropy associated with the process described in
Example problem 1.1.2.1.

2. 2 moles of nitrogen (N,) change from a state where 7, =25°C and
p1=1 atm to one in which 7, =200°C and V,=10cm>. The heat
capacity of 1 mole of nitrogen at constant pressure is c,=3.5R.
Calculate the change of entropy of this process.

3. At T=25°C, 1000 cm® of nitrogen (N,) at pressure p; = 1 atm is mixed
with 2000 cm? of oxygen (O,) at pressure p, = 2 atm. The volume of the
mixture is then changed such that the temperature and pressure in
the final state are 7=25°C and p=1 atm, respectively. Calculate the
change of entropy associated with this two-step process.

4. Find the change of entropy at 7= 1100 K associated with the reaction in
Example problem 1.1.4.1.

1.3 The third law of thermodynamics
1.3.1 Nernst heat theorem

We begin our discussion of the third law of thermodynamics by reference
to the second law which defines the entropy to within an integration
(additive) constant. Just as we cannot describe the internal energy without
making reference to some standard state, it is necessary to establish a
reference point to fully describe the entropy. Another difficulty with the
definition of entropy occurs at 7=0K. Indeed, it is not obvious that the
integral of the differential of the entropy (Eq. (1.42))

T6Q T,
Sr=S — =4S —dT, 1.55
’ fo * To T TU+./T0 T ( )

is convergent as T — 0 (the integrand will diverge as T— 0 provided, for
example, that the heat capacity is finite at 7=0).
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The dependence of the heat capacity on
temperature for a substance that exhibits
both melting and boiling.
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We cannot resolve these problems on the basis of the first or second
laws of thermodynamics without the introduction of additional
postulates. The Nernst heat theorem (frequently called the third law of
thermodynamics), formulated in 1906, provides the requisite new postu-
lates. The first statement of this theorem postulates that the heat capacity
of any substance goes to zero as 7'— 0 K. Furthermore, experimental
observations (and quantum mechanics) demonstrate that the heat capa-
city goes to zero as T — 0 in such a way that the ratio ¢/T does not diverge.
Therefore, the entropy is well defined in the 7— 0K limit. The second
statement of the Nernst heat theorem says that at T=0K all processes
that take a system from one equilibrium state to another occur with no
change of entropy. Furthermore, the Planck postulate states that the
second statement of the Nernst heat theorem will always be valid provided
that the entropy of any equilibrium system goes to zero as 7— 0 K. This
statement is also frequently called the third law of thermodynamics. The
Planck postulate is very useful from a practical point of view since it
provides a reference point for the entropy (i.e. 7=0K). While these
statements of the third law of thermodynamics are simply postulates, they
can be understood in physical terms through quantum mechanics and
statistical physics.

While the first statement of the Nernst heat theorem is always valid, the
second statement is not valid for all substances, for example, amorphous
materials. This is not a contradiction to the third law of thermodynamics
which applies to equilibrium systems because amorphous materials are not
in equilibrium.

Review question

1. Can entropy be negative?

1.3.2 Determination of absolute entropy

The third law of thermodynamics gives us an opportunity to determine
the absolute value of entropy at any temperature using calorimetric
measurements. In such measurements, a known, small quantity of heat is
introduced into an otherwise adiabatic container (i.e. a calorimeter) and
the corresponding change in temperature is measured. The ratio of the heat
introduced to the temperature change is the heat capacity. The heat
capacity can be measured down to very low temperature (point A in
Fig. 1.8). Debye theory (see Section 13.3.2), which shows that ¢, ~ T3, can
be used to estimate ¢, down to just a few degrees Kelvin. While we focus on
the high temperature behavior of the heat capacity hereafter, a formal
discussion of the behavior of the heat capacity at low temperature can be
found in Chapters 12 and 13. The heat capacity is a smooth function except
at phase transitions. Figure 1.8 demonstrates two such breaks related to
melting (point B) and evaporation (point D). Every phase transition
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adds AH),,/T,, to the entropy. If there are no phase transitions in the
condensed states, the entropy of the gas (point F) can be calculated as:

Timeit AH Tooil AH.,, Te
STF:/ C—"dT+ﬂ+/ i”dT+J+/ Sqr.
0 Toar 1 Thoil oot 1

melt boil

If there is a phase (polymorphous) transition in the solid state, the
corresponding AH,, /T, , must be added to the entropy for all 7> T, ,.

Databases usually quote the value of the entropy at T=298 K and
p=1 atm, Sy Note that there is no A before S%, (in contrast with
AHJ,) since this is an absolute value.

Example problem

1. Iron (a—Fe) is ferromagnetic at room temperature, but undergoes
a phase transition to the paramagnetic state (8-Fe) at T,, _, 3="768°C.
The heat of this transition is AH,_, 3=1.53kJ/mole. A database
gives the following data for a-Fe: S% =27.15J/(K mole); ¢,=
23.948.7-10 2 TJ/(K mole). Find the entropy of 1 mole of 3-Fe at
T=768°C.

1.4 Helmholtz and Gibbs free energies
1.4.1 Direction of spontaneous processes at constant temperature

We have already seen that entropy determines the direction of spontaneous
processes in adiabatic systems. However, if a system can exchange heat
with its surroundings, the entropy alone does not predict the direction of
spontaneous processes. In this section, we consider the very important case
of isothermal processes. We start from the Clausius inequality (Eq. (1.45)),
which can be rewritten as:

§W < —(dU — TdS).

For isothermal processes, dU-TdS =d(U-TS). We can introduce a new
state function, called the Helmholtz free energy, as

A=1U-TS. (1.56)
Substituting this definition into the inequality, above, we find
oW < —dA. (1.57)

Thus, the maximum work that can be done by the system is equal to minus
the change of the Helmholtz free energy. Since the equality in Eq. (1.57)
corresponds to reversible processes, we find that the maximum work is
obtained only in reversible processes.

At constant volume, the work of expansion (pdV) is zero. Therefore,
Eq. (1.57) for isochoric-isothermal processes can be rewritten as:

ow.

non-mechanical < —d4. (1.58)
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At constant pressure, Eq. (1.57) implies:
oW hon-mechanical < —d4 —pdV = —d(4 + pV).

In this case, it is convenient to introduce a new state function, the Gibbs
free energy, defined as

G=A+pV=U-TS+pV=H-TS. (1.59)
For isobaric-isothermal processes,
oW hon-mechanical < —4G. (1.60)

In order to prevent a spontaneous process from proceeding, we must do
some work on the system. Obviously, this work must exceed the non-
mechanical work that the system performs during the spontaneous pro-
cess. Therefore, the non-mechanical work can be used to determine
whether a spontaneous process will occur: W on mechanical = 0 implies that
such a process will occur. Using Eq. (1.58), we can rewrite this condition
for isochoric—isothermal processes as:

d4 <o. (1.61)

This implies that all spontaneous processes lead to a decrease of the
Helmbholtz free energy at constant 7 and V. Similarly, Eq. (1.60) implies
that a process will occur spontaneously at constant 7 and p if the Gibbs
free energy satisfies

dG <0. (1.62)

The equality in Egs (1.61) and (1.62) corresponds to equilibrium, that is,
the conditions of equilibrium are

d4A =0, at T =const, V= const (1.63)

dG =0, at T =const, p=const. (1.64)

When the system is in equilibrium, the process no longer spontancously
proceeds in any direction. This implies that if a thermodynamic system is in
equilibrium it cannot spontaneously leave this state.

Review questions

1. What are the dimensions of the Helmholtz and Gibbs free energies?
2. Under what conditions is the equation AG = AH — TAS valid?
3. Can the Gibbs free energy of a substance be negative?

1.4.2 Dependence of the Helmholtz and Gibbs free energies
onp,T,andV

Since the Helmholtz and Gibbs free energies determine the direction of
a spontaneous process at constant temperature, it is important to know
how these functions depend on the parameters that describe the system
(e.g. p, T, and V). We begin by rewriting Eq. (1.46) as:

dU = TdS — pdV. (1.65)
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We can make use of the definition of the enthalpy, H= U+ pV, and the
differential identity d(pV') = pdV + Vdp, to re-express Eq. (1.65) as

dH = TdS + Vdp. (1.66)

Analogous relations can be obtained from Eq. (1.65) for the Helmholtz and
Gibbs free energies (please confirm these for yourself!)

d4 = —SdT — pdV (1.67)
dG = —SdT + Vdp. (1.68)

Several useful relationships can be obtained directly from Eqs (1.67) and
(1.68). For example, Eq. (1.68) implies

oG
§— _ <0T>p (1.69)

oG
V= |=-2]. 1.70
<8P)T ( )

These equations show how the Gibbs free energy depends on 7'and p. The
description of the entropy in Eq. (1.69) can be used to obtain another useful
relationship between the Gibbs free energy and the enthalpy:

G\ H G 1[G
=H-TS=H+T(%2) ——=——+4_(22);
“ S=HF <8T>p’ 72 T2+T< T)p’

aG/T)  H
{ 57 }_—ﬁ. (1.71)

This relationship is known as the Gibbs—Helmholtz equation. An analogous
equation for the Helmholtz energy takes the following form:

{8(A /T)} U
14

or |, T

We now investigate the dependence of the Gibbs free energy on pressure.
Integrating Eq. (1.70) for the special case of an ideal gas yields:

P » _ P2 dp A P2
Gy =G + Vdp = G +nRT —=G7 +nRT In—.
)4l D1 V4 D1

The pressures p; and p; in this equation can have arbitrary values (of
course, provided that the ideal gas model is applicable at these pressures!).
Since in most real applications we obtain the free energy from a database
where it is usually tabulated for p =1 atm, it is convenient to set p; = 1 atm.
If we express the pressure in atmospheres, we can rewrite the previous
equation as

Gr = Gy +nRT In p, (1.72)
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where GOT is the Gibbs free energy of the gas at the same temperature at
p=1atm. The value of G% depends only on temperature. Equation (1.72) is
an explicit description of the dependence of the Gibbs free energy of an
ideal gas on pressure."!

Inserting Eq. (1.72) for an ideal gas into Eq. (1.71) we find

d(GY/T)

H=-T"
=47

The function on the right side depends only on temperature. Therefore, the
enthalpy of an ideal gas depends only on temperature. Since U= H-nRT
for an ideal gas, the internal energy must also depend only on the
temperature, as we assumed in Section 1.1.3.

We now consider the case of condensed substances. The volume of
condensed substances depends only very weakly upon the pressure.
Therefore, the pressure dependence of the free energy of a condensed
substance can be expressed as

P2
G =G+ [ Vap G Vi =)

P

Since G = H-TS, the Gibbs energy has the same order of magnitude as the
enthalpy. Further, since pV is usually small compared with the internal
energy (and, hence, the enthalpy), as demonstrated in Section 1.1.4, we can
rewrite this expression in the following trivial form:

Gr~ GY. (1.73)

Of course, such an expression would be inapplicable to cases where we

want to investigate the pressure dependence of phase transitions or if we

have been sucked into a black hole, where the pressure is not so small.
From Eqgs (1.69) and (1.70), it follows that

v\ 0*G N
(57) om0~ (5, a7
4 T
Equations such as this are known collectively as Maxwell’s relations
and are useful for deriving many important results in thermodynamics.
We show how to mathematically work with such relations in Appendix I.
For example, we can use Eq. (1.74) to find the relationship between

the heat capacities at constant pressure and volume (see Appendix I,
Eq. AL7):

Ccy—Ccy = =—, (1.75)
P

1 Note that since we have assumed that pressures are expressed in atmospheres, p, in
Eq. (1.72), is a dimensionless number (i.e. the number of atmospheres). This is necessary since
we can only evaluate the logarithm of a number, rather than something with dimensions.
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where V' is the volume of 1 mole of the substance, p=1/V is the density
(expressed in mole/m?),

1[0V
=— (%= 1.
=y <8T>p (1.76)
is the coefficient of thermal expansion and
1 /oV
—__ (2= 1.77
Xt % < o )T, (1.77)

is the isothermal compressibility. Since the isothermal compressibility is
positive for all stable systems (see Section 1.5.2), Eq. (1.75) implies that
¢, > cy. Equation (1.75) is a more convenient expression for the difference
in the two heat capacities than the one we derived earlier (Eq. 1.14) since it
only contains quantities that are readily available from databases (i.e. p, a,
and x7) while (QU/dV )y is not. Consider iron at room temperature, as
an example, for which we find (in databases) the density is 7.9 g/cm?® (that
gives p=1.4-10° mole/m?®); «=3.5-10"°K ', x7=59-10" 2 Pa~ ' at
T'=298K. Inserting these data into Eq. (1.75), we obtain c,—cp=
0.44 J/(mole K). Dulong and Petit proposed the empirical rule that the heat
capacity of 1 mole of atoms (in the case of molecular species, this is still per
mole of atoms) of any condensed substance is approximately 3R=
24.9 J/(mole K). This rule can also be obtained from statistical mechanics
(the Debye theory for the heat capacity). Thus we see that for iron the
difference between the heat capacities at constant pressure and volume is
about 2% of the heat capacity. Since this difference is small, it is commonly
neglected and, hence, we approximate ¢, ~ c) for condensed substances.

Review questions

1. Does the Gibbs free energy increase or decrease when a substance is
heated at constant pressure?

2. Does the Helmholtz free energy increase or decrease when a substance
expands at constant temperature?

3. If you know the Gibbs free energy of a substance at some temperature
and pressure and you know its enthalpy as function of temperature and
pressure, how would you calculate the Gibbs free energy at a different
temperature and the same pressure?

4. For what type of material is the equation ¢, — ¢y = Ta?/pyr invalid?

Example problems

1. You are given a substance for which the Gibbs free energy can be
expressed as:
nap
G = -3.5nRTIn T+ nRTIn p — 12.73nRT + nbp — RT
where p is in Pa, a=0.138J-m?/mole?, h=3.258-10 >m?*/mole. The
volume of one mole of this substance at T=298K is ¥=1000 cm®.
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Under these conditions, what is (1) the pressure, (2) the entropy, (3) the
heat capacity at constant pressure, (4) the isothermal compressibility,
(5) the coefficient of thermal expansion, and (6) the heat capacity at
constant volume?

2. At T=25°C, the molar volume of water varies with pressure as

V =18.066 — 7.15-10~*p + 4.6 - 1075p? cm® /mole,
and the coefficient of thermal expansion is
1
or =7, (45- 107+ 1.4-10"°p) em®/K mole,
(the pressure is in atm in both expressions). Find the change in the internal

energy upon isothermal compression from p; =1 atm to p, = 1000 atm at
T=25C.

1.5 Thermodynamics of open systems
1.5.1 Chemical Potential

Until this point, we focused on systems where the number of moles of each
component was fixed. We now turn our attention to the case where the
number of moles of each component #n; can vary, either by exchanging
atoms with the surroundings or as a result of chemical reaction. Therefore,
we must expand our definition of the internal energy to account for vari-
ation in n; (cf. with Eq. (1.65)):

k
dU = TdS — pdV+>_ pdn;, (1.78)

i=1

where k is the number of components.'? The function

8U>
wi=\ 5= ; (1.79)
<ani S, Vs njzi

is called the chemical potential. According to this definition, the chemical
potential is the work necessary to remove 1 mole of component i from the
system (if the system is so large that this operation does not lead to a
measurable change in the properties of the system). It is clear from the
derivations of Eqs (1.66)—(1.68) that the differentials of H, 4, and G also
must also be likewise adjusted:

k
dH = TdS+ Vdp+ ) pdn; (1.80)
i=1
k
dd = —SdT — pdV + Y pdn; (1.81)
i=1
k
dG = —SdT+ Vdp + ) _ pdn;. (1.82)

i=1

12" A rigorous definition of the number of components will be given in Section 2.1.
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These equations imply

i — <6H) _ <8A> _ <8G) (183)
al’l,‘ S, psnjzi ani T, V,njzi ani T, ps nji

Consider the case of a one-component system. The internal energy of
1 mole of the substance is a function of only the molar entropy and volume:

Um :fU(va Vm)

The internal energy of n moles, is thus simply

U:nUm:n,fU<S 7)

)
n n

Analogously,
S
n
A=nf (T, K)
n
G =nf6(T.p).

The dependence on the number of moles in the system is explicit only in
the expression for the Gibbs free energy. Differentiating of this expression
with respect to n at constant 7 and p implies that u=f5(7, p). Therefore,
for pure materials, the chemical potential is the Gibbs free energy per mole:

w=G/n. (1.84)
The extension of this equation to multi-component systems is given in
Section 3.1. Using Eq. (1.84) and the expressions for the Gibbs free energy

derived above, we can find several important properties of the chemical
potential of a one-component system:

oI o
dpy = —SndT + Vindp; Sn=—-==1; V== 1.85
nosaare vt sa==(Gr)s =), 0w
pr = py+ RTn p (1.86a)
U = ,ug-, (1.86b)

where Eq (1.86a) and (1.86b) are valid for ideal gases and condensed
phases, respectively.

Finally, we consider two important cases: a mixture of ideal gases and a
mixture of mutually insoluble, condensed one-component substances. For
the first, we return to the experiment considered at the end of Section 1.2.6.
Since there are no intermolecular interactions in ideal gases,'® they mix

13 Of course, we do not consider the case where chemical reactions occur in the mixture.
Note that although the assumption that the molecules do not interact in an ideal gas is
convenient for our thermodynamic considerations, some form of interactions is necessary to
obtain almost all kinetic properties (e.g. diffusivity, thermal conductivity, viscosity).
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with no change in enthalpy (i.e. the heat of mixing is zero). Using the
expression for the entropy of mixing found above (Eq. (1.54)), we can write
the Gibbs free energy of the mixture as

G = GM + G + AGuix = ni (1) + RTInp) + m (13 + RTInp)
+ RT(nyInny —nyIn(ny + n) + nplnny — nyIn(n) + ny)).

Differentiating with respect to n; we obtain the chemical potential of
component 1 in this mixture:

w = :U‘(l) + RTInp + RT(lnnl +1—In(n +n)— dd. _ >
ny+ny np+n
=i+ RTInp + R0 S — i+ RTIn (px) = i) + RTInpy
1 2

where p; is the partial pressure of component 1 in this gas mixture. Thus,
the chemical potential of component i in an ideal gas mixture is:

pi =Y + RTInp; (1.87)

where 1 is the chemical potential of pure i at the same temperature at
1 atm.

The Gibbs free energy of a system of condensed, mutually insoluble,
one-component substances is the sum of Gibbs energies of these

substances:
G = ZG,— = Zn,-,u[ ~ Zniu?.
i i i
Differentiating with respect to n;, we find

i g1 (1.88)

This means that if condensed, one-component substances are mutually
insoluble, their chemical potentials do not change upon mixing.

Review question

1. What are the dimensions of the chemical potential?

1.5.2 Conditions for equilibrium

We now identify the conditions under which two sub-systems are in ther-
modynamic equilibrium. Two such conditions are obvious. Mechanical
equilibrium requires that, in the absence of an applied field (stress, mag-
netic, electric, etc.), the pressures in two sub-systems in contact must be the
same.'* Analogously, thermal equilibrium requires that the temperatures
in these two sub-systems must be the same. If the temperatures of the

% Here, we are discussing systems that cannot support shear stresses, such as liquids or
gases. We return to the important case of mechanical equilibrium in solids in Chapter 7.
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sub-systems are different, heat will spontaneously and irreversibly flow
from the warmer to cooler sub-system. These two conditions, while
necessary for equilibrium, are not sufficient. In fact, the two sub-systems
can exchange atoms or molecules (just like they exchange heat). Such
exchanges can occur by way of diffusion or through chemical reactions.
When such processes go to completion, the sub-systems are in chemical
equilibrium.

How can we quantitatively express the conditions of chemical equilib-
rium? We can do so through the combined statement of the first and second
law of thermodynamics (see Eq. (1.78)):

1 P N
dS = —dU + =dV + ;7@,. (1.89)

Consider equilibrium between the two sub-systems (I and II) that compose
an isolated system. Equation (1.89) can be applied to the individual sub-
systems:

1 1
ds' = —dU! +%dV1 Z i dn!

1 L 11 ' 11
ds ﬁdU THdV + Z Frdn’.
Since the entire system is isolated, dU=6Q — pdV' =0 or, alternatively,
U=U"+ U"=constant. Furthermore, in an isolated system V=
V'+ V'"=constant and n! 4+ n!' = constant. These can be expressed in
differential form as

dU' +dU" =0
drt+dr' =0
dn¥ —|—dn,l-I =0

Using these relationships between the properties of the two sub-systems,
the differential form of the entropy of the entire system becomes

1 1
1 1 11 11 11
dS=dsS +dS —<T——l)dl/ +<T—f> V +E ( T 1> .

(1.90)

Since the entropy is a maximum in equilibrium, the derivatives with respect
to any variable must be zero. Therefore, each of the bracketed terms in
Eq. (1.90) must individually be zero. The first bracketed term gives

' =71 (1.91)

that is, the condition for thermal equilibrium. The second bracket gives
the condition for mechanical equilibrium:

pl=p. (1.92)

33



34

Basic laws of thermodynamics
The last bracketed term in Eq. (1.90) yields
pt = plt. (1.93)

which is the condition for chemical equilibrium.

The derivation presented above can be easily extended to the case of
three or more sub-systems. Equations (1.91)—(1.93) represent the ther-
modynamically necessary conditions for equilibrium but do not address
how long it takes to achieve equilibrium. In practice, mechanical equilib-
rium is usually achieved very quickly, while it may take a very long time
(even years or centuries) to achieve chemical equilibrium.

Although Egs. (1.91)-(1.93) are necessary conditions for equilibrium,
even these are not sufficient. While the entropy must be a maximum in
equilibrium, the equilibrium conditions that we obtained only show that
the entropy is an extremum (i.e. the first derivatives with respect to all
variables are zero). The missing equilibrium conditions can be obtained by
analyzing the behavior of the second derivates where the first derivates are
zero. Such an analysis demonstrates that equilibrium requires that the
heat capacity at constant volume and the isothermal compressibility must
be positive. Indeed, if the heat capacity of a body was negative, it could
never achieve thermal equilibrium with its initially higher temperature
surroundings (according to the Clausius postulate, heat would flow from
the warmer surroundings to the body, but since ¢, < 0 dT=6Q/cy <0, the
temperature of the body would decrease). If the compressibility was
negative, it could never achieve mechanical equilibrium with its surround-
ings (i.e. if the surroundings exerted a positive pressure on the body, the
body would expand).
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This chapter addresses the general features of phase equilibria and
applies them to single component systems. Before extending our study of
phase equilibria to the interesting case of multiphase, multicomponent
systems, we examine the special case of single phase, two-component sys-
tems (Chapter 3). Phase equilibria in multiphase, multicomponent systems
is deferred until Chapter 4.

2.1 Gibbs phase rule

A single substance may exist in different states. For example, H,O can exist
as water vapor, liquid water, or any one of several solid phases (ices).
Different states can co-exist indefinitely under certain sets of conditions.
Under such conditions, the co-existence of these states suggests that they
are in equilibrium with respect to one another, that is, phase equilibrium
has been established. It is convenient to graphically represent phase
equilibria in the form of phase diagrams. An example of such a diagram
for a one-component system (with no solid state allotropes) is shown in
Fig. 2.1. The AO, OB, and OC lines represent conditions for which two
phases are in equilibrium. Since each set of two-phase equilibrium is
represented by a one-dimensional surface (i.e. a line), we see that we can
vary one parameter (either T or p) without entering a one-phase region of
the diagram. For example, if we set the temperature to 7 we can find a
saturated vapor pressure p; such that the liquid and gas co-exist.!

Three phases simultaneously co-exist at point O, which is called the triple
point. Since the three-phase co-existence surface is zero dimensional (i.e. a
point), three-phase equilibrium only exists at a specific temperature and
pressure, that is, no conditions can be varied. On the other hand, every
single-phase region of the diagram is a two-dimensional area and, hence,
we can simultaneously, vary two parameters (i.e. both the temperature and
pressure) and still remain in the same single-phase region of the diagram.
Equations describing the lines of phase equilibria will be derived in
Section 2.2, below.

! Recall that a saturated vapor is, by definition, a vapor which is in equilibrium with a
corresponding condensed phase.

Prf-rs-\

Fig. 2.1
A typical p—T diagram for a
one-component system.
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Fig. 2.2
A schematic illustration of the p—V
diagram for CO,.
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Unlike the lines describing the solid—liquid or solid—vapor co-existence,
the liquid—vapor co-existence line terminates in a single-phase region of the
diagram. This terminus, labeled as Point C on the phase diagram (Fig. 2.1),
is called the critical point. The vapor and liquid have exactly the same
structure and properties at 7> T, or p > p.; hence, these are single-phase
regions.

The existence of a critical point was first found for CO, by observation
that increasing the pressure at 7> 31°C led to a smooth increase in the
density (1/V'), while for T<31°C the smooth increase in density was
interrupted by a jump in the density, as represented by the horizontal line in
the p—V diagram (Fig. 2.2). This horizontal line describes the condensation
(to form liquid CO,) of the gas at constant pressure. This figure shows
that the gas can be transformed into a liquid by compression only at
temperatures lower than a critical value, T..

We now define some of the terms used above. A phase is a system or part
of a heterogeneous system that is uniform throughout, not only in chemical
composition, but also in physical state. Each phase has a unique equation of
state. Two phases are separated from one another by one or more abrupt
interfaces. In principle, a phase can be extracted from a heterogeneous
system by some macroscopic mechanical method (e.g. by a process of cut-
ting on a scale that is coarse compared to atomic dimensions). A system can
be described by a set of parameters such as the temperature, pressure, and
concentration of each component in each phase of the system. The number
of degrees of freedom, F, is the number of independent parameters that must
be set in order to fully determine the state of a system that is in equilibrium.

The number of components, C, is the number of substances combined to
form the system minus the number of independent equations describing the
chemical reactions relating these substances. For example, in a system
formed by combining CO, CO,, O,, Fe, and FeO, the number of individual
substances is 5. These can be related to each other through:

2Fe + O, — 2FeO
FeO 4+ CO — Fe + CO,
2CO + O, — 2CO,.

These equations are not independent since the third equation can be
obtained by adding the first equation to two times the second. Thus the
number of independent equations describing chemical reactions between
these substances is 2, such that the the number of components in the
system C=5—2=3.

Gibbs showed that the number of components (C'), the number of phases
(P), and the number of degrees of freedom (F) are related when the system
is in equilibrium. To find this relation, we must also consider the number
of conditions that the system must satisfy in equilibrium; for example, the
equality of pressure, temperature, and chemical potentials of each com-
ponent in each phase. We shall explicitly assume that the pressure and
temperature in all phases in equilibrium are the same and that the chemical
potentials within each phase are functions of p, T, and concentrations of all
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components. Therefore, the total number of parameters that must be used
to fully describe the system is 2+ CP, where the first term corresponds
to the number of external parameters (pressure and temperature here) and
the second term gives the total number of concentrations of each com-
ponent in each phase. (If the system is subjected to external fields, such
as an electrical or magnetic field, the number of parameters describing
these external fields must also be added.) These 2 + CP parameters are not
independent, since they are interrelated via equations describing the
equality of chemical potentials between the phases:

I I I 1 11 1
wi(p,T,cp,...oc0)=pi (p,T,cpy...,c0)= ... :uf(p, T,cf, ,cg)
We can write down P — 1 such equations for each of the C components.
There are C(P — 1) such equations for the entire system. Additionally,

there is one equation of state for each phase in the system:

fYp,T,cl, ....c0)=0.

There are P such equations. Therefore, the number of degrees of freedom
isF=24+CP-C(P-1)—P

F=C+2-P. Q.1

Equation (2.1) is the Gibbs phase rule. Since a negative number of degrees
of freedom has no physical meaning, F>0 and Eq. (2.1) gives

P<C+2. 2.2)

Hence, the number of phases in equilibrium cannot exceed C+2. For
example, the maximum number of phases in equilibrium with one another
in a one-component system is 3 (i.e. the triple point—see Fig. 2.1).

We frequently work with systems composed solely of condensed phases.
The thermodynamic properties of condensed phases are usually only
weakly dependent on the pressure (at least for the pressures typically see in
the laboratory). Therefore, if we can ignore the dependence of the pro-
perties on pressure, we can treat the system as if the pressure was fixed. In
this case, the degree of freedom associated with pressure is removed and the
Gibbs phase rule takes the following form for condensed systems

F=C+1-P. (2.3)

Equation (2.3) implies, for example, the number of degrees of freedom
associated with an equilibrium solid—liquid mixtureis F=1+1—-2=0.In
other words, this equilibrium only occurs at a unique temperature—the
melting temperature. This is consistent with our common experience—ice
and water are only in equilibrium at 0°C at p=1 atm.

A system for which F=0 is called invariant, if F=1 it is monovariant,
if F=2 it is bivariant, etc.

2.2 Clausius—Clapeyron equation

We now consider phase equilibrium in a one-component system. In such a
system, only two phases can co-exist (with the single exception of the triple
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point). The phase equilibrium condition in a one-component system can be
written in the form

p(p, T) = p'(p, T), (2.4)
where p and T are not independent, but are related by p =p(T), which
describes, for example, the co-existence lines AO, OB, and OC lines in
Fig. 2.1. Since along these co-existence lines the chemical potential depends
only upon the temperature, we can take the full derivatives of both sides of

Eq. (2.1):
()0, - ) (),
oT), \9p )pdT orT ), op )pdT
Using the definitions of the partial derivatives from Eq. (1.85), we can
rewrite this equation as —S%, + V1 (dp/dT) = =S + V(dp/dT) or

d SISt AS
L _mTom 20 2.5)
dr vI—pl AV
The expression is known as the Clausius—Clapeyron relation. No app-
roximations were used in the derivation of this equation, hence, it is exact.
Since phase transitions in a one—component system at constant pressure
occur at a single temperature, Eq. (2.5) can be rewritten as
d AH
& _2on (2.6)
dT TAV
where AH is the heat generated during the phase transition.
We now consider several particular cases. For the case of the solid—liquid
phase transition (i.e. melting), Eq. (2.6) is
dl . AHpelt
dT T(VL —Vs)'
Since most solid phases have a larger density than that of their cor-
responding liquids, V' > V. In this case, an increase in the pressure pro-
duces an increase in the melting temperature. For water, the situation is
opposite, Vs> V1, such that an increase in the pressure decreases the
melting temperature.
For the evaporation processes (liquid — vapor),

dl _ APIevap
dT~ T(Vy — V1)’
If the vapor is an ideal gas (i.e., the system is far from the critical

point Vy > V1), Eq. (2.8) can be rewritten as (dp/dT) = (AHevap - p)/
(T-RT) or

2.7)

(2.8)

dlnp  AHep
dT  RT?

Trouton noted that for most liquids AHeyap/Thoit = 92, where T is the
normal boiling temperature (i.e. at a total pressure of 1 atm.). For the case

(2.9)
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of a solid in contact with its saturated vapor, we find
dIn P AHsubl
dT  RT?”’

where A Hy,y, is the heat of sublimation. Unlike Eq. (2.9), which was only
valid for T < T, this equation is true at all temperatures because the
density of the solid is always much greater than that of its vapor (there is no
solid—vapor critical point?). Equations (2.9) and (2.10) both suggest that
the saturated vapor pressure increases with increasing temperature.

Equations (2.9) and (2.10) were derived for the case in which there is no
contribution to the pressure other than from the saturated vapor itself.
Other sources of pressure may arise, for example, from the presence of an
inert gas or stresses in the condensed phase. If the additional pressure is
large, it may alter the state functions of the condensed phase and, therefore,
the pressure of the saturated vapor. We now derive an equation to account
for this effect. The chemical potential of the vapor remains

(2.10)

o = 10+ RT In p,

and the chemical potential of the condensed phase should include a term
associated with the additional pressure. According to Eq. (1.70), this
chemical potential takes the following form:

He = #2 + Pa Vi

where p, is the additional pressure and V,, is the molar volume of the
condensed phase. In equilibrium, the chemical potentials of the vapor and
condensed phase must be equal to each other, such that

p = U/ RTgpuV/RT.

If p,=0, the pressure reduces to the saturated vapor pressure p=p;
described by Egs. (2.9) and (2.10). Therefore, we can write:

p = pseleVm/RT (2.11)

For example, in the case of water at T=273K under an inert gas of
pressure 1 atm, the factor e”'»/RT =1.0008. Clearly, this additional
pressure has little effect and we, therefore, ignore it. This demonstrates that
at atmospheric pressure we can safely assume that p = p,. If an additional
pressure of ~100MPa is applied (this is not considered a large stress
within most solids), e?"/RT ~ 2 Under such conditions, we cannot
neglect this factor.

Example problems

1. Find the change in the melting temperature of tin when the pressure
increases by 100 atm. The following data for tin can be found in a

2 While the atomic structure of crystalline solids always exhibits higher symmetries than
liquids or gasses, liquids and gasses have no difference in symmetry. Therefore there must be
a change in symmetry on going from a solid to a liquid or gas and none going from a liquid
to a gas.
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handbook: Tyei=231.9°C, AH i =7.07kJ/mole, and the densities
of liquid and solid tin are dp =6.99g/cm® and ds=7.18 g/em’,
respectively.

2. Find the saturated vapor pressure over carbon tetrachloride at

T=60°C. The normal boiling temperature of CCl, is equal to 75°C
and the heat of evaporation is AHcy,, =45860 —44.067 J/mole.

3. Estimate the saturated vapor pressure over solid argon at 7= 50 K. The

following Ar properties were found in a standard handbook:
Tpoit= — 185.9°C, Tperr= —189.3°C, AHcy,,=06.50kJ/mole, and
AH .. =1.19kJ/mole.



Thermodynamic theory
of solutions

A solution is a homogeneous mixture consisting of two or more compo-
nents in which the composition can be continuously varied (within some
range) with no change of phase. Solutions can be gases, liquids, or solids.
We have already considered the properties of gaseous solutions (when we
considered a mixture of ideal gases). In this chapter, we focus on condensed
phases (i.e. liquids and solids).

3.1 Thermodynamic description of solutions

The composition of a solution can be described in several ways. Here are
the most common:

L.

The molar fraction of the ith component, x,, is the ratio of the number of
moles of component i, n;, to the total number of moles of all species
within the solution, n:

o S (3.1

. The weight fraction of the ith component, [i], is the ratio of the mass of

component i, w;, to the total mass of all species within the solution, w:

P wi w;
|l=—=—, 3.2
=1 S (3.2

the weight fraction is often written as a weight percent [wt%] = 100[7].

. The molarity of the ith component, ¢;, is the number of moles of com-

ponent i, n; per liter of solution, V:

n;

. The molality of ith component (used only for dilute solutions), m1,, is the

number of moles of component i, in 1 kg of solvent.

There are several other definitions used to describe the composition of
solution, but we shall only refer to those described above in this text.
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The reason that there are so many definitions of the composition is related
to how the term “concentration” is applied. For example, from the
physical-chemical point of view, the molar fraction is the most convenient
definition of the concentration since it is on an atomic basis. However,
from the point of view of someone who has to prepare solutions from
separate solutes and solvents, the mass fraction is the most convenient
definition since it is directly related to the mass of the components, rather
than the number of moles of the component. The former is easily meas-
ured, while the latter requires the additional knowledge of the molecular
weight (and a trivial calculation).

We are often called upon to convert between one definition of concen-
tration to another. Here is an example of how we can convert from molality
to molar fraction in a binary (two-component) solution. We start from a
formal definition of that concentration that we wish to obtain:

- ny o ny o niy
T4 owi /(M /1000)+n, 1000/ M +m;’

where M is molar weight of the solvent expressed in g/mole. Assuming
that the solution is dilute, we can approximate the last expression as

X

For an infinitesimal concentration of the solute, the molar fraction is
proportional to the molality. This conclusion is valid for all multi-
component solutions: in the limit that the fraction of the component is
very small, all of the measures of concentration are proportional to one
another.

The properties of a solution are characterized by thermodynamic
functionssuchas V, S, U, H, A, and G. These values are extensive and refer
to the entire solution. It is convenient to use intensive values (e.g. pressure,
temperature, and concentrations) as parameters since these values do not
depend on the quantity of the solution. In order to estimate the con-
tribution to the extensive property (F') made by each of the i-components
in the solution, Lewis defined the partial molar values of a property as

- <5F ) . (3.5)
8”1,‘ s Tsnjzi

The chemical potential is an example of a partial molar value; it is the
partial molar Gibbs free energy.

It is frequently useful to express the properties of a solution relative to
those of the pure components at the same temperature and pressure. For
this purpose, we define the excess values of the thermodynamic function
associated with mixing as

AFmix = F=> mFy, (3.6)

where F,.O is the value of F for one mole of pure component i. AF,;x is also
called the relative integral molar value of F. In some texts, AFpy;y is
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denoted as FM and the corresponding partial values as fiM (see below).
AFix tells us how the extensive property, F, changes when a solution is
formed from its pure components.

To illustrate this concept, consider the change in volume that occurs
when a solution is formed from its pure components. For a solution that
is formed with no change in volume, Eq. (3.6) implies that V' = Z[n,-ViO.
Differentiating this expression with respect to n; shows that V; = V.
However, if the volume of the system does change upon forming a solution
from its individual pure components (AVyi#0), Vi # V0. Unlike a
physical volume, the partial volume can be either positive or negative (or
zero). V; < 0 implies that the solution volume decreases upon addition of
component i.

The relative partial molar value of property F is defined, through
Egs (3.5) and (3.6), as

f'M _ OAFrix T 0

: F— F°.
i an[_ i

T’iM characterizes the effect on F of dissolving 1 mole of pure iin a very large
quantity of the solution. A solution is considered “very large” if dissolving
1 mole of component i leads to only negligible changes in the properties of
th%/[solution. As an example, the heat of solution of 1 mole of pure i is
"B =H - H.

If we double the number of moles of a particular material, all of the
extensive properties will increase by a factor of two. Analogously, if the
numbers of moles of all components increase by a factor of «, all extensive

properties increase a-fold:
Flany, any, ...,an;) = aF(ny, ny, ..., ng).

From a mathematical perspective, this implies that any extensive property
is a homogeneous function of the numbers of moles of all of its compo-
nents. Euler’s theorem for homogeneous functions states that

Inserting the definition of the partial molar value (Eq. (3.5)) into this
expression provides the link between an extensive property and its partial
molar values:

k
F= ZF,-n,-. (3.7
i=1

Since F is a homogeneous function of the numbers of moles of the
components of the solution, Eq. (3.7) implies that the partial molar values
are themselves independent of the numbers of moles of each component
and are, therefore, intensive parameters. The partial molar values do,
however, depend on the overall composition of the solution.
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Equation (3.7) can be re-expressed in another form. To this end,
we differentiate Eq. (3.7) with respect to the number of moles of com-
ponent j, n;:.

OF - OF, ko k
o= Y Gt R G = Y G T

Since the partial molar value of F is defined as F; = g—nF (Eq. (3.9)), this
implies /

k. 9F;

- ainjl’lj =0. (38)

Multiplying this equation by dn; and summing over j,

k k k k
O:Zdn,-zg an o4 Y =3 ndF,
J=1 i=1 i=1

yields

’TJ\
H

k
Z (3.9)
Equations (3.7)—(3.9) are all expressions of the so-called Gibbs—Duhem
relation. Recall that all of these expressions are simple consequences of the
fact that any extensive property is a homogeneous function of the numbers
of moles of each of the components in a solution.

We now examine the relationship between partial molar values of
thermodynamic functions. Equation (3.7) can be immediately applied to
the Gibbs free energy

k
G=" nmm; (3.10)
i=1

where the chemical potential y; is the partial molar value of the Gibbs free
energy. This equation is the generalization of the Gibbs free energy of one-
component systems, G = npu. Differentiating the expression for the Gibbs
free energy (G = H — TS) with respect to the number of moles of com-
ponent i at constant temperature, pressure and numbers of moles of the
remaining components, shows that

=H; - TS. (3.11)

Now, inserting the definition of the entropy, S = —(9G/ oT),,,, into that
for its partial molar value, S; = (8S/0n; p, T,n,,;» WE find

< a:ui _ a;ufz
Si= <6T)p,n,‘ (3T>M (12)

where we are free to replace n; with x; because constant numbers of moles
implies constant mole fractions. We can use the same approach to derive
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the Gibbs—Helmholtz equation (Eq. (1.71)) that relates the chemical
potential and the partial molar enthalpy

oi/T)\ _ _Hi
< oT >p,x,_T2’ (313)

and the equation that relates the chemical potential to the partial molar

volume:
_ aﬂz)
Vi= (3.14)
< ap T, x;

Finally, we consider the application of Eq. (3.9) to the special case of
binary solutions. Dividing Eq. (3.9) by the total number of moles in the
solution, we obtain

defl + XZdFZ =0. (3.15)

In a binary solution, the mole fraction of components 1 and 2 are not
independent, rather x| + x, =1 and dx; = —dx,. Therefore, Eq. (3.15) can
be rewritten in the form

OF, OF,
— =) . .1
™ <E)x1 )p, T . (ax2>p, T (3 6)

This relation enables us to calculate the partial molar value of one com-
ponent if the dependence of the partial molar value of the other component
on composition is known.

Example problem

1. The composition of the ternary alloy AI-Ni-Ti is [Ni]=70 wt% and
[Al] =25 wt%. Find the atomic fractions of all components. Note wt%
implies percentage by weight.

2. The density of a 20 wt% solution of methyl alcohol (CH3OH) in water is
0.9666 g/cm>. The partial molar volume of water in this solution is
17.7 cm®/mole. Find the partial molar volume of methyl alcohol in this
solution.

3. Let the partial molar volume of the solute in a binary solution depends
on its molality in the following manner:

172 =a+ bmy,

where a and b are constants. The molecular weight of the solvent is
M, g/mole, and the volume of 1 mole of the pure solvent is V). Derive an
expression for the dependence of the partial molar volume of the solvent
on the solute molality.

3.2 Ideal dilute solutions

The thermodynamic description of solutions developed in the previous
section provides general relations that apply to all solutions. Itis, however,
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of limited utility without a supplemental description of the behavior of
specific solutions. This supplemental description cannot be derived from
thermodynamics. For example, a supplemental description may express
the relationship between the saturated vapor pressure and the solute
concentration.

While each solution has a unique description, there are general classi-
fications of types of solutions that share certain features and, hence,
may be treated as members of a special class. The most widely studied
classes represent certain limiting cases. Such classifications are, by nature,
simplifications. But it is such simplifications that allow us to make
thermodynamics a practical tool.

The general schema for developing any theory of solutions is the
following. First, we create an expression for the Gibbs free energy (or,
equivalently, the chemical potentials of all components of the solution) as
a function of the temperature and concentrations of the solution compo-
nents. This can be done for a class of solutions that share some funda-
mental behavior. Next, we employ this free energy function within the
general thermodynamic framework for solutions described in the previous
section. In this way, we can predict all of the thermodynamic properties
of a particular class of solutions.

It is natural to start the study of solutions from the theories for the
simplest classes of solutions; namely, ideal solutions and ideal dilute
solutions.’

3.2.1 Thermodynamic functions

It is simplest to begin our exploration of types of solutions from the theory
of ideal dilute solutions. Ideal dilute solutions® are those for which the
molar fraction of the first component (solvent) approaches unity, x; — 1,
while those of the other components (solutes) tend to zero, x;..; — 0. In this
limiting case, it is a simple matter to write the Gibbs free energy of the
solution as an expansion in terms of the molar fractions of the individual
solutes. However, such an approach requires some knowledge of statistical
physics (see Section 13.4.1). In order to avoid such a digression here, we
shall employ a different approach. Rather, we shall start from some
experimental observations of dilute solutions that are captured in the form
of Henry’s law, which is described below. Although it is enough to use an
experimentally motivated description to develop the thermodynamics of
these solutions, we will provide a qualitative derivation of this law.

Let us consider how the pressure of a saturated vapor of a solute
depends on its concentration in the solution. Since we cannot obtain this
dependence within the framework of thermodynamics (we still have no

! While this description of solutions is widespread, it is not convenient. Ideal and ideal
dilute solutions are not the same, as discussed below. For example, ideal solutions properties
are defined in terms of the thermodynamic properties of the pure components only, while
ideal dilute solution theory contains parameters which cannot be derived from the properties
of the pure components.

2 We explain the difference between the ideal dilute and dilute solutions in Section 3.4.
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thermodynamic description of the solution), we shall use a kinetic
approach. The rate of the transfer of solute molecules from the vapor to the
solution is proportional to the number of impacts the solute molecules in
the vapor make upon the surface of the condensed (solid or liquid) solution
per unit area of the surface per unit time. The kinetic theory of gases tells
us that this rate of solute molecule impacts is proportional to the vapor
pressure (see Section 12.2.9). Thus the rate of the condensation is equal to

wl = klpz,

where k| is the proportionality constant. Similarly, the rate of evaporation
must be proportional to the solute concentration in the solution, that is

wr = ky(ca)ea,

where k; is also a proportionality constant. k; must depend on how much
a solute molecule prefers to be in the solution than in the vapor. Clearly,
how much a solute molecule wants to stay in the solutions depends on
its surroundings. Since the mean composition of the surroundings of the
solute molecule depends on the concentration of solute molecules in
the solution, the proportionality constant, k;, must depend on the solute
concentration.

In equilibrium the rates of condensation and evaporation must be
equal to each other, therefore

P2 = k() .
k, .

This demonstrates that the saturated vapor pressure of the solute mole-
cules over the solution depends on the solute concentration in the solution.
This, however, should be obvious without any derivation.

Now, we consider what happens when ¢; — 0. As the illustration in
Fig. 3.1 demonstrates, when the solute concentration is low, the probab-
ility that two solute molecules are adjacent to each other is negligibly
small, such that solute molecules only have solvent molecule neighbors.
In this limit (c; — 0), the coefficient k; does not depend on the solute
concentration. This implies that the saturated vapor pressure of the solute
is proportional to the solute concentration in the solution,

(3.17)

where the constant i1 = ky/k,. This law was first stated by Henry and / is
known as Henry’s constant. Note, that since in dilute solutions all of
the measures of the solute concentration are proportional to each other,
we can use any type of concentration in Eq. (3.17), but, of course, the
numerical value of & depends on the type of concentration used.

In our derivation of Henry’s law, we implicitly assumed that the gas
phase constituent and the solute are the same. Consider the case of nitrogen
dissolved in water. Nitrogen is diatomic (N,) both in the gaseous state as
well as when dissolved in water

P2 = hea,

Nogas) — Nz(water)‘
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Therefore, according to Henry’s law
PN, = /7N2C'N2~

Diatomic nitrogen is too large to fit in between the atoms of a metal and,
hence, nitrogen dissolves in metals in its atomic form (N rather than Nj).
Therefore, before nitrogen dissolves into the metal, it must first dissociate
on the metal surface. In this case, the process of dissolving N into metal
can be described as

No(eas) — 2[N],

(note, the square brackets around the N is a common notation indicating
that the species is dissolved in a metal). In deriving an expression for the
dependence of the partial pressure of N, in a saturated vapor above its
condensed solution we must account for the fact that evaporation must wait
for two N atoms in the solution to find each other. The rate of such events
is proportional of the square of the nitrogen atom concentration, that is

wr = kT C[ZN] .

As in the Henry’s law situation, the rate of condensation of N, is simply
proportional to its partial pressure within the vapor. Therefore, in equi-
librium where the rate of evaporation and condensation are equal, we find

PN, =S¢y (3.18)

This type of equation is valid for solutions of all diatomic gases (O,, H,,
and others) in metals and is known as Sieverts’s law, where s is Sieverts’s
constant.’

Consideration of the schematic derivations of Henry’s and Sieverts’s
laws presented above provides a means to understand their limitations.
The first limitation is that the solute concentration must be so small that
each solute molecule is unaware of the existence of any other solute
molecule. In the simple model presented above, this would require that no
solute has solute neighbors. This approach would certainly be valid if (and
only if') the interactions between solute molecules decrease very quickly
with increasing separation. For example, it is widely suitable for organic
solutions, metallic alloys, and solutions of gases in metals, where interac-
tions decrease roughly as 1/ and n > 3. However, this condition fails for
ionic species dissolved in water (e.g. a solution of NaCl in H,O). In this
case, the ions interact through a very long-range 1/r Coulomb interaction
(see Sections 3.7 and 13.4.4).

Once we know one law (e.g. Henry’s or Sieverts’s law), we can apply the
machinery of thermodynamics to fully describe the ideal dilute solutions.
We start by deriving expressions for the chemical potentials of all of the
components of a solution. While we now focus on the special case of binary
solutions, the final results will be valid for ideal dilute solutions of any
number of components. Consider the case in which the partial pressure in
a saturated vapor obeys Henry’s law. The condition that the vapor is in

3 Computer Laboratory #3 examines dissolving nitrogen in Fe-Mn alloys.
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equilibrium with the solution is the equality of the chemical potentials of
the solute in the solution and in the gas:

H2 = H2 yapor -

Replacing the chemical potential of component 2 in the vapor with
Eq. (1.87) and p, from Henry’s law, yields

H2 = uzvupm_ = ugwmm + RT lnpz = Mgw\por + RT Inh+ RT In Cc2,

or
o =12+ RT Incy, (3.19)

where 1), is a concentration-independent constant. i, can be thought of as
the chemical potential of the solute in a hypothetical solution with solute
concentration ¢, = 1 which, nonetheless, remains an ideal solution where
component 1 is still the solvent. Such a solution is called the standard state
of the solute. As for Henry’s law, we can use any form of the concentration
in Eq. (3.19), however, changing the form of the concentration employed
implies a change in the numerical value of .

We now derive an expression for the chemical potential of the solvent
appropriate for an ideal dilute solution. It is convenient to represent the
solute concentration in terms of its molar fraction, in which case Eq. (3.19)
becomes

o =Py + RT In x,.

Combining this equation with the Gibbs—Duhem equation (Eq. (3.16))
yields:

O Oz i Y RT
X| — = = RT; dp = —dx;.
* ox e Oxy 0 H /1 X1 .

We briefly digress to explain the limits of these integrals. First, while the use
of the same variables in the integrands and the limits of the integrals is
formally improper, we retain this notation because it is unambiguous here
and is consistent with the notation used in most other thermodynamics
texts. Second, the choice of the limits of the integrals was made to cor-
respond to a state of the system in which the chemical potential of the
solvent is known. One such state corresponds to the case of the pure solvent
(x1=1). The chemical potential of the pure solvent, 4 is its Gibbs free
energy per mole. The upper limits of the integrals are chosen to correspond
to the state of interest, that is, one with arbitrary values of the molar
fraction and chemical potential. Evaluating these integrals shows that

p1 = p) + RT Inx;. (3.20)

Now that we have derived expressions for the chemical potentials of both
components of the solution, we can employ the thermodynamic methods
of Section 3.1 to obtain all other properties of the solution without any
further approximations.
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For completeness, we examine equilibrium between the solvent in
the solution and in the saturated vapor. The equilibrium condition is

K1 = K1 gapor -
Inserting the chemical potential of the solvent in the solution (Eq. (3.20))
and that for a component of an ideal gas mixture (Eq. (1.87)) yields

p)+ RT Inx; = pf o+ RT Inpy; b1 _ g(u?*u?w.pm)/kr.
vapor X1

If we call the right-hand side of the last expression p?, we can rewrite the
relationship between the partial pressure of the solute in the saturated
vapor and its concentration in the solution as

p1=pixi. (3.21)

Since p; = p! in the pure solvent (x; = 1), p{ is simply the saturated vapor
pressure over the pure solvent. Note that x; in Eq. (3.21) is the concen-
tration expressed in molar fraction (only). Equation (3.21) was first pro-
posed by Raoult on the basis of a generalization of a body of experimental
data and is widely known as Raoult’s law. Raoult’s law states that the
partial pressure of a solvent in the saturated vapor above a solution is
proportional to its molar fraction in the solution. Consequently, the partial
pressure in the saturated vapor above a solution is always smaller than that
for the pure solvent.

We now proceed to derive several of the thermodynamic functions
associated with the ideal dilute solution. The partial molar entropy,
enthalpy, and volume of the solvent can be obtained from Eq. (3.20) and
the definitions in Section 3.1:

from S = —(9u1/07),, = —(d/dT) — R In x; we find
S =S~ Rlnx, (3.22)

from Hy = py + TSy = 1) + TS} we find

i = H, (3.33)
and finally from Vi = (81 /0p) .= (0u)/0p) . we find
V=V, (3.34)

where, of course, S, HY, and V) are the entropy, enthalpy, and volume per
mole of the pure solvent, respectively.

We can obtain the corresponding expressions for the partial molar
functions associated with the solute from Eq. (3.19) and the definitions
in Section 3.1:

from Sy = —(9u2/0T), .= —(dh2/dT) — R In¢; we find

S, =8 —Rlney, (3.35)
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from ﬁg = 2 + T§2 =1+ TSz we find

H, — i, (3.36)
and finally from ¥V, = (9pa/0p) = (92/dp)r,,, we find
Vo=V, (3.37)

where H,, .5‘2, and V, are concentration-independent constants. Note that
the values of these constants depend upon the nature of both the solvent
and solute* and, in fact, are parameters of the theory (i.e. they cannot be
determined from the thermodynamic theory of ideal dilute solutions).

Review questions

1. If the temperature of a solution increases or decreases upon dissolving a
small quantity of solute, can this solution be considered an ideal dilute
solution?

2. How does p! in Raoult’s law vary with temperature? Which equation
describes this?

3. How do the partial molar enthalpy and entropy of the solute in the
ideal dilute solution depend on the solute concentration?

Example problem

1. Two glasses were placed in a sealed chamber and monitored using a
web-cam. The first glass originally contained 100 ml of pure water and
the second contained 100 ml of a solution of urea (CO(NH,),) in water.
After some time, you observed that the volume of the solution in glass
2 increased and the volume of the pure water in glass 1 decreased. How
can you explain this?

3.2.2 Boiling point

We now consider evaporation in an ideal dilute solution. The change of
the enthalpy of the system (the solution + the vapor) upon transferring
dn; molecules of solvent from the solution to the vapor is

dH = H?Vﬂpordnl — ﬁ] dl’l] = (Hlovapor — ﬁ])d}’ll .
Therefore, the heat of evaporation of 1 mole of solvent from an ideal dilute
solution’ is
dH
dn1

Note, this result shows that the heat of evaporation of solvent from an ideal
dilute solution is exactly the same as the heat of evaporation from the pure

0 I7 0 0 0
AI_Ievap = = Hlvapor - H, = Hl vapor Hl = AH,

evap*

* These constants are not the equal to HY, SY, and V), which are properties of the pure
solute!

> We assume that the volume of the solution is so large that the evaporation of 1 mole of
the solvent does not significantly modify the properties of the solution.
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The temperature dependence of the
saturated vapor pressure of the solvent
over a liquid solution and pure solvent.

Thermodynamic theory of solutions

solvent. In the case of a non-volatile solute ( p, < p;), the total pressure in
the saturated vapor above the solution is p = p; + p, = p;. Since the solute
concentration does not depend on temperature (assume that we are not
near the saturation limit), the derivation of the Clausius—Clapeyron
equation in Section 2.2 for a one-component system is unchanged upon
adding solute to form an ideal dilute solution. Therefore, the solvent
partial pressure in the saturated vapor satisfies

dl AHY,
NP _ P (3.38)
dT ~ RI?

How does the boiling point change when a small amount of (low-
volatility) solute is added to the pure solvent? The liquid boils when its total
saturated vapor pressure is equal to the atmospheric pressure. The pressure
of the saturated vapor is approximately p;, which is smaller than that over
the pure solvent (see Fig. 3.2). Therefore, the solution must boil at a higher
temperature than the pure solvent. To derive an expression for the boiling
point of a solution we integrate Eq. (3.38), neglecting the dependence of
AHeOvap on temperature. This is a reasonable assumption if the difference
between the boiling points of the solvent and solution is small, as for
dilute solutions. We find

*Patm AHY . *Tvoil 4T
/ d lnpl = —__ovap /

2
PamX1 R Tou r

In DPatm _AHeovap( 1 1 )

Patm X1 B R Thoil B Tt?oil
iy = o ( Ll ) (3.39)
x| =—— = | :
1 R Tooil  Tooy

For a dilute solution
Inx; =In(l1 —x) = —x,.
Therefore, we can rewrite Eq. (3.39) as

0 0 0 0
AI—Ievap Tb Tboil - AHboil Tboil - Tboil

oil

R Tooit T R (Tooi) ’

Xy =
Introducing the notation ATpoii = Thoil — Tgoﬂ, we obtain

R(T? .)*
ATpoi = %xz. (3.40)

evap

This expression for the change in the boiling point is written in a slightly
different form in many chemistry texts. To rewrite Eq. (3.40) in that
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form, we replace the molar fraction of the solute by its molality using
Eq. (3.4):

2 2
ATpoil = R(T‘t())oil> M, oy — R(T‘t?oil) m
T AHD,, 100077 100000

where A is the specific heat of evaporation (in units of J/g). We can
rewrite Eq. (3.40) in the form of

ATvoit = Koy (3.41)
where
R(T? .)?
Ky = — bl 42
>~ 7100000 (3.42)

is known as the ebullioscopic constant and is a function of only the solvent
properties. Equation (3.41) was originally proposed by Raoult.

3.2.3 Freezing point

We now consider the freezing of an ideal dilute solution. We define the
freezing point as the highest temperature for which a crystalline solid
solution is in equilibrium with a liquid solution with the same components.
In other words, the freezing point is the temperature at which we first see
crystals in the liquid as we very slowly cool the liquid solution. For a pure
solvent, the freezing point and the melting point are identical, 7p,.. At
this temperature, the chemical potentials of the pure solid and pure liquid
solvent are equal, hence

AILL(])(TS’CCZB) = M(I)L(Ttpreeze) - H(I)S(Ttpreeze) = 0 (3'43)

However, for a solution at the freezing point of the pure solvent T},
we find

Ap(Teese) = 1L Tiheese) — 118(Tiheese) 7 0.

Therefore, the temperature at which the solution freezes differs from that
of the pure solvent. In a solution, the equilibrium between solid and liquid
occurs at the temperature where the chemical potentials of the solvent in
the solid and liquid are identical: that is,

A:U'I(Tfreeze) = NIL(TI‘reeze) - /J/IS(Tfreeze) =0. (344)

The Gibbs—Helmholtz equations for the chemical potential of the solvent
in ideal dilute liquid and solid solutions take the following form:

N/ __Hu_ HYy

or ),., T T?

<3(M15/T)> __Hs_ H
DX,

oT T2 T T2
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Combining these equations, we obtain:

oAm/T)\ _  AHpy
or ),.  T*

(Note: to be consistent we should write AHY,.. instead of AH? . however
the latter is the more commonly accepted notation and so we adopt it here.)

We can integrate this expression from Tgeeze t0 Tireese to find

Api(Tiveeze)/ Threeze d A B Trecze dT
T - melt
A (T )/ Ty

freeze f Teeze

Tf reeze fc‘r'eeze

A,U/l (Tfrcczc) _ Alu‘l (Tf?—eeze) AHO < 1 _ 1 )
melt Tf reeze T, 36825

Employing the equilibrium conditions from Eqs (3.43) and (3.44), we can
rewrite the previous equation as

0= Aiu‘(l)(Tf(zeeze) + RTfOreeze lnle/Xls AHO ( 1 _ 1 )
- It
T f?eeze e Threeze Tf?eeze
or
018 _ Ao ( LR > (3.45)
X1L R Tireeze Tgee Ze

Interestingly, to this point, this derivation was based only upon expres-
sion for the chemical potential of the solvent and we did not explicitly make
use of the assertion that the solution is dilute. However, if we assume that
the solute molar fractions in both the liquid and solid solutions are much
less than unity, we can simplify Eq. (3.45). Small solute concentration
implies In xlS/XlL =In X1s — In XL~ —Xos + Xop = Xop (1 — L), where

L= (3.46)

X2oL

is called the partition coefficient of the solute between the liquid and
solid. (We will show in the next section that L is independent of solute
concentration.) Introducing the notation ATfee,e = T, geeze — Ttreeze, WE
obtain

2
( freeze)

CAHY

melt

ATfreeze = (1 - L)XZL- (347)
This result demonstrates that if the solute dissolves in the liquid solvent
better than in the solid solvent (L < 1), the freezing temperature of the
solution is lower than that of the pure solvent. However, if the solute
dissolves better in the solid solvent (L > 1), the solution freezes at higher
temperature than the pure solvent. In practice, freezing point depression
upon adding solute (L < 1) is much more common than freezing point
elevation.
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If we rewrite Eq. (3.47) in terms of molality instead of molar fraction, we
find (analogously to the derivation of Eq. (3.41)):

ATfreeze = ]<l'(1 - L)m2L (348)
where
R(TR,e)’
Ky = —reezer 3.49
S T (3.49)

is called the cryoscopic constant and ¢° is the specific heat of melting
of the pure solvent (in units of J/g). Like the ebullioscopic constant,
the cryoscopic constant is only a function of the properties of the pure
solvent.

If the solute does not dissolve in the pure solid solvent (L = 0), Eq.(3.48)
takes the following form

ATfreeze = Kims. (3.50)

This law too was originally proposed by Raoult. It is interesting to note
that all three of the ideal dilute solution laws (p; = p‘l)xl, ATpoi = Kpimo,
and ATfeee = Kiim,) were discovered independently nearly 80 years after
the discovery of Henry’s law. This delay had two main causes: (1) the
thermodynamic methods used here were not yet developed and (2) Raoult
made a fortuitous choice of chemical systems to investigate (e.g. he would
have never discovered these laws if he had studied NaCl in H,O, as we
discuss in Section 3.7).

Review question

1. You are given three solutions. The solutions were prepared by
dissolving 10g of (1) sucrose—C;,H»,0q1, (2) fructose—CgH,04,
and (3) urea—CO(NH,), in 1000 cm® of water. Compare the freezing
temperatures of these three solutions.

Example problem

1. By how much is the freezing temperature of liquid iron lowered by the
addition of 1 wt% of sulfur? For simplicity, assume that the sulfur does
not dissolve in solid iron. The following data for iron are from a
handbook: ¢° =262.5J/g, T}..,. = 1813K.

3.2.4 Solute partitioning

How is the solute distributed, in equilibrium, between two phases that are
in contact? This partition of the solute between the two phases is known as
solute partitioning. From the condition that the two phases are in equi-
librium with one another, we find:

,ulz :;LIZI; 1&2 +RTlnc£ = g +RTlnc£I.
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Thermodynamic theory of solutions

The ratio of the equilibrium solute concentrations in the two phases is the
partition coefficient:

I
_ O (vh-uh)/RT (3.51)

Since the right-hand side of Eq. (3.51) depends only upon temperature
and the solvent and solute species, the partition coefficient is independent
of the solute concentration. This statement is called the partition law.
Because the expression we used for the chemical potential is appropriate
only for dilute solutions, Eq. (3.51) can only be applied to dilute solutions.
To illustrate this point, consider the partition of iodine (I,) between water
and carbon tetrachloride (CCly) at room temperature (CCly is nearly
immiscible in water) shown in Fig. 3.3. This figure demonstrates that the
partition law for I, in an H,O/CCly mixture is indeed valid for small I,
concentrations.

Example problem

1. Calculate how much ijodine can be removed from 500 cm® of a water
solution containing 0.1 g of iodine by the addition of 80 ml of CCl, (take
the partition coefficient from Fig. 3.3).

3.2.5 Composition of a saturated solution

What is the maximum amount of a pure substance, A, that can be dissolved
in a solvent? This is determined by the saturation concentration of A in the
solution. The saturation concentration is the concentration of A in the
solution when the solution is in equilibrium with pure A (we neglect
the solubility of the solvent in A). In equilibrium, the chemical potential of
A in the solution is equal to that in pure A,

py = YA + RT Incy,

where ¢, is the concentration of A in the saturated solution. Inserting
this equation into the Gibbs—Helmholtz equation we find:
HY dwd/T) d(/T) dlncy  Hx  _dlnc,

T2~ dr ~  dT +R dT _7?+R dr

or
dincy Hy — H}

dT ~  RT? °

where Ha — Hg is the heat of solution of pure A in the solvent.

Equation (3.52) shows that if dissolving pure A in the solute is exothermic

(produces heat, H — HY < 0), the solubility of A must decrease with

increasing temperature.

Equation (3.52) can be integrated to show that

T _ g0
e (T) ZCZ(To)eXp{—¥<TLO—%>}, (3.53)

(3.52)
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where we have neglected any dependence of the heat of solution on
temperature and where Ty is a reference temperature where we know the
saturation concentration.

3.3 Ideal solutions

The theory of ideal dilute solutions is valid only for solutions in which the
solute concentration is very small. While ideally we would like to find a
theory that is capable of describing the thermodynamic properties of all
solutions at all concentrations, no such analytical theory currently exists.
Fortunately, several models exist that work for a wide range of con-
centrations, albeit not for all solutions. The simplest of these is known as
the ideal solution model.

Recall that the first step in deriving any theory of solutions is to obtain
expressions for the chemical potentials. In the theory of ideal dilute solu-
tions, described above, the chemical potentials of the solvent and solute
took the following form:

i = + RT Inxy; 2 =Yy + RT Inx;.

In an ideal solution model, we assume that such expressions are valid for
all solute concentrations. In the pure solute case (x, = 1), the logarithmic
term in the second equation is zero and, hence, ¥, = ug. Thus the chemical
potential of any component of an ideal solution can be described by:

pi =y + RT Inx;. (3.54)

In Section 3.2.1, we saw that this equation implies that the pressure of
the saturated vapor of component i obeys Raoult’s law:

pi = pYxi. (3.55)

Alternatively, we can state that if all components obey Raoult’s law, the
solution is ideal. Recall, that in an ideal dilute solution, only the solvent
obeys Raoult’s law and the solute obeys Henry’s law. In an ideal solution
model, which describes the entire concentration range, there is no
difference between solute and solvent and hence, we will abandon these
terms here.

Equation (3.54) implies that

Si = Slo — RIn X (356)
H =H (3.57)
Vi=v). (3.58)

Using these results, the extensive thermodynamic properties that describe
mixing take the form:

AHpyix = 0; AVpix = 0;

ASnix = —nR(Xl Inx; +x lan) (3.59)
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This set of equations for the extensive thermodynamic properties is
frequently used as a definition of the ideal solution. In other words, an ideal
solution is one in which the heat of mixing is zero, there is no change in
volume upon mixing, and the change of entropy upon mixing takes the same
form as for an ideal gas mixture. The equivalence of the expressions for the
entropy of mixing of an ideal gas and an ideal solution is not coincidental.
Rather, statistical thermodynamics can be used to show that AS,,;, in Eq.
(3.59) is a natural consequence of the assumption that the molecules of all
types are randomly arranged, as will be discussed in Section 13.4.2.2.

As example of an application of ideal solution theory, consider dissol-
ving a pure solid substance B in the liquid phase of A. By analogy with the
derivation of Eq. (3.52), we find

dlnxSB 7ﬁB - Hgs o HgL - Hgs o AI—]g,melt 3.60
dr = RT?> =~ RT*>  RT? (3.60)

where H%L is the enthalpy of the pure, supercooled liquid at temperature 7.
In contrast to Eq. (3.52), this expression does not accurately describe any
real system, but has the advantage that it can approximately describe
many solutions over the entire concentration range. Equation (3.60) can be
integrated to predict the saturation concentration at any temperature,

S 0
/lnXB dlnxs, = AHB,melt /T dT
B~ p Lk
0 R Jn T

where we have assumed that B is completely soluble in liquid A. At the

melting point of B, Tg’frem, solid B is in equilibrium with liquid B. Since

liquid B is completely soluble in liquid A, xj; = 1 at T§ ... Performing the
integration in the previous equation yields:
Inx, = Aima (11 (3.61)
5= — . .
R T]g,freeze T

To obtain the saturation concentration for an ideal dilute solution,
Eq. (3.52), we needed to know both the saturation concentration at one
temperature and the heat of solution. Theory provides no guidance on how
to obtain these quantities. In contrast the saturation concentration for an
ideal solution can be calculated using only properties of pure components,
the heat of melting and the melting temperature, which are both widely
available in handbooks.

As an example, we estimate the solubility of copper in liquid lead at
T=980°C using Eq. (3.61). We obtained the following data from a
standard handbook:

T freere(Cu) = 1356 K; AHJ (Cu)=12.97kJ/mole;

Tg,freeze(Pb) =601K.
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At T=980°C, lead is a liquid and copper is a solid. Using these data
and Eq. (3.61), we find that saturation concentration of Cu in Pb is
x¢&, = 0.91, while experimental measurement shows that x&, = 0.92. At
least for this case, the ideal solution theory works very well. This level of
agreement is not common! Nevertheless, we emphasize again that ideal
solution theory provides a simple means to estimate the properties of
certain solutions at any concentration using only readily available data for
pure components.

Review questions

1. Some solutions exist for which the heats of formation are zero. Does this
imply that these are all ideal solutions?

2. The saturated vapor pressure of component A in a binary solution
obeys Raoult’s law for all concentrations. Does it follow from this
that Raoult’s law is also valid for the saturated vapor pressure of
component B?

Example problems

1. At T=20°C, the pressure of the saturated vapor over pure methyl
alcohol (CH5OH) is 96 mm of mercury and the pressure of the saturated
vapor over pure ethyl alcohol (C,HsOH) is 44 mm of mercury. Their
densities are 0.7915 and 0.7894 g/cm®, respectively. To prepare a
solution, 1 part methyl alcohol is mixed with 2 parts ethyl alcohol by
volume. Find the composition of the vapor over the solution.

2. Estimate the boiling temperature of a Hg—Sn alloy in which the
Sn concentration is 10wt%. The following data are known for
the two components: TP, (Sn)=2620°C, T, (Hg) = 357°C, and
Xo(Hg) =272 J/g.

3.4 Non-ideal solutions
3.4.1  Activity

As a rule, real solutions are neither ideal dilute solutions nor ideal solu-
tions. In most cases of interest, the solute concentration is too large for
a solution to be considered dilute. Further, an ideal solution is simply a
model for a solution that we postulated and may, therefore, not be
applicable in any case. So, we are left with the question, “how can we
describe the thermodynamic properties of real solutions?” Even today,
we have little hope of deriving a theory that is capable of predicting
the properties of solutions from “first principles” (i.e. based only upon
fundamental laws of physics or chemistry, such as quantum theory).
A more practical approach is to describe a real solution in terms of how
its properties deviate from that of an ideal or ideal dilute solution.
Two schematic examples of such deviations are shown in Fig. 3.4 for
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the case of the saturated vapor pressure. The upper figure depicts a solution
for which there is a positive deviation from Raoult’s law and a negative
deviation from Henry’s law, while the lower figure shows a negative
deviation from Raoult’s law and a positive deviation from Henry’s law.

Since the vapor pressure of the solute deviates from Henry’s law to a
smaller extent than from Raoult’s law at small solute concentrations (see
Fig. 3.4), it is convenient to focus on the deviations from Henry’s law.
Recall that if Henry’s law is valid, the chemical potential of the solute takes
the following form:

wi =i+ RT Inc;.

We can describe the chemical potential of the solute in a real dilute solution
as that in an ideal solution, plus a correction term which accounts for
the deviation from ideality

p; =i+ RT Inc; + RT Inf;, (3.62)

where f; measures that deviation. This definition implies that f;> 0. The
standard state (standard solution) for the solute in this case is the hypo-
thetical solution in which the solute concentration is unity ¢;=1 and the
thermodynamic properties are described by the same equations as for
ideal dilute solution where the first component is the solvent. Below, we
will refer to such a hypothetical solution as a solution with unitary con-
centration. As ¢;— 0, Eq. (3.62) must reduce to the expression for the
chemical potential of the solute in an ideal dilute solution, therefore,

fi—=1 as ¢ —0. (3.63)

We can recover an expression for the chemical potential of the solute in
a real solution that looks more similar to that in the ideal dilute solution
by making the substitution

a; :ﬁC,‘ (364)
into Eq. (3.62):
Mi = ’LZ),‘ + RT In da;. (365)

The thermodynamic functions «; and f; are known as the activity and
activity coefficient, respectively.

Figure 3.4 shows that in the case of a solvent in a dilute solution (or any
of the components in a concentrated solution), it is more convenient to use
Raoult’s law as our reference. Raoult’s law implies that the chemical
potential of component i in the solutions takes the following form:

i = /,L? + RT 1HX,‘.

Following the procedure we used above, we express deviations from this
for a non-ideal solution, as

pi = 1) + RT Inx; + RT In~y;, (3.66)
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where ~; is also called the activity coefficient. This differs from f; in that
the standard state is now pure component i. From this definition, it
follows that ~,> 0 and

v—1 as x;— 1. (3.67)
Similarly, the activity of component 7 using this standard state is
ap = iXi (3.68)
Inserting Eq. (3.68) in Eq. (3.66), we find:
pi =+ RT Ing; (3.69)

Equations (3.65) and (3.69) were derived on the bases of different
standard states. We can rewrite these equations in a more general form as

wi = '+ RT Ina;, (3.70)

where p' indicates the chemical potential of component i in whichever

standard state we choose. This choice affects the value of the activity.
We can now consider the equilibrium between a non-ideal solution and

its saturated vapor. The equilibrium condition takes the following form

i = [ivap = iu‘?vap + RT lnp,-.

Using this result, we can relate the chemical potential of component i in the
standard state to its pressure in its saturated vapor above a standard
solution as

W= ,u?vap + RT Inp".
Combining these two equations with Eq. (3.70), we find
[vap + RT Inp; = pi = ' + RT Ina; = i, + RT Inp}' + RT Ina;,

which implies

pi=rpla; (3.71)
a="L (3.72)
pPi

Equation (3.72) is frequently used as the definition of the activity.

If the standard state is taken to be a solution with unitary concentration,
we can use Eq. (3.71) and the fact that as ¢;— 0, @;— ¢;, and p;/c;=h, to
write

pi = ha;. (3.73)

This is the generalization of Henry’s law to non-ideal solutions. If we
choose to use the pure component as the standard state, we similarly find

pi=a. (3.74)

Note, there are other reasonable choices of the standard state which we
have not discussed here.
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To this point, we have discussed non-ideal solutions in terms of their
deviations from ideality, as represented by the value of the activity.
However, we are no closer to describing non-ideal solutions then before
since we did not specify how to obtain these activities. Thermodynamic
theory is of no use for this; therefore, we must resort either to experiment or
to some more microscopic theory.

Before we discuss experimental and theoretical approaches to determine
the activity, we first relate the activity of one component in a solution
to that of the other component and the activity at one temperature to
that at another. The first problem can be solved with the help of the
Gibbs—Duhem Eq. (3.70). Inserting Eq. (3.16) into Eq. (3.16) yields
the relationship between the activities of the components of a binary

solution:
. (8 1na1> . (8 lna2> ‘ (3.75)
oxy p.T Ixz p.T

If the pure components are chosen as the standard states for both com-
ponents, this equation can be transformed into

x18lnx1+x1 (8 111’71) :xzf)lnx2+x2<8 111’72)
X1 Ox| ».T 0xy Ox; p.T

x| (8 ln’\/l) :X2<8 ln’)/2> ’ (376)
6)61 »T 8)(2 »T

where we have made use of Eq. (3.68). This equation relates the concen-
tration dependence of the activity coefficient of one component to that of
the other.

The temperature dependence of the activity can be derived from the
expression for the chemical potential and the Gibbs—Helmholtz equation.
If the pure component is chosen as the standard state, we obtain:

or

H; T 0/T In ag; HY In
_Hi A(wi/T) :8(/11/ )+R8 na ,+R8 nvy,
T2 or ),. or oT T2 oT
which can be rewritten as
. H — HO
Olny,  _Hi—H (3.77)

or RT?

On the other hand, if we choose the standard state to be the solution with
unitary concentration, we find:
N <8(uf/T)> _OWyT) | Ola,  H _ dlnf
PiX

— R - iR
aT ar TR Tor ERE T

T2

or

0ln , TI,'*HI'
an:— T (3.78)
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Review questions

1. Is the activity always positive?

2. You are told p; > p%x; for component i in a solution. What does this
imply about the activity coefficient of this component (assume that the
standard state is pure component i)?

Example problems

1. In a liquid Pb-Bi alloy, the activity coefficient of Pb depends on its
molar fraction in the following way:

log;o (vpr) = —0.32(1 — Xpb)z.

What is the activity coefficient of Bi at xg; = 0.4?

2. The change in the Gibbs free energy upon forming 500 g of an equi-
molar® solution from SnCl, and CCly is AGpix = — 7.03 kJ. The activity
of SnCly in this solution is 0.52. What is the activity of CCl,? Assume
that the standard states are the pure components.

3. The heat hberated upon dissolving Mg in a Mg-Bi alloy with xy, = 0.9
at 1000K is HMg = —0.84 kJ/mole and the Mg activity coefficient is
found to be vy =0.93 (assuming a pure Mg is the standard state).
What is the relative partial molar entropy of Mg in this alloy?

4. At 1693 K, silicon is distributed between iron- and silver-rich phases
that are in contact as x5¢™h = 0.326 and xé” “rich — 0.00847. Find the
activity coefficient of the silicon in the iron-rich phase if 7Ag wrieh — 0,155
(consider a pure silicon as the standard state in both solutions).

3.4.2 Experimental determination of activity

As we discussed above, the activity of a component in a solution cannot
be derived from thermodynamics unless we make some simplifying
assumptions. For example, if we assume that the solution is ideal, then the
activity is trivially just the concentration (additional simplifying assump-
tions are suggested later in this chapter). In general, however, these
assumptions are of limited utility and the activity must be extracted from
either experiment or a microscopic theory. Recall, that once we determine
the activity, by whatever means, we can then consistently predict all other
thermodynamic properties. We now turn to the question: how can we
experimentally determine the activities of the components of a real solu-
tion? The most common answers to this question are outlined here.

1. The activity can be determined through measurements of the saturated
vapor pressure.
This method is based on the definition of the activity given in
Eq. (3.72). An example of such an approach is the subject of Computer
Laboratory #3.

2. The activity can be determined on the basis of the partition law.

¢ That is, equal molar fraction of each component.
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Schematic plot of the ratio of the
concentrations in phases I and II versus
the solute concentration in phase I. The
flat region of this plot indicates the range
of concentration over which the solution
can be described as an ideal dilute
solution.

Thermodynamic theory of solutions

For non-ideal solutions, the partition law, discussed in Section 3.2.4,
can be rewritten in terms of the activities as:
I
@ (3.79)
where L depends only on the temperature and the properties of the
solvents and solute.

In a experiment, one measures the solute concentrations in each of
the two phases and plots the ratio as a function of one of the con-
centrations, as in Fig. 3.5. In the limit that c% — 0, the solutions in each
of the two phases behave as ideal dilute solutions. Therefore, the
activities are simply equal to the solute concentrations and the partition
coefficient is equal to L = ¢}/l Thus, extrapolating the dependence of
b/t on ¢} at ¢} = 0 we obtain the partition coefficient. If we know the
activity of the solute in one phase (a fairy told you), we can determine its
activity in the other phase. However, we commonly do not know the
activities in either phase. This is a problem. If we assume that the
solution in which the solute concentration is smallest can be described
as an ideal dilute solution (i.e. where the solute activity is equal to its
concentration), then L = ¢} /al! and we can use this expression and our
measurement of ¢} /cl! to determine a'.

3. The activity can be determined on the basis of the law of mass action,
which is described in Section 5.4, below.
This method is similar to the previous one and is the subject of
Computer Laboratory #2.
4. The activity can be determined from electric voltage measurements.
This method is widely used for metallic alloys. The experiment is as
follows: an electrode made from the alloy is put in contact with an
electrode made containing solely the less-noble of the alloy components
and the voltage between these electrodes is measured. The difference
between the chemical potentials of the less-noble component in the
two electrodes is

AGTIA,LLTI/L?-FRTIH aj —/L?ZRTIH ay.

AGris related to the electrical work done in dissolving the less-noble
component in the alloy; that is, AGt = —zFE, where FE is the measured
voltage, F is Faraday’s constant, and z is the number of electrons
involved in dissolving one atom of the less-noble component into the
alloy. Thus, measuring the voltage in this electric cell can be used to
obtain the activity of the less-noble component (from which the activity
of the second component can be calculated from the Gibbs—Duhem
equation).
5. The activity can be determined from the phase diagram.
This method will be considered in detail in Chapter 4.

3.5 Regular solutions

We already noted that in the case of concentrated solutions, it is convenient
to describe their properties in terms of how they deviate from those of ideal
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solutions. Recall, that by definition, the heat of mixing of an ideal solution
from its components is zero

AIimix =0
and the entropy of mixing takes the same form as for ideal gases:
ASnix = —nR(x1 In x| + x3 Inx3). (3.80)

Generally speaking, neither of these expressions are valid for non-ideal
solutions. However, it would be difficult to develop a theory that simul-
taneously accounts for deviations of both AH ;x and AS,;x from their
ideal values. Of these two, it is the deviation of the enthalpy of mixing
from its ideal solution value that is most important for many solutions
(e.g. metallic alloys). This is known as the regular solution case (discussed
originally by Hildebrant and generalized by Guggenheim) and will be
considered here (i.e. we will continue to treat the entropy of mixing as
per Eq. (3.80)). The opposite case, where the deviation of the entropy of
mixing is central (e.g. in polymer solutions), will be the subject of the next
section.

Since we already have an expression for the entropy of mixing of regular
solutions (Eq. (3.80)), we need only propose an expression for the enthalpy
of mixing AH,ix in order to determine the Gibbs free energy. To do this,
we make the following assumptions for the regular solution model:

(1) the interatomic interactions are pairwise (i.e. the energy of the system
can be described as a summation of interactions between pairs of atoms
plus a constant);

(2) the coordination number, z (the number of the nearest neighbors),
is the same in the solution and each of the pure components;

(3) the interaction between atoms is limited to its z nearest neighbors;

(4) the interaction energy associated with a pair of atoms only depends
on the type of atoms and not their concentration;

(5) the probability that a given atomic site is occupied by an atom of type
i only depends on the concentration of i atoms (independent of the
occupancies of its neighbor sites).

Additionally, we make the standard approximation AHuyix & AUpnix
(pAV <« AH in condensed phases, as discussed in Section 1.1.4) and
arbitrarily define the zero of energy as that of the isolated atoms.

We can calculate the interaction energy of atoms in pure component 1 in
the pairwise approximation by writing the interaction energy of an atom
with its z nearest neighbor is ze;; and the total energy of the system as the
product of the interaction energy of an atom and the number of atoms, N;.
However, if we blindly follow this approach, we will count each “bond”
twice. Therefore, we must divide the result by 2; hence,

o 1
Ul :EN]ZE”.

We can follow the same procedure to calculate the energy of the solution.
First, consider an atom of component 1. On average, it has zx; atoms of
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component 1 and zx, atoms of component 2 as nearest neighbors (see
assumption 5, above). Therefore, the contribution to the total energy
associated with an atom of component 1 is €11zx| + £12zx>. Analogously,
the contribution to the total energy associated with an atom of component
2 18 e71zx] + £x2X5. (Since the interaction energy is pairwise, €21 = €17).
Thus the total energy of solution is

1 1
U, = ENI (en1zxy + €122x2) + §N2(€122X1 + £222X2).

Using these results, we can finally propose an expression for the enthalpy
of mixing within the regular solution model:

1 1 1
AHpix=U,—U) - U) =§N12~’61511 +§N22X2€22 +§(N12X2612+N22X1€12)

1 1 N1N2 z
—=Nizey —=Nozeyy =——22(2e,— €11 — ).
FVizen —5Nozen N1+N22( E12 —E11 —€22)
Introducing the notation
zN,
B, = TA(ZEQ — €11 —£€22) (3.81)
we find
niny
AH,ix =B =B X1X2, 3.82
12n1 t 12(n + n2)x1x2 ( )

where N, is Avogadro’s number and »; is the number of moles of com-
ponent i. The Gibbs free energy of the regular solution is now simply:
niny

G = Gideal + AHmix _ Gideal + 312 7
ny +np

(3.83)

where G'% is the Gibbs free energy of the ideal solution. For the chemical
potential of component 1, we find:

oG . _
= <7) — ,Ulldeal + Blz n2(nl + n2) 2}’[1]12
om " (n1 +ny)

or
i = pd + RT Inx; + Bjpxs. (3.84)
Comparing this expression with Eq. (3.69), we obtain:
i = eBa/RT (3.85)

Note, we have taken the pure components as the standard states.

The magnitude of the parameter, B,,, depends on the bond energies ¢
used in the model. Since these are usually not known, Bj, can be viewed as a
parameter of the theory that is determined by fitting to experimental data.
Note that By, is the only empirical parameter of this theory (recall that even
the theory of ideal dilute solutions has several empirical parameters).
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Figure 3.6 shows how AH;x, ASmix» and AGp; vary with the molar
fraction of the second component. If B, <0 (negative deviation from
Raoult’s law), the AG,;x curve appears to be very similar to that for ideal
solutions. On the other hand, if Bj, > 0 (positive deviation from Raoult’s
law), regular solution theory predicts a new feature, which is absent in
ideal solution theory. Figure 3.6 shows that at high temperatures AG ,;x has
only one minimum (at 0.5), while at low temperatures two minima
(at x(ZI) and x(22)) and one maximum (at 0.5) are present (x(;) <05< x(zz)).
Therefore, if the concentration of the second component lies in the range
xg) <x < x(22) , the Gibbs free energy of the homogeneous solution is higher
than the Gibbs free energy of the heterogeneous system consisting of the two
solutions with concentrations of x(zl) and x<22). The free energy of this het-
erogeneous system does not depend on concentration since the two solutions
(of compositions x(zl) and x(zz)) have the same Gibbs free energy (see the
dashed horizontal line in Fig.). A critical temperature 7 exists such that at
T> T, the homogeneous system corresponds to a minimum of the free
energy, while at 7' < T, the minimum free energy corresponds to a mixture of
two solutions with concentrations x(zl) and x(22). In other words, T is the
temperature below which the system spontaneously separates into a mixture
of two solutions. This is known as phase separation. How is this critical
temperature related to the parameter that defines the regular solution, B;,?
The existence of phase separation implies that the curvature of the free energy
with respect to concentration (i.e. 9*?AGpix/0x?) is negative over some
composition range (and positive over rest of the composition range).
Therefore, we can find the critical temperature by setting BZAGmix/ Ox? = 0:

AGnix = n{RT[(l —x2)In(1 — x3) + x3 In Xz} + Bp(1 — XZ)Xz}

92Gmis _ y(RT-In(1 = x2) — 1+ T, — 1] + Ba(l — 2x)}

6)(2
* AGpix 1 1
M — W RT —| —=2Bppp =0
Ox3 n{ [l — X2 + xj 12}
RTxy + RT(1 — x3) — 2B1ax2(1 — x2) —0
X2(1 — Xz)

2312)(% —2Bix; + RT = 0.

Phase separation can occur provided that this final equation has solutions
for physically meaningful values of 0 < x, <1 Mathematically, we can
show that this is satisfied provided that By, >2RT or
By,
T.=—-. 3.86
. =52 (3.86)
We shall return to the interesting case of phase separation in Section 4.7.

3.6 Athermal solution model

In this section, we briefly review the athermal solution model. In contrast
to the regular solutions, athermal solutions are formed from pure com-
ponents with no change in energy, that is

AHpix =0. (3.87)

67
B,<0
ASmix
A[—Imix
AGmix
A Xy—> B
B,>0
AI-Imix
ASmix
x(21) x(22)
L | 1<,
e T>T,
AGmix
A Xy —> B
Fig. 3.6

The thermodynamic functions of a

regular solution.



68

Thermodynamic theory of solutions

However, the entropy of mixing in an athermal solution is not equal to
that in an ideal solution: ASpix # —nR(x1 In x| 4+ x3 In x,). We can define
the excess entropy of mixing in an athermal solution as

ASexcess = ASmix + }’IR(X] In X1 +x2 In xZ) 7é 0. (388)

The corresponding excess Gibbs free energy of mixing (with respect to the
ideal mixing case) is
AGexcess = 7TASexcess- (389)

The Gibbs—Helmholtz equation for excess properties takes the following
form:

a(AGEXCCSS/ T) _ AHCXCCSS

T -~ (3.90)
Since Eq. (3.87) asserts that AHycess =0, Eqs (3.89) and (3.90) imply
aA‘Sve)(CCSS _
o7 = 0, (3.91)

for athermal solutions. Differentiating this relation with respect to the
number of moles of component i, we find

aASexcess,

S =0, (3.92)

Since the activity coefficient is
RT In Vi = AECXCBSS,’
we see that
Oln Yi
oT

Thus, in contrast with regular solutions (see Eq. (3.85)), activities in
athermal solutions are temperature independent.

In what circumstances can we expect the entropy of mixing to differ from
that of the ideal solution? We need statistical thermodynamics to answer
this question. (Statistical thermodynamics is the subject of Chapter 13.)
In short, the entropy of mixing is associated with the number of ways the
molecules in the system can be arranged. In an ideal solution, the entropy
of mixing simply accounts for the replacement of molecule of one type with
molecules of another type, with no change in the structure. This is reas-
onable in situations in which the two types of molecules are of about the
same size. On the other hand, if the two types of molecules have very
different size, it is not possible to simply switch one molecule with another
without changing the structure. This change in structure necessarily
implies that there are more ways to arrange the molecules in the solution
than in the case where there is no structure change (i.e. the ideal solution).
Therefore, the excess entropy of mixing should be positive and the
deviation from ideality should be negative. This is indeed observed in
experiments for solutions of substances with large molecules in solvents
composed of small molecules.

—0. (3.93)
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3.7 lonic solutions

To this point, our discussion focused on solutions of substances for which
the molecules are unchanged on going from the pure substance to a solu-
tion. This is a broad class of solutions, including such materials as metallic
alloys (where the molecules are simply atoms). However, we have already
encountered a case where this assumption fails; namely, dissolving a
diatomic gas in a metal (where the diatomic molecule frequently dissociates
into atoms before going into solution, as discussed in Section 3.2.1). When
dissociation occurs, we must use a different form of solution thermodyn-
amics; for example, Sieverts’s law rather than Henry’s law in the case of a
solution of a diatomic gas in metals. In this section, we consider solutions
of ions in water, where the situation is even more complicated. First, some
molecules can dissociate into multiple (more than two) ions. Second, the
interactions between ions are typically long range (electrostatic), implying
that such solutions are never ideal. We consider both of these effects below.

We first investigate the effect of the dissociation of the solute on the
thermodynamic properties of the solution (we do not yet consider the
deviation from ideality related to electrostatic interactions between ions).
Consider the following dissociation reaction:

B=uv, B +v B, (3.94)

where z | ¢ and z _ g are the charges of the positive and negative ions, v
and v _ are the numbers of these ions formed from the dissociation of one
molecule and ¢ is the elementary charge carried by one electron. The values
of these parameters are related by the condition that the original molecule
is electrically neutral:

vizy +v_z_ =0. (3.95)

If molecules of B exist in the saturated vapor then, by analogy with
Sieverts’s law, we find

pe = s(xp= )" (xp-)"". (3.96)
In the case of complete dissociation, Eq. (3.94) implies:

1 1
XB = — XB*+ — — XB* (397)
|z v_

where xg is the molar fraction of B that would be in the solution if no
dissociation occurred. The chemical potential of the solute can be found
from the condition of equilibrium between the saturated vapor and the
solution:

LB = MOBgM +RT Inpg = '“%gi., + RT In[s(vy xp)"* (v_x3)""]
= /‘L%gas + RT ln[s(y+)l/+(]/7)l/,} + RT(I/+ + l/,) hl XB.
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Using the following notation for the total number of ions arising from
the dissociation of a single B molecule
v=v,+uv_, (3.98)
we find
pus = g + VRT In xp, (3.99)

where ¢ contains all of the terms in the chemical potential that do not
depend on the concentration of B.

In order to derive an expression for the chemical potential of the
solvent A, we insert Eq. (3.99) into the Gibbs—Duhem equation (3.16):

Ona _ . s
Oxa B Oxp

XA

i
pa = p + vRT In(1 — xp)[3®

pa = px + VvRT In xa. (3.100)
Since the chemical potential of the solvent in the saturated vapor is

pA = u(,)\gds + RT Inpa,
the partial pressure of the solvent in the saturated vapor is

pa = pr(xa)’. (3.101)

Note that this equation implies that Raoult’s law never works in ionic
solutions (even at very small concentration). However, if we rewrite
Eq. (3.101) using the molar fraction of the solvent consistent with the
complete dissociation of the solute molecules, x2,7 we find that Raoult’s

law is still valid at small concentration. Indeed, at small B concentrations,
we can relate xj, to xu as

xZ:l—wa:l—ZuixB,:I—XBZVi:l—yxB:x(l—xB)”:xl‘g
f f f

and Eq. (3.101) can be rewritten as
PA = PAXA- (3.102)

Equations (3.100) and (3.102) imply that the thermodynamic relations
which were derived from the expression for the chemical potential of the
solvent in an ideal dilute solution will also be valid in the case of dissoci-
ating solutes if we replace R by vR. For example, the change in the freezing

7 While x5 +xp=1 in the solution, when B dissociates into B+ and B°-, we write
x/*\ + xp=+ + xp=- = 1.
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temperature induced by the addition of a solute which is soluble in the
liquid, but not in the solid solvent, is:

2
0
TA,freeze)

1000¢

where K is the cryoscopic constant. Unfortunately, experiments show that
this equation is not accurate even at very small concentration. The problem
is that we derived all of the equations above starting from Eq. (3.96), which
is simply the analog of Sieverts’s law. But we know that Sievert’s law is only
valid for non-ionic solutions! Recall that ideal dilute solution theory is
based on the fact that at small concentrations, the molecules of the solute
do notinteract. This cannot be valid in ionic solutions because electrostatic
interactions are extremely long ranged. We use the term ionic solution to
imply a solution in which a solute dissociates into ionic species in a solvent
(where the solvent molecules are electrically neutral).

To account for the deviation from ideality arising from electrostatic
interaction between the ions in the solution, we must consider the activity.
In the case of dissociating molecules, we can consider two types of activity:
the activity of the solute molecule and the activities of its ions (formed upon
dissociation). Equilibrium between the solute molecules and its component
ions implies

VR
ATfreeze = ( m= VKfm, (3103)

AG=vypup+ +v_pup- —pup =0

pe = s + RT In(ay., dy ) = s+ vRT In ax (3.104)
where the value
as = (a. as )" (3.105)

is called the mean ionic activity. Analogously we can define the mean ionic
activity coefficient:

fo="= (e fi)"". (3.106)
Xt
where x3 = (x5, xg;)l/ Y,

As is always the case, thermodynamics does not itself provide any tools
that can be used to determine the activity. Therefore, we must resort to
other theories or to experiments. A wide range of experimental data and
Debye—Hiickel theory (see Section 13.4.4) suggest that the logarithm of the
activity coefficient is proportional to the square root of the solute con-
centration:

In f; = Liy/Xs, (3.107)

where L; is independent of the solute concentration, but strongly
dependent upon the charge on the ion.® Combining this relationship

8 Note that 9f;/0x; — constant in the x; — 0 limit for non-ionic solutions considered above.
However, Eq. (3.107) shows that 9f;/0x; — oo in the x; — 0 limit for ionic solutions. Therefore,
ionic solutions are never ideal.
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with Eq. (3.106), we find
In fi = Ly/xp. (3.108)

Now, we are in a position to derive an expression for the chemical
potential of the solvent. Inserting the definition of x. and Eq. (3.97)

Xy = (ui*l/ﬁ*)l/”(xg* xﬁ*)l/yz (Vi*l/ﬁ’)l/”x&

into the expression for the chemical potential (Eq. (3.104)), and making use
of Eq. (3.108), we find

up =g +vRT Inxg + vRT In fi = + vRT Inxp + vRTL - \/xp.

The chemical potential of the solvent is easily obtained using the chemical
potential of the solute and the Gibbs—Duhem equation

din + (IJRTJr vRTL
XAQUA +— XB| ——
XB 2\/XB

)dXB = 0,

which can be integrated to yield

fa [ (VvRT vRTL\/1— xp
dua = + dxa
I 1

XA 2 XA

14++/1—2xpa
1—\/1—XA

I 1+ x5
= 1 + VRT Inxa +EVRTL<2,/—XB - 1n14_r7§‘;).

At small solute concentration (xg « 1), this expression reduces to

1
HA = ,uOA +vRT Inxp +51/RTL(2\/1 — XA —In

1
na = ,u?\ + I/RT<1 + gL\/XB) Inxp,

which can be rewritten as
pa = px +gRT In xu (3.109)

where
1
g:u(l+§lnfi>. (3.110)

Thus, the expression we previously derived for the effects of solute on the
freezing temperature (Eq. (3.103)) can be extended to the ionic solution
case by replacing v with g:

ATfreeze :gKfm (3111)
It is convenient to define a measure of the deviation from ideality as

_ A Tfreeze

-
l vKym

(3.112)
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where i=0 implies an ideal solution. Inserting Eqs (3.110) and (3.111)
into Eq. (3.112), we find:

1
vKrm(l —i) = u<1 +§ In fi> Krm
or
. 1
z:—glnfi. (3.113)

Equations (3.112) and (3.113) provide a rather simple method to determine
the mean ionic activity of a salt dissolved in water. All you have to do is
measure the freezing temperature of the solution, find the value of i by
using Eq. (3.112), and then apply Eq. (3.113).

Finally we consider the partial pressure of solvent in the saturated
vapor over an ionic solution. Repeating the derivation of Raoult’s law
(see Section 3.2.1) for an ionic solution, we find

pa = pA(xa)%. (3.114)

We see that the solvent vapor pressure over an ionic solution differs
from that in the non-ionic case in that g # 1. Even if the solution was not
ionic, but resulted from the dissociation of the solute and was ideal, we
would find that the exponent g in Eq. (3.114) depends on the type of solute.
In this case g = v, where v is the number of ions created by the dissociation
of the solute (e.g. for NaCl v =2 and for Na,SO,4 v =3). However, ionic
solutions are never ideal and g also depends on the solute concentration
(see Eqs (3.108) and (3.110)). Therefore, the equivalent of Raoult’s law
for an ionic solution is more complex than a simple power law:
PA :p& (XA)A’(«\‘A).
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4.1 Phase diagrams of two-component systems

In Chapter 2, we considered phase equilibria in a single component system.
In the previous chapter, we considered the thermodynamics of multi-
component solutions. We are now prepared to discuss phase equilibria in
multi-component systems. We consider the case of phase equilibria in a
two-component systems in which all phases are condensed (i.e. solids or
liquids). Under normal laboratory conditions experience suggests that the
free energy of condensed phases is only very weakly dependent on the
pressure and, hence, pressure is usually assumed to be constant. At con-
stant pressure, the Gibbs phase rule (Eq. 2.3) for a two-component system
takes the following form:

F=3-P, (4.1)

where F is the number of degrees of freedom (i.e. the number of inde-
pendent parameters that must be set in order to fully determine the state
of a system) and P is the number of phases present in equilibrium. This
equation implies that the maximum number of independent parameters is
2; corresponding to the single-phase case. The most commonly used
parameters are the temperature and the composition of the alloy. F=2
implies that these two parameters can be varied over a finite range while the
system remains the same, single phase. If two phases are in equilibrium with
each other (P =2), F=1. This implies that the same two phases will be in
equilibrium as we vary one parameter (the other parameter is not free).
More specifically, we can retain the same two phase equilibrium while
varying the alloy concentration over some range, if the temperature is
described by some function, T(x;). T(x,) describes the curve (locus of
points) along which this two-phase equilibrium occurs. Therefore, it is
convenient to represent the phase equilibria in two-component condensed
systems in 7-x; coordinates (as done below). Equation (4.1) implies that the
maximum number of phases which can be in equilibrium with each other is
three. This corresponds to F'=0—any change of temperature and/or alloy
composition will lead to the disappearance of at least one of the phases.
A phase diagram of a two-component, condensed system is simply
the trace of all possible two phase equilibrium curves in temperature—
alloy composition space (7-x,). The ordinate (vertical axis) of the phase



Type | phase diagrams

diagram is usually chosen to represent the temperature and the abscissa
(horizontal axis) represents the alloy composition. The phase diagram
provides two main types of information. First, it shows us how many
phases are present in equilibrium at any temperature and alloy and,
second, it tells us the composition of each phase. If we know the overall
alloy composition and the composition of each phase, it is a simple
matter to determine the relative amounts of each phase present. This
information is not of purely academic interest. In fact, knowledge of the
phase composition and the relative amounts of the phases present is
central to any description of the structure and properties of an alloy.
The phase diagram can also be used to predict how an alloy changes
during heating or cooling.

The phase diagrams of real two-component systems can be rather
complicated (e.g. see Fig. 4.13). Fortunately, even complicated phase
diagrams can be described as a combination of only six fundamental
phase diagram types. Each of these fundamental phase diagram types is
described separately in the following six sections of this chapter. With this
knowledge, we will be prepared to analyze phase diagrams of arbitrary
complexity, as done in Section 4.8.

4.2 Type |l phase diagrams

The first type of phase diagram we shall consider is the ideal case in which a
binary alloy has infinite solubility in the liquid state and zero solubility in
the solid state." We shall refer to this as a Type I phase diagram. We will
start by modeling the liquid as an ideal solution. The chemical potential of
component A, therefore, takes the following form:

UA :}LOA—FRTII’I XA-

In Section 3.2.3, we demonstrated that a consequence of this assumption is
that the freezing temperature (i.e. the temperature at which the first crystals
appear upon cooling the liquid solution) satisfies

> AH} 1 1
In XAg _ A,melt ( _ i (42)

XAL R TA,freeze T.g,freeze

where we recall that x,, and x, are the mole fraction of component A in
the liquid and solid, respectively, Tg‘mm and T freese are the freezing

temperature in pure A and in the alloy, respectively, and of course

AHS . is the change in enthalpy upon melting pure A. In contrast with

the final formula of Section 3.2.3 (ATfeere = Ke(1 — Lym—valid for an
ideal dilute solution), this expression is also valid for an ideal solution.
Moreover, since the chemical potentials of all components in an ideal

! Actually, the solubility can never be exactly zero (except at zero temperature). The more
realistic case of finite solubility is described in Section 4.4.
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solution have the same general form, we can write the same type of relation
as in Eq. (4.2) for component B

In XBg _ AI—I](B),melt ( 1 _ 1 ) . 4.3)

XB, R TB‘freeze Tg‘freeze

Equations (4.2) and (4.3) can also be interpreted in a different light; they
indicate the compositions of the solids and liquids which are in equilibrium
at any temperature.

If there is no solubility in the solid state (xa,=xp,=1), Eqs (4.2) and
(4.3) can be rewritten as

In XA = AI-IIg)Lmell 1 _ 1
o R TO TA,freeze

A freeze
AH, g | 1 1
ln X — ,melt . . A4
* R T](B),freeZe TB,freeze ( )

From these equations, we obtain two lines T'a freeze(Xa) and Tg freeze(XB)-
Ta freeze(Xa) Tepresents the equilibrium between the liquid alloy and solid A
and T freeze(xp) represents the equilibrium between the liquid alloy and
solid B (see Fig. 4.1). When T'a freeze(Xa) = T'B.frecze(XB), both solids and the
liquid alloy are in equilibrium. This special point is labeled E in Fig. 4.1.
Such an equilibrium is invariant in the sense that any variation in tem-
perature (or alloy composition) will result in the disappearance of at least
one of the phases. Since the solids of the pure components are stable at low
temperature, the liquid phase does not exist for 7'< Tg.

Consider the changes in the equilibrium phases present as we cool an
alloy of composition 1 from a temperature sufficiently high that the alloy is
completely liquid, 7> T (see Fig. 4.1). As the alloy is cooled through
T=T, (point C in Fig. 4.1), crystals of pure A form within liquid. Recall
that Eq. (4.4) implies that T} is the temperature at which crystals of A are in
equilibrium with the liquid alloy of composition 1. However, when crystals
of A appear, the mole fraction of A in the liquid must decrease and, cor-
respondingly, the mole fraction of B in the liquid must increase. An
examination of Fig. 4.1 or Eq. (4.4) shows that the freezing temperature
decreases with increasing B fraction in the liquid alloy. This implies that
freezing of an alloy occurs over a range of temperatures. The alloy
described by the phase diagram freezes over a temperature range from 7'
to Tg. In addition, the composition of the liquid varies during freezing
from x}g to xE, as described by the curve CE. At the temperature TF, all of
the liquid which has not yet solidified does so at the composition x§.
The resulting solid consists of a mixture (not a solution) of crystals of pure
A and pure B. The horizontal in the phase diagram corresponding to
T = T separates the two phase A/B solid mixture from the two-phase
regions consisting of the liquid phase (L) and crystals of either A or B.
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The solidification of the liquid solution at 7= Tg can be thought of as a
reaction of the form

L—-A+B.

This is known as a eutectic reaction which occurs at the eutectic temperature
T when the liquid is at the eutectic composition x5 (see Fig. 4.1). The
spatial distribution of the two solid phases (A and B) is described as a
eutectic microstructure. The curve in the phase diagram above which the
alloy is completely liquid is known as the liquidus (i.e. this is the curve from
the (x5 =0, TR reeze) t0 (x5, TE) to (38 = 1, T} reee))-

All that is necessary to construct a phase diagram of Type I within the
framework of ideal solution theory is the melting temperatures and the
heats of melting of the pure components. However, ideal solution theory
usually does a poor job describing real solutions. We can also use a phase
diagram determined from experiment to calculate the activities of the
components along the liquidus. Using pure A as the standard state for A,
we can write the chemical potential of A as

Ha = ,U,g + RTInaa.

Following the approach used to derive Eq. (4.4), the activity of A in the
liquid in the composition range 0 < xg < xE can be written as

AHY 1 1
] - melt - ) 4.5
oA R TO TA‘freeze ( )

A freeze

The activity of B in the same composition range can now be determined
using this result and the Gibbs—Duhem equation. The activity of B in the
composition range x§ < xp < 1 is (following the same procedure that led

to Eq. (4.5))
In apg = APIBO,melt 1 _ 1 (4 6)
' R T; lgfreeze TB,ffeeze ’ ’

and the activity of A in the same range is given by the Gibbs—Duhem
equation. Provided that the partial molar heats of solution are known, the
activities of the individual components at any other temperature can be
found from Eq. (3.77).

Unfortunately, determination of activities from phase diagrams is
seldom reliable because of the experimental uncertainties inherent in
determining the location of the curves in most diagrams. However, the
same approach can be followed in reverse; that is, the phase diagram is
created (or perfected) based upon other measurements of the activities of
the components.

There are several experimental approaches that can be used to
construct a phase diagram. Kurnakov employed a method based upon
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Fig. 4.2
A Type I phase diagram with
corresponding cooling curves.
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measurements of cooling curves (i.e. measurement of the temperature
versus time profile within an alloy as it cools from the liquid within a cold,
isothermal chamber). You will have the opportunity to determine phase
diagrams from cooling curves in Computer Laboratory #1. Consider the
reverse problem—predicting the cooling curves from the phase diagram.
The most important feature of the cooling curves, for our purposes, is the
existence of discontinuities in the slope of the cooling curves which is
associated with phase transformations (we shall ignore all other features of
the cooling curve). Since we focus only on discontinuities in the slope of the
cooling curves, we shall model the shape of these curves as a series of
straight segments (see Fig. 4.2). Even more importantly, however, is our
assumption that the alloy is in equilibrium at all times during the cooling
process (if we cool too quickly the system will not have sufficient time to
achieve equilibrium).

We start from the cooling curve for the pure component A (see
Fig. 4.2). The segment of the cooling curve labeled I corresponds to
cooling liquid A. At the freezing temperature, the number of degrees of
freedom is zero; this is the only temperature where the solid and liquid
co-exist in a single component system. Although it is difficult to see on
the phase diagram, the pure component is a single solid phase below

ngeeze. Therefore, the temperature of the system cannot decrease any

further until liquid disappears. The solidification of all of the liquid does
not happen instantaneously, but rather requires a finite time—this
corresponds to the horizontal segment of the cooling curve, labeled II.
This is bizarre! If heat continues to leave the alloy through the walls
of the container, you should expect that the alloy will get colder.
However, there is a logical explanation. The heat that leaves the alloy
through the walls of the container is exactly compensated by the heat
generated in the freezing process (recall that the heat of melting is
always positive). If we extract heat faster through the walls, the rate of
freezing increases and vice versa. After the solidification process is
complete, the temperature in the alloy resumes falling as we cool the
solid A. Such a cooling curve is characteristic of the solidification of all
pure components (providing that there are no solid—solid phase trans-
formations). This type of cooling curve also describes the eutectic alloy,
where the number of degrees of freedom is also zero at TE.
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Now, consider the cooling of alloy 1 in Fig. 4.2. Segment I of the
cooling curve for this alloy corresponds to the cooling of the liquid (i.e.
no phase transformations occur). Segment II reflects the transformation
of the liquid to crystals of pure A. While all of a pure A liquid solidifies
at one temperature (7%.,.), the alloy solidifies over a range of tempera-

tures because the liquid composition changes as solidification proceeds.
Since the heat extraction through the walls of the container is partially
compensated by the generation of heat associated with the liquid—solid
transformation, the cooling rate decreases (i.e. the slope of the cooling
curve changes, as seen in Fig. 4.2). At the eutectic temperature, the
number of degrees of freedom is zero and the cooling curve is hori-
zontal (as described above). At T'< Tg, the alloy is a mixture of solids,
A and B, and no other phase transformations occur (see segment IV).
Note, however, the slope of the cooling curve is different in I than in IV
because the thermal conductivity of the solid and liquid differ. The
cooling curve for alloy 2 is qualitatively similar to that for alloy 1. The
main difference between the two cases is the type of solids produced
(A versus B).

We now return to the original problem of how to create a phase dia-
gram from cooling curves of different compositions that were obtained
from experiment. We focus on temperatures on the cooling curves where
the slope changes discontinuously (including the horizontal sections of
the cooling curves). Every such point on a cooling curve corresponds to a
point on the phase diagram (i.e. each cooling curve is for a known
composition and the discontinuities correspond to a particular temper-
ature). Given a sufficient number of cooling curves, we can trace out all of
the equilibrium lines on the phase diagram. Computer Laboratory #1
provides you with some experience with this approach to determining
phase diagrams.

Example problem

1. The Raoult law is known to accurately describe all Bi—Cd alloys,
regardless of the composition. The following data on the pure
components were found in handbooks:

Tgi‘freeze = 5445 K7 AHgi‘melt = 1088 kJ/mOle
T4 freere = 5942 K; AH, o = 640 kJ/mole.

Find the coordinates (temperature and composition) of the eutectic
point on the phase diagram.

4.3 Type ll phase diagrams

The second type of phase diagram we shall consider is the case in which the
binary alloy has infinite solubility in both the liquid and solid states. We
shall refer to this as a Type II phase diagram. We will start by modeling
both the liquid and solid phases as ideal solutions. By analogy with the
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Fig. 4.3
A Type II phase diagram with a
corresponding cooling curve.
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procedure leading to Eqs (4.2) and (4.3), we obtain the following equations
for the phase equilibrium lines:

0
In XAs AfIA,melt 1 _ !
XA, R TA,frcczc Tg,freeze

In XBg _ A[—II(B),mell 1 . 1
XBL R TB,freeze TO

B, freeze

4.7

Including the condition that the mole fractions of A and B must add to
unity in both solid and liquid,

Xas +XBg = 15 Xa, +xp, =1, (4.8)

we obtain a set of four equations with four unknowns. Solving this set of
equations yields two functions, xg, (7') and xg_ (7). The two functions
represent the liquidus and solidus (i.e. the line below which the entire
system is solid) lines, respectively. A prototypical Type II phase diagram
and a corresponding cooling curve are shown in Fig. 4.3.

For non-ideal solutions, Eq. (4.7) can be rewritten in the following form:

0
In (O A}[A,mell 1 _ !
aa, R Tafrecre T /g,freeze

agg AIfg,melt 1 1
n—= — .
ag, R TB,freeze T

B, freeze

(4.9)

However, unlike in the ideal case, there is no condition like Eq. (4.8) in
which the mole fractions (or activities) of A and B sum to unity. Instead, we
rely on the Gibbs—Duhem relation to provide the two additional equations

needed:
“ (8 In aAS) g <8 In aBS)
TS\ Oxag o S\ Oxpg T

4.1
0 In aa, 0 In ag, (4-10)
XAL _ = XBL [ .
a1 Oxp, Jpr

T T

0
TB.freeze

0
T A freeze




Type lll phase diagrams

If the phase diagram is known, Eqs (4.9) and (4.10) can be used to
determine the activities along the liquidus and solidus lines.

Figure 4.3 shows the cooling curve for an alloy described by a Type 11
phase diagram. Segment I of the cooling curve simply corresponds to the
cooling of the liquid alloy. Segment II indicates the solid-liquid
co-existence region, where heat is extracted from the liquid as it solidi-
fies. This leads to a change in slope, even if there is no change in thermal
conductivity. Finally, segment III corresponds to the cooling of the solid
solution (no solid—solid phase transformations occur upon cooling below
the solidus).

At the temperature labeled T, in Fig. 4.4, the alloy consists of two
phases: solid and liquid solutions. To find the equilibrium composition of
each phase, we draw a horizontal line through point g that terminates on
the solidus and liquidus. This line (fh) is commonly called a tie line. The
compositions of the liquid and solid phases are determined by point f (xf)
and h (xB), respectively. Frequently, phase diagrams are presented in a
form where the horizontal axis is weight fraction (or weight percent) rather
than atomic fraction (sometimes both weight and atomic fractions axes are
presented).

In this case, we can use the phase diagram to determine the weight
fraction of the phases in the alloy and the weight fraction of the compon-
ents in each phase. The weight fraction of B in the solid and liquid are
simply [B];, and [B], respectively. The weight fraction of B in the entire
alloy can be read off of the axis as [B], or written in terms of the weights of
the solid and liquid phases, Wg and Wy :

[BlgWL + [B],Ws _ [BlWL/Ws + [B],

B], = =
[ }g Wy + Ws WL/W5+1

We can rearrange terms in this equation to determine the weight fraction of
the alloy that is liquid as

= , @.11)

or in the solid as

Ws _ (B], [B]f’ 4.12)
Waioy  [Bly — [B];
where W0y = Wi + Wy is the total weight of the alloy. Equations (4.11)
and (4.12) are referred to as the lever rule. This is an analog of a mechanical
lever of length fh with a fulcrum at g which is balanced when the weights at
positions f and g are W and Wy, respectively.

4.4 Type lll phase diagrams

The next type of binary phase diagram we shall consider is the case in which
the solubility in the liquid is infinite but is limited in the solids. We shall
refer to this as a Type III phase diagram. Clearly, this type of phase diagram

81

0
TB frecze

0
T'A freeze

Fig. 4.4

A Type II phase diagram with
concentrations expressed in weight
fractions.



82

Fig. 4.5
A eutectic Type I1I phase diagram? with
corresponding cooling curves.
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T

has features in common with both Type I and Type II phase diagrams. We
can distinguish two cases:

(1) theinvariant point is below the melting point of both pure components
(this is a eutectic diagram);

(2) the invariant point lies between the melting temperatures of the two
pure components (this is a peritectic diagram).

Figure 4.5 shows a eutectic phase diagram and two cooling curves cor-
responding to different alloy compositions. This phase diagram contains
three different phases: liquid, solid o and solid B. In solid o, A can be
viewed as the solvent and B as the solute and vice versa in solid B. The
cooling curves exhibit no new features as compared with those for Type I
or II diagrams (Figs 4.2 or 4.3). The cooling curve for alloy 1 exhibits no
invariant points (i.e. horizontal sections). On the other hand, cooling alloy
2 brings the alloy across the invariant (eutectic) line and, hence, the cooling
curve exhibits a horizontal (constant temperature) section at this temper-
ature. The corresponding eutectic reaction is

L — o+ p. (4.13)

The liquid at the eutectic temperature has composition E (see Fig. 4.5) and
the solid solutions (o and ) have compositions corresponding to the left
and right ends of the eutectic line, respectively. The lever rule does not
apply at the eutectic temperature since the liquid and solid fractions change
as the reaction proceeds.’

In the case in which the invariant point lies between the melting points
of the two pure components (shown in Fig. 4.6), the situation is more
complicated. Consider the cooling curve corresponding to an alloy of
composition 1. As the alloy is cooled, it goes from a homogenous liquid (1),
to a mixture of liquid and solid « (II), to a mixture of liquid and solid  (IV),
then to single phase solid B (V), and finally to a mixture of solid o and
solid B (VI). Segment III of the cooling curve corresponds to the peritectic
reaction:

L+o— p. (4.14)

2 The bottom of this phase diagram corresponds to a finite temperature. The solubility
must go to zero at 0 K.

3 Of course, the phase diagram describes equilibrium and not the kinetics of phase
transformation (which is outside the scope of this book).
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During this reaction, the liquid composition is described by point P and the
compositions of the o and B solid solutions by points A and B, respectively.
Since three phases are in equilibrium, this transition is invariant and is,
therefore, represented on the cooling curve by a horizontal line segment.
The crystals of o that form first upon cooling the liquid (segment II in the
cooling curve) are collectively referred to as primary «, while that which
forms upon cooling solid B (segment VI) is referred to as secondary a.

4.5 Type IV phase diagrams

The next type of binary phase diagram we shall consider corresponds to the
case in which a compound is present but decomposes at a temperature
below the melting point. Such compounds are called unstable compounds.
We shall refer to this as a Type IV phase diagram. Compounds which have a
single, distinct composition such as A,B are known as stoichiometric or
daltonide (Dalton assumed that all chemical compounds have well-defined
composition) compounds. Compounds also exist where the composition
is variable over a finite range and are known as non-stoichiometric or
berthollide (Berthollet assumed that chemical compounds have variable
composition). Usually non-stoichiometric compounds are denoted by
Greek letters on phase diagrams, while stoichiometric compounds are
commonly represented by their chemical formula. The left diagram in
Fig. 4.7 contains a stoichiometric compound A,B and the one on the right
shows a non-stoichiometric compound 7.

Consider the cooling curve corresponding to an alloy in the phase
diagram on the right. Upon cooling, the alloy goes from the homogeneous
liquid (I) to a liquid/a two-phase system (IT), then to two-phase mixtures of
liquid and y (IV), and y and B (VI). Segment III of the cooling curve cor-
responds to the peritectic reaction

L+oa—y. 4.15)
Segment V represents the eutectic reaction:
L—vy+B. (4.16)

Finally, we note that cases exist for which the compound is unstable at
both high and low temperatures. Figure 4.8 shows such a case for the
compound 7.
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Fig. 4.6
A peritectic Type I1I phase diagram with
a corresponding cooling curve.
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Fig. 4.7

Two Type IV phase diagrams. The left
and right phase diagrams show
stoichiometric and non-stoichiometric
compounds, respectively. A cooling
curve is shown corresponding to the
phase diagram on the right.

Fig. 4.8

A Type IV phase diagram showing a
compound which is unstable at both
high and low temperatures.
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4.6 TypeV phase diagrams

Type V phase diagram describes the case in which a compound is present up
to the melting point. Such compounds are called stable compounds. The
stable compound divides the phase diagram into two parts, each of which
can be described as one of the diagrams discussed above (Types [-1V). Two
examples of Type V phase diagrams are shown in Fig. 4.9. The left diagram
contains two chemical compounds: stable A,B and unstable AB. This
diagram can be represented as one of Type I and one of Type IV. The right
diagram, is a combination of two Type III diagrams.

Since Type V phase diagrams can be divided into simpler diagrams, the
cooling curves for which were discussed above, we now only discuss the
cooling curve for an alloy with the composition of the compound (or for a
non-stoichiometric compound, the composition corresponding to the
highest temperature for which the compound is a solid). Such a cooling
curve is exactly the same as that for a one-component system. The only
feature of interest on this cooling curve is the presence of a horizontal
segment at the melting point of the compound (see Fig. 4.9).

Before leaving the discussion of phase diagrams which contain a
compound which is stable up to the melting point, we point out the
existence of an interesting special case, shown in Fig. 4.10. In this diagram,
the compound is stable up to the melting point, but unstable at low tem-
perature where it decomposes upon cooling into a two-phase mixture.

4.7 Type Vlphase diagrams

The final type of binary (Type VI) phase diagram describes binary alloys in
which phase separation occurs in either the liquid or solid states. We have
already considered phase separation within the framework of the regular
solution model (see Section 3.5). Phase separation occurs when it is thermo-
dynamically favorable for the alloy to break into two phases with the
same structure but different chemical composition. For example, there
exists a critical temperature below which any regular solution with a
positive deviation from ideality (B;, > 0) will separate into two phases.
Schematically, such a diagram looks like that shown in Fig. 4.11.

A specific example (the Al-Zn phase diagram) is shown in Fig. 4.12. This
diagram shows a case in which solid « separates into two solid solutions of
different compositions, o; and .
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4.8 Labeling of one- and two-component
regions of a phase diagram

Phase diagrams for most binary alloys can be found in handbooks. Typ-
ically, such diagrams only show the phase equilibrium lines and only (some
of') the single phase regions are labeled. As a reader, you are expected to
know the identity of all of the remaining regions of the diagram. Fortu-
nately, this is not difficult, and with a little practice you can become expert
in this. The procedure for labeling binary phase diagrams is outlined
below, by reference to the example of the Ce—Ge phase diagram (Fig. 4.13).

The first step is to identify all of the single-phase regions of the diagram
by decomposing it into the six fundamental types of diagrams described
above. In the Ce—Ge system, we find:

1. A diagram of Type I at small Ge concentration (nearly zero Ge
solubility in Ce), as shown in Fig. 4.2.

2. A diagram of Type III at small Ce concentration (finite Ce solubility in
Ge), as shown in Fig. 4.5.

3. A diagram of Type IV (unstable, stoichiometric compound) near
Ce,Gejs, as shown in Fig. 4.7.

4. A diagram of Type IV (unstable, non-stoichiometric compound) near
CeGe, as shown in Fig. 4.7.

5. A diagram of Type V (stable, non-stoichiometric compound) near
Ce;Ges, as shown in Fig. 4.9.

6. A diagram of Type V (stable, stoichiometric compound) near CesGes,
as shown in Fig. 4.9.

The remaining sections of the diagram can be identified with the six basic
diagram types described above in an analogous manner. Based upon the
coincidence of segments of the Ce—Ge diagram with the basic diagram
types, we can deduce all of the single-phase regions of the diagram: liquid
(L), Ce (there is negligible Ge solubility so the composition of this phase is
nearly pure Ce), the unstable, stoichiometric compounds Ce;Ge, Ce,Ges,
and CesGey, the unstable, non-stoichiometric compound & (with com-
position near CeGe), the stable, non-stoichiometric compound & (with
composition near Ce3;Ges), and the stable, stoichiometric compound
C65G63.
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Fig. 4.9

Two Type V phase diagrams. The left
diagram shows stoichiometric stable
(A,B) and unstable (AB) compounds
and the phase diagram on the right
shows a non-stoichiometric stable
compound. The cooling curve
corresponds to the phase diagram

on the right.

T L+a L+vy
L
v L+B
a+y
B
B+y
a+f \
A B
Fig. 4.10

A Type V phase diagram showing a
compound which is stable up to melting
point but unstable at low temperature.

L, L+L, L,

A B

Fig. 4.11
A Type VI phase diagram.
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Fig. 4.12
The Al-Zn phase diagram.

Fig. 4.13
The Ce—Ge phase diagram.
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Non-stoichiometric compounds and solid solutions are usually denoted
by Greek letters, although solid solutions are, on occasion, denoted as (A)
where A is the solvent (e.g. we could write (Ge) instead of o). Stoichio-
metric compounds are indicated by chemical formulas. However, if the
composition of the compound corresponds to an obvious stoichiometry
(you need to look at the atomic percent, rather than weight percent scale),
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a label is often omitted. The table below lists the compositions of the most
common stoichiometric compounds:

Compound Atomic  Compound Atomic  Compound Atomic

fraction fraction fraction

of B (%) of B (%) of B (%)
A¢B 14.3 AsB, 28.6 A4B3 429
AsB 16.7 A,B 33.3 AsB, 44.4
A4B 20.0 AsB3 37.5 A¢Bs 45.5
A;B 25.0 A3B, 40.0 AB 50.0

After you have identified all of the single-phase regions, it is a simple
matter to label all of the two-phase regions. To label the two-phase regions,
you must simply remember that single-phase regions are always separated
from one another by two-phase regions of the diagram. Each two-phase
region is a mixture of the same two phases that make up the neighboring
single-phase regions. Therefore, any horizontal line through a phase dia-
gram will go alternately from one phase to two-phase regions. A word of
caution: if the one-phase region corresponds to a stoichiometric compound
(or a pure component with zero solubility of the other component), it is
simply a vertical line in the binary phase diagram.

Before closing this chapter, it is useful to note a simple visual method
to distinguish between eutectic and peritectic transformation. Corre-
sponding to each eutectic transformation in the binary-phase diagram is
a three-phase stability point where a horizontal line meets a pair of
upward directed lines (see Fig. 4.14). On the other hand, a peritectic
transformation is characterized by a three-phase stability point where a
horizontal line meets a pair of downward-directed lines or one in which
the two downward-directed lines are replaced with a single downward-
pointing vertical line (e.g. see Fig. 4.7).* Finally, we note that if the
liquid in the eutectic or peritectic reaction is replaced with a solid, these
transformations are called eutectoid or peritectoid transformations,
respectively.

Example problem

1. Label each phase and the constituents of the two-phase regions on the
Mn-Si phase diagram (Fig. 4.15). Simply label each phase with a Greek
letter (you can choose whichever letters are your personal favorites) or
the composition of the compound, respectively.

2. How many phases are in equilibrium at (1) 7=1000°C and 10% Si and
(2) T=1200°C and 35% Si in Mn-Si? What are the compositions of
each of the phases you identified?

4 You should demonstrate that this is true by inspection of the phase diagrams in
Sections 4.2, 4.4-4.6.
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Eutectic
transformation

Peritectic transformation

Fig. 4.14

Schematic illustrations of the invariant
points corresponding to eutectic and
peritectic transformations in a binary
phase diagram.
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The Mn-Si phase diagram. Mn Si (%at) Si

3. Draw the cooling curves for Mn-Si alloys with 17% and 80% Si.
Describe all of the phase transformations occurring in each segment of
the cooling curve.

4. Find the masses of each of the phases and components in each phases at
(1) T=1000°C and 10% Si and (2) 7=950°C and 20% Si in 200 g
samples of these Mn-Si alloys.

5. What is the minimum amount (mass) of Mn that you must add to a
300 g sample of a Si-Mn alloy containing 60% at 7= 1000°C to make it
a single phase alloy (2) same as (1) but add Si instead of Mn.



Thermodynamics of
chemical reactions

This chapter is devoted to chemical equilibrium. We will use thermo-
dynamics to answer two main questions: (1) “In which direction will a
chemical reaction proceed?” and (2) “What is the composition of the
system at equilibrium?” These are the oldest and most important questions
in all of chemical thermodynamics for obvious reasons. The answers to
these questions represent the foundation upon which all modern chemical
technologies rest.

5.1 Thermodynamic considerations for
chemical reactions

Consider the following chemical reaction:

aA +bB . ¢C+dD. (5.1)

A, B, C, and D represent the chemical species participating in the reaction
and a, b, ¢, and d are the stoichiometric coefficients of these species. We refer
to the species on the left side of this chemical equation as reactants and
those on the right as products. The reaction in Eq. (5.1) can either go for-
ward, from left to right (reactants to products), or backward, from right to
left (products to reactants). Therefore, we see that the definition of which
we call reactants and which products is arbitrary.

Assume that Eq. (5.1) occurs at constant temperature and pressure.
Under these conditions, the direction of the reaction is determined by the
sign of the change of the Gibbs free energy. Following Eq. (1.82), we can
write the change in free energy as

dG = —SdT + Vdp + padna + ppdng + pcdnc + ppdnp. (5.2)

In a chemical reaction, the variations of the number of moles of each
species are not independent since they are related by the stoichiometry of
the chemical reaction, namely:

dny _ dmg_dnc _ dnp

a b ¢ d’
Using these relations, we can rewrite Eq. (5.1) as

dG = (—apa — bpp + cuc + dup)dx = Apdy, (5.3)
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at constant temperature and pressure. We shall refer to Ay, defined within
Eq. (5.3), as the stoichiometric difference of the chemical potentials of the
species in the reaction. The progress variable of the chemical reaction y is
related to the number of moles of the species in the reaction as

dna dng dnc dnp
A ST YD 4
dx a b c d (5-4)

If the reaction proceeds in the forward direction, the progress variable
increases (dx >0). We have already seen that the direction in which a
reaction (or any other process) spontaneously proceeds at constant tem-
perature and pressure is the same as the direction in which the Gibbs free
energy decreases. Therefore, the reaction proceeds in the forward direction

provided that
= <8—G> <0. (5.5)
ax T,p

Ap = (6—G> >0, (5.6)
ox T.p

the reaction spontaneously proceeds in the backward direction. Finally, in
equilibrium, the stoichiometric difference of chemical potentials satisfies

Ap = <8—G> =0. (5.7
ox .

The value (0G/0x)r,, is called the change of the Gibbs free energy of the
chemical reaction. (0G/0x)r,, is commonly written as AGr for the fol-
lowing reason. Consider a case in which the numbers of moles of the species
participating in the reaction are so large that their variations by a few moles
has practically no effect on their concentration (or partial pressures in the
case of gases). In this case, the chemical potentials will not change as the
reaction proceeds. This means that Ay will not change during the reaction
and, hence, we can easily integrate Ay to obtain the change in the free
energy as a result of the reaction:

AGr = /Audx = Au/dx = ApAyx = (0£> Ax.
Ox T.p

On the other hand, if

For the special case in which Ay =1, @ moles of A and » moles of B have
reacted to form ¢ moles of C and d moles of D, and

AGr = (B—G> = Ap. (5.8)
dx T.p

This is why we call (0G/0x)r, the change of the Gibbs free energy of the
chemical reaction, AG7. Analogously, if the reaction occurs at constant
temperature and volume, we find:

04

AAr = (—) = Ap. (5.9)
ox .V
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Thus we see that the direction of a reaction and the condition for
chemical equilibrium are determined from stoichiometric difference of the
chemical potentials.

5.2 Thermodynamics of reactions of gases

We again consider the reaction
aA + bB = ¢C + dD, (5.10)

but now we assume that all species are gases. According to Eq. (1.87) the
stochiometric difference of the chemical potentials takes the following
form

Apr = A,uOT + RTA In p;.

Again assuming that the system is large enough that the reactions do not
change the partial pressures of the different species (see the discussion
leading up to Eq. (5.8) and operating at constant temperature and pressure,
we see that the left side of this equation is equal to the change of the Gibbs
free energy, AG7. As shown in Eq. (1.84), the chemical potential of the pure
component Y is equal to the Gibbs free energy per 1 mole, so that we can
rewrite Eq. (5.10) as

AGr = AGY + RTA In p;. (5.11)

This expression is called the van’t Hoff isotherm and is used to determine
the direction of a reaction (if AG < 0 then the reaction proceeds forward,
while if AG7> 0 it proceeds backward). Note that the form of Eq. (5.11) is
valid if the partial pressure is expressed in atm. AGY. is called the standard
change of the Gibbs free energy; if the reaction occurs at standard condi-
tions (all species are at 1 atm) AGr = AGOT. We emphasize again that the
direction of the reaction is determined, in general, solely by the sign of AG
(not AGY).

Equilibrium is achieved when AG7=0. Equation (5.11) implies that the
partial pressures of the gas phase species satisfy

c nd

RTInPCPD — _AgY, (5.12)
APB

where we recall that AGY is only a function of temperature. Therefore, the

following ratio of the equilibrium partial pressures also depends only on

temperature:

¢ nd
pep

K, =—5=2, (5.13)
PAPB

where K, is called the equilibrium constant which obviously is also a
function of temperature alone. Equation (5.13) is called the law of mass
action. In order to avoid confusion, we remind the reader that while the
instantaneous partial pressures are used in the van’t Hoff isotherm, the
equilibrium partial pressures should be used in the law of mass action.

N
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Since the van’t Hoff isotherm actually uses the dimensionless form of the
pressure (i.e. number of atmospheres), the equilibrium constant is always
dimensionless. Inserting Eq. (5.13) into Eq. (5.12), we find
RT In K, = —AG). (5.14)
Using this relation, we can re-express the van’t Hoff isotherm as
AGr=—RT In K, + RTA In p;.
The equilibrium constant can be also written in terms of the molar

fractions of the species in the reaction or their number of moles:
Av

¢ d ¢ ad
K, = Av xCxD _ V4 nCnD (5 15)
P x4 xb - Zn n4 nb ’ :
“A'B ! A"B

1

where Av is the difference of the stochiometric coefficients (¢ + d) — (a + b)
for Eq. (5.10). Since the equilibrium constant does not depend on the total
pressure, Eq. (5.15) shows that if Arv <0, increasing the pressure will
produce more products in equilibrium and vice versa.

We now examine the temperature dependence of the equilibrium con-
stant. Since the Gibbs—Helmholtz equation takes the form of

aG/T  H
[ oT ]ffﬁ’

we can write the change of the Gibbs free energy for a reaction at standard
conditions as

d(AGY/T)  AHY
dr 1?2
Combining this equation with Eq. (5.14), yields

dinkK, AHY
dT  RT?’
This equation is called the van’t Hoff isobar and is useful for solving two
types of problems: (1) if we know how the equilibrium constant varies with
temperature the van’t Hoff isobar tells us the heat of reaction or (2) if we
know the heat of reaction and the equilibrium constant at some temper-
ature we can use the van’t Hoff isobar to determine the equilibrium con-
stant at any other temperature. Equation (5.16) implies that if the reaction
is exothermic (i.e. AHY < 0), increasing the temperature reduces the
quantity of products in equilibrium (i.e., the equilibrium shifts toward the
reactants).

We can also express the equilibrium constant through the concentra-
tions ¢; (usually mole/l in chemical thermodynamics) of the species parti-
cipating in the reaction. To do this, we use the equation of state for an ideal
gas, p;V =n;RT, which implies p;= ¢;RT. Inserting this into Eq. (5.13) gives

(5.16)

d ¢ .d
PcPp Av €CcCD
Kp = b (RT) a b

a
PAPB CACB
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or
K, = (RT)™K, (5.17)
where
¢ Cd
K, =D, 5.18
S (5.18)

is also called the equilibrium constant and depends only upon the tem-
perature. To determine the temperature dependence of K. we insert
Eq. (5.18) into Eq. (5.16):
dln K, dhK, dIn RT AHY Av AHY— AvRT
- — Av = _— =
dT dT dT RT? T RT?
Using the definition of the heat of reaction at constant volume (Eq. 1.32),
we obtain the van’t Hoff isochor:
dln K. AU
dT  RT?’

(5.19)

Review questions

What are the dimensions of the equilibrium constant?

Does K, increase or decrease with increasing temperature if AH ‘} > 0?
Can a chemical reaction proceed in the forward direction if AG % > 0?
Under what conditions is the equilibrium composition independent of
the total pressure?

5. Does the heat of a reaction, in which all of the species are ideal gases,

depend on the total pressure?

6. Does AgT, for a reaction in which all species are ideal gases, depend on
the total pressure?

bl ol

Example problems
1. K,=1.00 at T=510 K for the reaction
PCls — PCl; 4+ Cl,.

What fraction of the initial PCls dissociates (degree of dissociation) at a
total pressure p =9 atm?
2. K,=1.78 at T=1525 K for the reaction

PCl; — PCl; + Cls.

The reaction proceeds at constant volume. Find the total pressure pg of
an initial equimolar mixture' of PCl; and Cl, if the partial pressure of
PCls in equilibrium is ppc;, = 0.89 atm.

3. K,=3.24-10"" at T=900 K for the reaction

H, + Cl, — 2HCI.

' That is, a mixture where the numbers of molecules of PCl; and Cl, are the same.
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The degree of dissociation, «, of water at this temperature and p=1
atmis o =2.66- 10~%. Find the equilibrium constant K, for the reaction
at 900 K:

4. K,=4.2-107 at T=723 K for the reaction
3H, + N, — 2NH;.

Find the direction in which this reaction proceeds if pny, =120 atm,
pu, =80 atm, and py, = 100 atm.
5. K, =50 at T=445°C for the reaction

H; + I, — 2HIL.

The initial mixture contained 1 mole of iodine and 1 mole of hydrogen.
Find the partial pressures of all species in the equilibrium mixture if its
volume is 2000 cm®.

5.3 Thermodynamics of reactions of
pure condensed substances

If all species participating in a reaction are in the same phase, the reaction is
called homogeneous. Such reactions include reactions between species in a
gas phase (considered in the previous section) and reactions between spe-
cies in a solution (considered in the next section). If the species are in dif-
ferent phases, the reaction is called heterogeneous.

We begin by considering heterogeneous reactions in which the species in
a gas react with a pure liquid or pure solid. As an example, we investigate
the decomposition of calcium cyanamide in the presence of water vapor:

CaCN,; + 3H20(g) — CaCOs + 2NH3(g).

Recall that the chemical potentials of gases and pure condensed sub-
stances take the following forms respectively
pi=p +RT Inp; =Gy + RTInp; and g~ pd =G,
Repeating the derivation of the van’t Hoff isotherm from the previous

section, we find

2
PN,

3 2
Ph,0

where AGY. = 2GY(NH3) + G%(CaCO3) — 3G%(H,0) — GY(CaCN,) and

AGr = AGY+ RT In

2
PN,

K, = .
! Pilzo
Note that the standard change of the Gibbs free energy, AGY, includes all

of the species in the reaction (i.e. in gas and condensed phases), while the
equilibrium constant only contains terms associated with the gas phase
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species. The van’t Hoff isobar looks exactly the same as it would if all of the
species were in the gas phase.

If there are no species in a gas phase in a heterogeneous reaction, the
equilibrium conditions cannot be described by the law of mass action.
While the direction of a reaction containing species in a gas phase can be
changed by a change in the partial pressure, if no gases are present, the
direction of the reaction is determined solely by the sign of AGY, (recall that
we have assumed that pressure has a negligible effect on the free energies of
condensed phases). In the latter case, the reactions will proceed to com-
pletion. The simplest condensed phase heterogeneous reaction is melting,
which can be presented as

As = AL

At temperatures below the melting point, this reaction proceeds
backward until the system is entirely solid and, at temperature higher than
the melting point, it proceeds forward until all of the solid transforms
into liquid.

Review question

1. In which direction will a reaction proceed if the quantity of one of the
reactants increases in a system that was in equilibrium?

Example problems

1. In which direction does the reaction in Problem 1.1.4.1 proceed at
T=1100 K and p=>5 atm, if the gaseous mixture has the following
composition: 60% CHy, 30% CO, and 10% H,0?

2. At T=60°C, the equilibrium constant for the reaction

H,S + Iz(s) =2HI + S(s),

isK,=133-10" 5. What is the molar fraction of HI in the equilibrium
gas mixture at a total pressure p=0.1 atm?

5.4 Thermodynamics of reactions with solutions

We can describe reaction thermodynamics in systems containing solutions
by analogy with our discussion of gas phase reactions in Section 5.2.
Depending on the type of solution, the chemical potential takes one of the
following forms (see Chapter 3):

i =i+ RT In ¢;
,ui:,u?—l—RTlnx,-
HII,LLIS[-FRT In a;.

Therefore, either the concentrations or activities of all of the species in a
solution that participate in a reaction must be present in the expressions for
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the van’t Hoff isotherm and the equilibrium constant. For example, if all of
the species in the reaction

aA + bB = ¢C,

are in a non-ideal solution, then the equilibrium constant, the van’t Hoff
isotherm and isobar take the following forms:

as
K=—¢C 5.20
ad (5.20)
dln K AH[S-t
= . 22
dT RT? (5.22)

Consider the formation of cementite (Fe;C) from austenite (high tem-
perature Fe—C solid solution):

[C] 4+ 3Fe — FesC.
The van’t Hoff isotherm for this reaction takes the following form:
AGT = AGS% — RT In [a[qa%e] .

The standard state for Fe in austenite is usually taken to be pure Fe and
that for C is either graphite or the standard solution with unit concentra-
tion (this was defined in Section 3.2.1). Depending on the choice of
standard state for C, the standard change of the Gibbs free energy takes
one of the following forms:

AGY = G(FesC) — Y] — 3G(Fe)

AGSTE = GOT(FeKC) - Gg"(cgraphite) - 3GOT(F6)

Note that in the last case, the standard change of the Gibbs free energy
looks exactly like that for the reaction

Cgraphite + 3Fe — F€3C.

Computer Laboratory #2 provides an opportunity for you to investigate
the thermodynamics of this reaction in an Fe—C solution.

Another example of a reaction involving a species in solution is the
dissolving of one component of a gas into a condensed solvent. This pro-
cess can be represented as

Avapor - [A]
The equilibrium constant and the van’t Hoff isobar for this reaction take

the following form:

_ea. dlmK_Hw-HY . AH,

N dar RT? ~ RT?’
where AH, is the partial enthalpy of solution of A in the condensed
solvent. Comparing the first expression with the Henry law, we see that Kis

K
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simply the inverse of the Henry constant 4. This implies that the temper-
ature dependence of the Henry constant has the following form:
dinh _ AI‘_IA
dr —  RT?’

(5.23)

Review question:

1. Describe the standard conditions for the following reaction:
MnO + H,—[Mn] + H,0.

Example problems

1. At T=873 K and a nitrogen (N,) partial pressure of p; =0.01 atm, the
solubility of nitrogen in Co is 0.06%. Will nitrogen dissolve in or
evaporate from Co at this temperature if the nitrogen partial pressure is
p>=0.5 atm and its concentration in Co is 0.5%?

2. A solid Au—Ni alloy with 10% at Ni is exposed to an atmosphere of
water vapor at T = 1000 K until equilibrium is achieved. As result, NiO
is formed in/on the alloy and the equilibrium mixture contains 0.35%
H,. The following data pertains:

Ni+10; = NiO;  AGYy, = —149.12kJ /mole

H, +10, — H,0; AGYy0 = —192.77kJ /mole.

Find the activity coefficient of nickel in this alloy using pure nickel as the
standard state.

3. The temperature dependence of the Henry constant (pas=/xa,) for a
solution of silver in liquid gold is described by

Inh= —@—l— 19.05.

The temperature dependence of the saturated vapor over pure liquid
silver takes the following form:

4
In p}, = —¥+ 18.79.

Find the partial molar enthalpy of solution of pure liquid silver in liquid
gold.

4. At T=1273 K, the molar fraction of carbon in austenite in equilibrium
with a gaseous mixture of H, and CHy (pcw,/pj;, = 0.227-1077) is
xp=0.233- 10 and if pcy, /p3;, = 5.31- 1073, then x;c;= 4.10- 10>,
Find the activity coefficient of carbon in the second alloy, assuming that
the first alloy is an ideal dilute solution (use the solution with x;c;=1 as
the standard state for carbon).
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An interface is a surface across which the phase changes. Interfaces must
be present in all heterogeneous systems, such as those discussed above.
Interfacial properties necessarily differ from those of the bulk phases since
the atomic bonding/structure of an interface represents a compromise
between those of the phases on either side of the interface. For example, an
atom at a free surface, which is an interface between a condensed phase and
a gas (or a vacuum), generally has fewer neighbors with which to bond than
it would have if it were in the bulk, condensed phase. In an equilibrium
multi-component system, the chemical potential of each species must be
the same in all phases, as well as at the interface. Not surprisingly, the
chemical composition of the interface will, in general, differ from that of
the bulk. For example, molecules in a gas (or solute in a condensed phase)
can adsorb (segregate) onto the surface (interface) of a condensed phase.
Interfacial processes play important roles in all areas of materials science
and in many (most) areas of modern technology. As the trend toward
miniaturization in microelectronics continues and interest in nanoscale
structures grows, interfacial phenomena will become even more important.
Clearly, the ratio of the number of atoms at surfaces and interfaces to those
in the bulk grows as system size decreases (70% of the atoms in a nano-
meter diameter particle are on a surface!). Therefore, the thermodynamic
properties of a system become increasingly dominated by interfacial
properties as the dimensions of the system shrink.

We can distinguish several types of interfaces: solid—liquid, liquid—gas,
solid—gas, solid phase a—solid phase 3, and grain boundaries. The meaning
of the first four types of interface is self-explanatory. Grain boundaries
represent a special class of interfaces; interfaces across which the phase
does not change. What does change abruptly across this interface is the
spatial orientation of the crystallographic axes. Most crystalline materials
are polycrystalline, which means that they are composed of a large number
of grains, each with a unique crystallographic orientation with respect to
some laboratory frame of reference. We can understand why most solids
consist of a large number of distinct grains by considering how a liquid
freezes. As the temperature decreases, individual crystalline nuclei form at
different places in the liquid. Since one nucleus knows nothing about the
other nuclei, it chooses its orientation at random. As more heat is extracted
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from the system, these nuclei grow to impingement, leaving a solid
composed of many differently oriented grains separated by sharp grain
boundaries.

6.1 Adsorption of gases

Adsorption is the process in which atoms from a gas (adsorbate) impinge
upon the surface of a condensed phase (adsorbent) and stick there, such
that their concentration on the surface is larger than in the gas. In physical
adsorption (physisorption), the adsorbate molecules are bonded to the
surface by relatively weak (van der Waals) forces and do not form com-
pounds. In chemical adsorption (chemisorption), the adsorbate molecules
form chemical bonds to surface atoms.

We can quantify the degree to which adsorption has occurred as the
number of moles of adsorbate per unit area of the adsorbent surface,
I" (moles/cm?). Other definitions exist in the literature. For example, I can
be written as the number of moles of adsorbed gas per unit mass of the
adsorbent (mole/g) or the volume the adsorbate would occupy if it were
in a gas under normal conditions (7= 0°C, p =1 atm) per unit area of the
adsorbent (cm’/cm?). We will always express I' in units of moles/cm?
below.

The main focus of our description of adsorption will be the dependence
of T' on gas pressure at constant temperature—this is known as the
adsorption isotherm. The adsorption isotherm can be used to determine
the surface area of the adsorbent from experiment. Next, we will consider
how I varies with temperature.

6.1.1 Langmuir isotherm
The Langmuir isotherm can be derived on the basis of three postulates:

1. The adsorbent surface has a finite number of independent adsorption
sites per unit area, Z, each of which can adsorb only one molecule. In
fact, there are three statements in this postulate. First (and obviously),
this statement says that the number of sites is limited (i.e. the adsorbent
has a finite surface area). Second, independence implies that the
probability a site is occupied does not depend on the occupancy of
any other site. Third is that each site can be occupied by only a single
molecule, such that it is not possible to adsorb one molecule on top of
another one. This implies that multi-layer adsorption is not possible.

2. All adsorption sites are equivalent.

3. The adsorbed molecules interact with the surface of the adsorbent
(otherwise adsorption will not occur) but not with each other.

We derive the Langmuir adsorption isotherm using the same kinetic
approach we used to derive the Henry law (see Section 3.2.1). The main
idea underlying this approach is that in equilibrium, the rate of adsorption
w, of molecules onto the surface must be equal to the rate of desorption wy.
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We begin by considering the rate of adsorption. In order for a molecule
to adsorb onto the surface, it must encounter an unoccupied surface site.
The kinetic theory of gases tells us that the number of collisions that gas
molecules make with a surface is proportional to the gas pressure (see
Section 12.2.9). The probability that a particular collision occurs at an
empty adsorption site is proportional to the fraction of unoccupied
adsorption sites. If the fraction of occupied sites is 6, the fraction of unoc-
cupied sites is equal to 1 — . Thus, the rate of adsorption can be written as

wl:klp(l 79), (61)
where k| is a constant. The rate of desorption is simply proportional to the

number of adsorbed molecules and, therefore, to the fraction of occupied
adsorption sites

wy =ky 0, (6.2)
where k; is also a constant. In equilibrium,
wp=wi; o kpl = 0) = k6.
We can solve this equation for 6

bp
9*??5 (6.3)

where
b=k /ki. (6.4)

Since I' is the number of adsorbates per unit area of the surface, we can
express it as the product of the number of sites per unit area, Z and the
fraction of sites that are occupied, I'=Z60. Using this relationship and
Eq. (6.3), we find
_ Zbp
S l4bp

(6.5)

This is the Langmuir adsorption isotherm. In the p — 0 limit, this isotherm
reduces to I' = Zbp. If we denote h = Zb, we see that this isotherm (in the
p — 0 limit) is the gas adsorption analogue of the Henry law

T = hp, (6.6)

and is called the Henry adsorption isotherm.

We now examine the temperature dependence of adsorption within the
Langmuir model. We can write the adsorption process as a chemical
reaction between molecules in the gas and molecules adsorbed onto the
surface:

A(gas) - A(ads)~
At low pressure, the equilibrium between the molecules on the surface and
in the gas can be expressed in terms of the equilibrium constant

K:E:Zb,
P
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where, of course, Z does not depend on temperature. Therefore, inserting
this equilibrium constant in the van’t Hoff isobar, we find:

dinb  AH,g

dT ~ RT?’
where AH, 4, is the heat of adsorption. Experiments show that at a given
pressure, adsorption decreases with increasing temperature. This can be
understood simply: since the van der Waals interactions do not depend on
temperature and the kinetic energy of the molecules is proportional to
temperature, increasing the temperature provides additional kinetic energy
that help molecules escape from the surface (desorb). This experimental
observation, when combined with Eq. (6.7), implies that the heat of
adsorption AH, 4 is always negative.

Equation (6.5) implies that when p — oo, I' — Z. This actually follows
directly from the first postulate. Since only one gas molecule can adsorb at
each site, the maximum value for the adsorption, I', must be equal to the
total number of sites per unit area, Z. Figure 6.1 shows a typical Langmuir
isotherm. The adsorption isotherm is linear at small pressure (this is the
Henry law) and saturates at I' =Z at high pressure. The magnitude of the
adsorption depends strongly on temperature at small pressure and it is
almost temperature independent at large pressure.

Note that the Langmuir isotherm can be rewritten as

p 1 1

r-z""z
This equation implies that if the adsorption is described by the Langmuir
theory, p/T"is proportional to the pressure, that is a plot of p/I" versus pis a
straight line.

In practice, pure gases are rare. This suggests that most surfaces are
covered with several types of adsorbates. We can describe this situation
via Langmuir theory as well. Let ; be the fraction of sites occupied by
molecules from the gas of type i. By analogy with Eqgs (6.1) and (6.2), we
can write the rates of adsorption and desorption as

wii = kyipi (1 - Z ‘9_/‘) (6.8)
7

Wy = kT,ﬂj. (69)

(6.7)

Introducing b; =k ;/k;; we find:

0,«—b,~p,~<l —Z@‘). (610)
J

We can determine 6, from this equation, as follows. We first sum the left
and right sides of this equation over i

20,- = Zbipi<l - Z@) = Zbipi_ Zbipizef"
i i J i i J
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Fig. 6.1
A schematicillustration of the Langmuir
adsorption isotherm.
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Next, we replace the summation index i with j on the left hand side of this
expression and rearrange to find:

_ . . . o > bipi - Z/bjpi
;9’*2””" Z’”’"Z@“ ;9’*1+Zibfpf*1+zjb,p,'

Inserting this result into Eq. (6.10) leads to the final result:

(6.11)

This equation shows an interesting effect: increasing the partial pressure of
one gas phase species or the introduction of a new species necessarily
decreases the concentrations of all other gases on the surface (even if the
new species does not interact with the other species!).

Review question
Can the value of I" be larger than Z in the Langmuir theory?

Example problem

1. Consider the case where diatomic molecules adsorb onto the surface
and dissociate into two distinct atoms. Derive the adsorption isotherm
using the Langmuir theory postulates. (Hint: it is analogous to the
derivation of Sieverts’s law in Section 3.2.1).

6.1.2  BET theory for multilayer adsorption

The Langmuir theory provides satisfactory agreement with experimental
adsorption data at small and moderate partial pressures of the adsorbate in
the gas. However, for the case where the pressure is large, Brunauer
demonstrated that this theory is often in poor agreement with experiment.
Not surprisingly, the discrepancy occurs where the gas pressure is close to
the pressure of the saturated vapor, ps (i.e. the pressure at which the
adsorbate will condense on the adsorbent surface). In other words, in the
p — ps limit, I' — oo (i.e. the quantity of condensate on the surface is much
larger than that of a completely filled monolayer). The Langmuir theory
fails in this case because the first postulate upon which it rests is invalid (i.e.
there is more than one adsorbate molecule per surface site). Clearly, a
theory capable of describing adsorption at high pressure must allow for
multi-layer adsorption. Such a theory was developed by Emmet and
extended by Teller (the Brunauer—-Emmet-Teller or BET isotherm). In
multi-layer adsorption, some adsorbate molecules must adsorb upon other
adsorbate molecules. This implies that adsorbate molecules must interact
with each other (otherwise adsorption of more than a monolayer would
not be possible). The description of such molecular interactions is, in
general, a very complex problem. The BET theory considers a very limited
(and artificial) type of molecular interactions: adsorbed molecules interact
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with each other along the vertical direction (i.e. normal to the surface—see
Fig. 6.2) but not along the horizontal direction (i.e. within the same layer).
This type of interaction is motivated solely by mathematical simplicity,
rather than by physical insight. The BET theory further assumes that the
interactions between molecules in the first and second layer are exactly the
same as between those in any other pair of neighboring layers.

We now derive the BET isotherm. Let 6; be the fraction of the surface
adsorption sites above which there are i molecules. Obviously,

S 0=1 (6.12)

r= ZZiG,«. (6.13)
i=0

For the sake of concreteness, we first focus on surface sites that contain only
one molecule. There are four distinct processes that affect the value of 6;:
(1) adsorption of a molecule onto an empty adsorbent site, (2) desorption of
a molecule from an adsorption site, (3) desorption from the second layer,
and (4) adsorption onto the first layer. The principle of detailed balance
(see Section 9.5) tells us that processes (1) and (2) must be in equilibrium
with each other and process (3) must be in equilibrium with process (4).
Both equilibria must yield the same occupancy of layer 1. Therefore,
we need only focus on one of these. We consider equilibrium between
processes (1) and (2). By analogue with the derivation of the Langmuir
isotherm presented in the previous section, we can immediately write

w1 = kpbo; wr = ki 0,
where wy| (wyy) is the rate of adsorption of molecules from the gas onto

empty surface sites (desorption of molecules from sites containing one
molecule). Equating the adsorption and desorption rates yields

61 = bpb, (6.14)
where b=k,/ k;. Similarly, for sites containing two molecules, we have:

Wiy = klp()l; w2 = k%@z
6> = b'pb,

where the constant 4" = &/ /K is, in general, not equal to . This inequality
results from the fact that adsorption onto an empty surface site depends on
the interaction of the adsorbate molecules with the adsorbent surface,
while adsorption into a site in the second layer depends on the interactions
between adsorbate molecules. Since we assume that the interaction
between the adsorbed molecules does not depend on the layer number, we
can write

0; = b'pbi_1,
for all remaining layers. Inserting expressions for 6;_, 6;_», ...#; in this
recursion relation, we find:

0; = bp(b'p) "0y, for i>1. (6.15)
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Illustration of monolayer and multilayer
adsorption.
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Using this relation, we can rewrite Eq. (6.12) as
1= 6i=0 +pr(b’p)l 0o —90{1 +pr<b )" 1}

=0

1
=001 +b
°{+p1 bp}

h =

1-bp
L+bp—bp’
This is the BET prediction for the fraction of adsorption sites that are

empty. The number of moles of adsorbate per unit area of adsorbent, T,
can then be found by inserting Eqs (6.15) and (6.16) into Eq. (6.13):

(6.16)

I = zz i0; = ZZ ibp(b'p) ™00 = Zbpbo Y _ i(b'p)""

i= i=1
d bp
= Zbpb b'p)
pod(b, )Z( P = Zbobo 3 T s
1—-p oy /
— Zbp bp 1—=bp+bp
L+bp—bp (1-bp)

B Zbp

(L+bp—bp)(1—bp)
Examination of Eq. (6.17) shows that as p— 1/b’, ' — co. Therefore,
b' =1/ps by definition of the saturated vapor pressure (we return to this

point in the next Section). Using this identification, we can rewrite
Eq. (6.17) as

(6.17)

B Zbp
(I 4+bp—p/p)(1—p/ps)

This is the BET isotherm. In the p — 0 limit, this isotherm reduces to the
Henry isotherm and as p — p; it describes condensation. Therefore, this
isotherm provides at least a qualitatively correct description of adsorption
at any pressure.

If there is no difference between the interactions of the adsorbate
molecules with other adsorbate molecules or with the adsorbent surface,
b="5’. This limit yields the Emmet isotherm

ro 2P (6.19)

1—p/ps
This isotherm also provides a qualitatively correct description of adsorp-
tion at all pressures, but yields somewhat worse quantitative agreement
with experimental data than does the BET isotherm.
The BET isotherm can be also rewritten in the following form:

(6.18)

Zgp/ps
- 6.20
(1+gp/ps — p/ps)1 — p/ps) (6.:20)
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where g =bp,=b/b’. If g > 2, the BET isotherm has an inflection point, as
seen in Fig. 6.3. Both g >2 and g < 2 behavior have been seen in experi-
ments. If the number of adsorbate molecules on the surface is approx-
imately equal to the number of available adsorption sites I'~ Z, two
types of adsorption are possible, as shown in the two illustrations in
Fig. 6.3. If g>2 case and p<p, most of the adsorption sites are
occupied by a single molecule and hence the Langmuir isotherm is a good
description of the system. If g <2, relatively few adsorbent sites are
occupied, but those that are, are occupied by several molecules. The dif-
ference between these two is, of course, dictated by whether adsorbate
molecules prefer bonding to the adsorbent surface (g>2) or to other
adsorbate molecules (g < 2).

Finally, we note that Eq. (6.18) can be rewritten in the following
form:

P 1 1
m*%(b—l/l?s)ﬁ+ﬁ~ (6.21)

If a plot of p/T'(1 — p/ps) versus p is a straight line, the BET theory
provides a good description of the experimental data.

Review questions

1. What is the difference between the physical models of adsorption
described by the Langmuir and BET isotherms?

2. Which parameters in the BET isotherm depend on temperature?

3. Can T be larger than Z in the BET theory?

Example problems

1. Find the fraction of the free surface sites according to the BET theory if
I'=Zand (1) g=1and (2) g=100.

2. You perform a series of adsorption experiments in which you put a
solid adsorbent in a chamber and pass an adsorbate gas through it at
fixed temperature and pressure. During the experiment, you measure
the change of mass of the sample until it no longer changes in time.
Since the change of mass of the sample is simply equal to the mass of
the adsorbed gas, you can easily calculate the volume that adsorbed
gas would occupy under normal conditions. You obtained the
following data:

T=250K
» (atm) 0.016 0.032 0.049 0.065 0.081
V (cm’/g) 80 162 252 352 519

T=350K
p (atm) 0.416 0.832 1.248 1.664 2.080

V (cm®/g) 81 152 231 311 434

105
r |
:
|
|
|
|
|
|
|
|
|
|
:
0 g>2 ps P
r |
|
|
|
|
|
|
|
|
|
|
|
:
0 §<2 Ps p
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A schematic illustration of the BET
adsorption isotherm.
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The following values for the given adsorbate were found in a standard
handbook:

e the area which is occupied by one molecule of the adsorbate on the
adsorbent surface is 19.4 A2

o AH,,=24.5k]/mole

o Thoi=300K.

Show that these results can be described in the framework of the BET
theory and find the surface area of the 12 g of the adsorbent and the heat
of adsorption.

6.1.3 Capillary condensation

While the BET theory can at least qualitatively account for condensation,
it implicitly considers only the case of a flat adsorbent surface (this follows
from the assumption that all adsorption sites are equivalent). If the
adsorbent surface is not flat, the surface curvature can result in an addi-
tional pressure, which can change the saturated vapor pressure (see
Section 2.2). Clearly, this change in the saturated vapor pressure will
lead to a more complicated adsorption isotherm than that predicted by the
BET theory. We now investigate the origin of this effect.

We begin by deriving the additional pressure induced by the surface
curvature. For simplicity, we consider an isotropic condensed phase (e.g.
glass). Consider the system as composed of a condensed phase and a gas
under constant volume and temperature conditions. The differential form
of the Helmholtz free energy of the system is (see Eq. (1.67))

dA = —PdV.—PydVy—S.dT—S,dT+0da, (6.22)

where o is the surface tension and d« is an element of surface area. The last
term in this equation gives the increase of the free energy associated with
increasing the area of the condensed phase—gas interface (see the next
Section for more details). We use P to represent the pressure, rather than
the saturated vapor pressure. At equilibrium d4 =0. Since 7 and V are
fixed,d7T=0and dV,= —dV,. Therefore, we obtain the following equation
for the additional pressure:

P=P.— P, = a;—ﬁc. (6.23)
In the case of a spherical pore in a solid da/dV = — (da/dr)/(dV/dr)=
—d(47r%)/d(47r3/3), where r is the sphere radius. Hence,

20
sphere =~ -

In the case of a cylindrical pore in a solid da/dV = — (da/dr)/(dV/dr)=
—d(4nrL)/d(7r*L), where L is the cylinder length, such that

g

Pcylinder =T

P (6.24)

(6.25)



Adsorption of gases

Inserting Eqs (6.24) and (6.25) into Eq. (2.11), we obtain the following
expression for the saturated vapor pressure inside spherical and cylindrical
pores

—20V,/rRT (626)

(6.27)

Psphere = Ps©

pcylinder — pS€7UK77/rRT.

A flat surface corresponds to r — 0o and pgphere = Peylinder = Ps- Note that
(1) the saturated vapor pressure in a spherical pore is smaller than that
in a cylindrical pore of the same radius and (2) the saturated vapor
pressures inside spherical and cylindrical pores are identical for
Fsphere = 2Fcylinder- (Physically, this is because a sphere is curved in two
directions and a cylinder only in one.) In what follows, we rely on only
these two facts.

Consider the case of adsorption onto the surface of a conical pit, as
shown in Fig. 6.4. Multi-layer adsorption first leads to the formation of a
thin film on the entire solid surface. Then, a (spherical) meniscus forms, as
shown in Fig. 6.4. This occurs for any pressure p > pe ~ 27"/"RT (1 is the
meniscus radius). The conical pit will continue to fill with condensate until
a meniscus radius is obtained for which p=pe ~2?"/"RT Condensation
begins at the bottom of the pit at a vapor pressure that is nearly zero. As the
pressure increases, the pit fills to a greater height. This will continue until
the condensate fills the entire pit. When the meniscus goes around the
corner, its radius of curvature must necessarily increase. Therefore, the
saturated vapor pressure increases and we must raise the pressure of the gas
in order to continue the condensation process. The adsorption isotherm, T’
versus p, for the conical pore is shown in Fig. 6.4. The steeply sloped section
is associated with filling the conical pore over a range of pressures. The
following section with a smaller slope corresponds to increasing the pres-
sure as the meniscus goes around the corner. If we reduce the pressure, we
simply traverse the adsorption isotherm in the reverse direction (i.e. the
desorption isotherm).

We now consider a cylindrical pore that is closed at the bottom, as shown
in Fig. 6.5. Once the gas starts condensing at the bottom of this pore, a
hemispherical meniscus forms (for simplicity, focus on the perfect wetting
case). The meniscus has a radius of curvature equal to that of the radius of
the cylinder (see Fig. 6.5). The saturated vapor pressure adjacent to the
wall of the cylindrical pore exceeds that adjacent to the hemispherical
MENISCUS, Peylinder > Psphere- ONce the meniscus forms and extends into the
cylindrical section of the pore, condensation will continue—raising the
meniscus at fixed p = psphere- Since the radius of curvature of the cylinder
(and hence the meniscus) does not change as the condensate level rises, the
pore will continue filling at p = pshere until it reaches the edge of the pore
(i.e. the surface). The adsorption isotherm for the closed cylindrical pore is
shown in Fig. 6.5. The vertical section at p = pyphere 18 associated with filling
the cylinder at fixed pressure and the remainder of the isotherm is as
described above for the conical pore.
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Fig. 6.4

A partially filled conical pore and the
corresponding adsorption isotherm.
Note that the meniscus radius is a
function of the height of the meniscus
above the bottom of the pore.

z &
rcylindcr
________ | ereeseees
! I
| 1
! I
! |
[ |
! |
Wl o
N~
r
|
! >
Pcylinder P
Fig. 6.5

A partially filled cylindrical pore (closed
at one end) and the corresponding
adsorption isotherm. Note that in this
case the meniscus radius r = reyjinder does
not depend on the meniscus height.
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A cylindrical pore that is open at both
ends and the corresponding adsorption
isotherm.
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Fig. 6.7

An adsorption isotherm for an
adsorbent on a surface containing all
of the features of those shown in
Figs 6.4-6.6.
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We now consider the interesting case of a cylindrical hole, open at
both ends, as shown in Fig. 6.6. At low pressure, the cylindrical hole
interior is not filled, but rather has an adsorbate layer covering its walls
(Fig. 6.6). As the pressure increases, the thickness of the adsorbate layer
slowly increases until the critical pressure, peyiinder> 1S achieved and the
cylindrical hole fills (Fig. 6.6). This occurs because as we decrease the
cylinder radius, we decrease the saturated vapor pressure in accordance
with Eq. (6.27) and, hence, increase the tendency for condensation.
After filling the pore (Fig. 6.6), two spherical menisci form on its end
with the radius r= rspnere = 2 cyiinder (in order to keep equilibrium with
the adsorbate in the gas phase). Increasing pressure will lead to the
decreasing of the curvature of the menisci and some additional
adsorption. When the pressure is reduced, desorption begins by
reversibly decreasing the radius of the menisci. However, as p = pyyheres
the menisci move towards the center of the cylindrical hole (Fig. 6.6).
This continues until the two menisci meet and we once again have an
adsorbate geometry as in Fig. 6.6. The adsorption—desorption isotherm
is shown in Fig. 6.6. The vertical jump observed in the isotherm upon
adsorption occurs at p=pcyinder and that observed upon desorption
occurs at p = psppere- Therefore, the isotherm is multi-valued (hysteretic)
and the observed branch differs according to whether adsorption or
desorption is occurring.

Since no surface of any real material is perfectly flat, adsorptions iso-
therms that show features similar to those in Figs 6.4-6.6 are the rule,
rather than the exception. The geometries of Figs 6.4 and 6.5 are associated
with pores, pits, or damage. Geometries such as seen in Fig. 6.6 can be
associated with the presence of thin channels between interior pores.
Surface profiles other than those considered here explicitly are routinely
observed. Therefore, the adsorption—desorption isotherms of real surfaces
are complex and often hysteretic. Isotherms such as that shown in Fig. 6.7
are common.

6.2 Gibbs interfacial thermodynamics

In this section, we consider the thermodynamic description of interfaces
developed by Gibbs. First, we will give a precise definition of an
interface. While this may seem to be a trivial issue, it is not. Indeed,
consider some extensive property X, with bulk density x (for homo-
geneous regions of the system, x= X/V). Figure 6.8 shows a possible
dependence of x on z, where z is the coordinate in the direction normal
to the interface. In this plot, the property x varies over some distance as
we go through the interface from phase a to phase . Interestingly, the
value of x need not be constrained to the range from x® to x°, where
these values represent the bulk values of x. Where is the interface in this
figure? Is it at a single location or does it extend over a finite range? The
answers to these questions are not obvious and depend on the definition
of the interface employed.
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Gibbs proposed to answer these questions by arbitrarily assuming
that the interface is located at z=z, and then introduced the following
definitions:

1. Both phases are homogeneous, right up to the interface.

2. The interface is perfectly sharp (i.e. of infinitesimal thickness). This
implies that the volume of the entire system is simply the sum of the
volumes of the two phases

V=ve4+ (6.28)

3. The interface is homogeneous in all directions perpendicular to z.

Examination of Fig. 6.8 shows that condition 1 is violated (i.e. there is a
variation in property x within phases a and 3 near the interface). There-
fore, an extensive property of the system, X, cannot be represented by an
expression of the form x®V® +x?V”. In order to rectify this deficiency,
Gibbs proposed the existence of an interfacial excess X, such that

X=xVo4+xr’4x (6.29)
Since the interface is homogeneous, it is convenient to normalize the
interfacial excess by the interface area

1
X = % (6.30)

where x' is the interfacial excess density.
For any extensive property, we can always write

X:/de:/ de+/ xdV.
v po |

Inserting this expression into Eq. (6.29), we find

XI:X—xaV“—x"Vf’:/ de+/ xdV—x* [ dv—x% [ dw.
o V,’i

ye Vo
= [ (x—xMdV+ / (x —xHdv
ye 14
The integrands in the final expression are non-zero only near the interface.
Near the interface, we can use the following expression for the differential
volume dV'=dadz, where a is the interface area. Using this expression, the
last equation can be written as

xlazXlz/ (xfx")dz/daJr/ (xfxﬁ)dz/da.
—00 Zo

Since the interface is homogeneous, the integral over da can be replaced by
the interface area a. Thus,

Zo 00
¥ = / (x — x%)dz + / (x — x%)dz (6.31)
—00 zo

Equation (6.31) implies that the shaded area in the x-z plot of Fig. 6.8 is
equal to the interfacial excess density, x'.

Fig. 6.8

The variation of the density of an
extensive property X with distance
across an interface.
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We can use the definition of the interfacial excess density (Eq. (6.31)) to
derive several important relationships. Consider two extensive properties,
X and Y. Equation (6.31) implies that:

(1) if X =Y then x'= ",
2) (ax+ by)I =ax'+ by', where ¢ and b are constants;
(3) if X = 0Y/OT, then X = 0Y!/OT.

We now consider the interfacial excess of several specific extensive
thermodynamic properties. First, consider the number of moles of com-
ponent i. Equation (6.29) implies that

n=cVet Ve al (6.32)

T'; is the interfacial excess density of the number of moles of component i,
defined as I'; = n!/a, or

ni=cVe+ V4 Ta (6.33)

Note that this definition of T'; differs from that given in Section 6.1, where
we defined I'; as number of moles of adsorbate on the adsorbent interface.
Here, T; is defined as the number of moles of component i in the system
minus that which would be present if the bulk phases were each homo-
geneous up to the interface.

The interfacial excess of the thermodynamic function, U, H, 4, and G,
can be derived from their differentials with an added term to account for
the presence of the interface. Consider the differential of the internal
energy of a system with no interfaces (Eq. 1.78)

k
dU = TdS —pdV+ Y pidn;. (6.34)
i1
When interfaces are present, we must add an additional term that corres-
ponds to the reversible work of increasing the interface area:

Wi = —oda. (6.35)

The minus sign is chosen in order to keep o positive for the physical case in
which increasing the interface area increases the energy of the system
(negative o in this context implies that the system would be unstable—will
create an infinite amount of interface). o is known as the interface tension.
Since the work appears on the right-hand side of Eq. (6.34) with a minus
sign, we obtain:

k
dU=TdS - pdV+ Y pdn; + oda. (6.36)
i=1

Consider the formation of an interface at constant temperature, volume,
and composition (this implies that the chemical potentials are also con-
stant). In this case, Eq. (6.36) can be rewritten as:

k k
d(U TS — Zufni> =-SdT—pdV =Y ndy; + oda.

i=1 i=1
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We can define a new thermodynamic function from this as
k k
O=U-TS=> pm=A-> umn (6.37)
=1 i=1

which is called the Gibbs grand potential. The differential form of this
function is:
k
dQ = -SdT - pdV = > mdp; + o da. (6.38)

i1
The interfacial excess of the Gibbs grand potential is the term that is
proportional to da in Eq. (6.38):

(42, =oda

Integrating both sides of this equation and taking into account the
homogeneity of the interface we obtain

o a
/ do! :/ oda
0 JOo

Q! = oa. (6.39)

or

Hence, the interface tension is the interfacial excess of the Gibbs grand
potential. In the bulk, the interfacial potential can be written as (using Eqs
(3.10) and (6.37))

k
Q' =U-TS=> pni=A4-G=A—(4+pV).
i=1

This implies that
Q' =—pv. (6.40)

Now we can express the excess of all other extensive properties through
the interface tension and the interfacial excess density of the number of
moles of the alloy components. For the Helmholtz free energy we obtain:

k I k
A= <Q + ZH:‘":‘) =0+ Zﬂin}
i=1 i=1
k
A = a<a+ Z,u,-ﬂ). (6.41)
i=1

Since G=A+ pV and V=0 (see Eq. (6.28)), we find
Gl = A% (6.42)
Equations (6.38) and (6.39) imply

o9 1 o0!
5=- <87T> V.pia and ¥=- <ﬁ> V.uia

m
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Fig. 6.9

The interface position can be chosen
such that the interface excess density of
a given extensive property X is zero.

xB

Fig. 6.10

The density of an extensive property X'
as function of distance across a grain
boundary.

Interfacial phenomena

such that

do
oT’
Inserting Eqs (6.41) and (6.43) into the standard expression for the
internal energy U= A4 + T'S yields

St=—a (6.43)

k
do
1
= Ti—T—]|. 6.44
U a(0+ ?:1 wil'; aT> (6.44)
Finally, since H= U + pV we find
H =U. (6.45)

Although the interfacial excesses depend upon the choice of the interface
position z,, the relationships between them do not depend on z, (recall
we made no assumptions about the interface position in deriving
Eqs (6.41-6.45). We can unambiguously locate the position of the interface
by fixing the value of the excess of one of the properties (provided, of
course, that its value depends on the choice of the interface location).
For example, the interface Position would be fixed by asserting that T';=0
as shown in Fig. 6.9, or >_,_,; I'; = 0.

In the special case of x* = X7, the value of the interfacial excess does not
depend on interface position (see Fig. 6.10). For example, at equilibrium,
p® = p”. Equation (6.40) shows that p is minus the bulk density of the Gibbs
grand potential. Therefore, the interfacial excess density of the Gibbs grand
potential (surface tension—see Eq. 6.39) does not depend on the choice of
the interface location. Of course, the condition x® = x”is always satisfied in
the case of a grain boundary such that the excesses of all extensive prop-
erties do not depend on the choice of the grain boundary location.

Since the interfacial excesses of all extensive properties can be expressed
through o and T';, it is useful to inquire whether o and I'; can be related. We
can divide the Gibbs grand potential into bulk and interface parts such that
dQ=dQ" + d9'. Making this division using Eq. (6.38) we have

k
dQ" = —S¥dT — pdV —> " n/dp
i=1

k
dQ' = —S'd7T— > " njdp; + o da.
i=1

Inserting the expression for the excess Gibbs grand potential, Eq. (6.39),
into the previous equation, we find

k
oda+ado=—S'dT - nldp; + oda
i=1

=

k
do = —s'dT—> Tidp, (6.46)

i=1
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where s' is the interfacial excess density of the entropy. This relation is
called the Gibbs adsorption equation. In the case of an isothermal process,
this reduces to

k
do=—> Tidu (6.47)
i=1

We now consider the case of a binary solution at constant temperature.
We choose the interface position such that the interfacial adsorption of
the first component is zero, that is, I'y = 0. Then Eq. (6.47) reduces to

do = —Thdu;.

If the solution is ideal dilute, we obtain

do — —Tsdjr = —Tad(ths + RTInes) — —RTTad In¢s — — RTT, 9
(6]
¢ Oo
r=--29 4
>7 TRTOq (6.48)

This equation is routinely used to experimentally determine the degree of
adsorption from the dependence of the surface tension on concentration.
Equation (6.48) implies that if I'; >0 (i.e. the solute is attracted to the
interface), the surface tension decreases when the bulk solute concentra-
tion increases. While Eq. (6.48) is the most commonly used form of the
Gibbs adsorption equation, it is important to remember that it is only valid
for ideal dilute solutions. For non-ideal solutions, Eq. (6.48) must be
rewritten as
ar do

=227 4
2 RT da, (6.49)

Review questions

1. Does the value of the interfacial excess of the number of moles of
component i depend on the exact location of the interface?

2. Does the value of the interface tension depend on the exact location of
the interface?

3. Does the value of the interfacial excess of the Gibbs grand potential
depend on the exact location of the interface?

4. Under what conditions is the Gibbs equation, I', = —(¢,/RT)(do/dc»),
valid?

Example problem

1. Estimate the concentration of the solute at the surface of a 0.1M water
solution, assuming that the solute forms a homogenous surface layer
of thickness § =1nm. (Note: the surface tension of water is oy o=
72.2-107J/m? and that of a 0.1M solution is ¢=62.0-10">J/m>
at T=22°C.)

13
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6.3 Guggenheim and Zhuhovitsky models

The interface theory developed by Gibbs provides a relationship between
the adsorption and the interface tension, but it does not provide a means to
calculate either of these values. This is not surprising, since thermo-
dynamics can never answer such questions without making explicit
assumptions (e.g. the saturated vapor of the solute above the solution
obeys Henry’s law). Another approach is to provide a reasonable, micro-
scopic model of the system. Although such models are usually over-
simplified, they provide the only approach to make a concrete prediction.
We now consider the model proposed by Guggenheim and apply it to the
simple case of a free surface of a condensed phase (the generalization to an
arbitrary type of interface is straightforward). In this model, we assume
that the surface layer is homogeneous, and is of thickness § and volume
¢ - a. In this section, we will indicate the properties of this surface solution
by the superscript ¥. We start by deriving an expression for the excess of
the Gibbs grand potential. Recall that this value is equal to the difference
between the true value of the Gibbs grand potential and its value assuming
that the bulk phase is homogeneous right up to the surface:

Ad=0-0"= L—pzéa —p(V— 6a)J —(=pV) = ba(p — p*).
Comparison of this expression with Eq. (6.39) yields
o= (p—p")e. (6.50)

Since o >0 we find that p > p”. Therefore, the surface layer is stretched
more than the bulk. Because this additional stress is tensile, we refer to it as
the surface tension (i.e. its sign is such that the surface tries to contract).
Note that this analysis applies directly to the case of a liquid or an
amorphous solid, but in a crystalline solid we must distinguish between the
surface free energy (i.e. the surface tension) and the surface stress tensor, as
we discuss in Section 7.6. Since the surface tension is a function of the
composition of the solution, Eq. (6.50) implies that p= = p=(x;).

The conditions of equilibrium between a bulk solution and its surface
were first considered by Zhuhovitsky. The general conditions of equilib-
rium require that the bulk solution and the surface solution have the same
temperature and chemical potentials. The chemical potentials for the bulk
and surface solutions take the following form:

Wi = u? + RT Ina;
pi =5 (p%) + RT Inay,

where 1{ is the chemical potential of the pure component i and 4 (p™) is
the chemical potential of component i in the standard surface solution at
pressure p~. Recall that the chemical potential (as well as the Gibbs energy)
of a pure component is a function of pressure. Equation (3.14) implies that

7= (8#1‘2>
' ap Ty ’
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where 7, is the partial molar volume of component 7 in the surface

1

solution. Since 1712 depends only weakly on the pressure, we can integrate
this equation
st ) 0— E
(%) = 1)+ 0" = PV = ) = 57,
and finally
u’ = w'(p) = 5V + RT Inay’.

In equilibrium, the chemical potential of species i on the surface and in the
bulk are the same

w4 RT Ina; = 1i5'(p) — —|—RT1na

where 1/Z is the area per mole of molecules Z = §/V and we have assumed,
for simplicity, that_the partlal molar volumes of both components are
the same, that is, V] 5, = V. Solving this equation for the surface free
energy yields
a”
=Z(p'(p) — 1)) + RTZ In .
aj
The first term in this expression is independent of concentration. In pure i,
the activities on the surface and in the bulk are unity and o = ;. Therefore,
we can write
a*
oc=0;+ZRTIn . (6.51)
ai
In the case of a binary solution, we have one equation for each component,
but only one surface energy. Therefore,

élz (IE
o1+ ZRTIn-L =g, + ZRT In =%
ay ap
or
) X
G _ gdt (6.52)
ap 4}
where
B= exp{c’lZ;‘T’z}. (6.53)

This is the Zhuhovitsky segregation isotherm, which is valid for any type of
solution thermodynamics.

As a concrete example, consider the case in which both the surface and
bulk solutions are ideal. Then Eq. (6.52) can be rewritten as:

3 > >
N _p_l-%

X2 X1717X2

15
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Fig. 6.11

The surface tension as function of
concentration in the Zhuhovitsky
theory.
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or
Bx
» 2
=" 6.54
*2 1 —x, + Bx» ( )
Inserting this expression into Eq. (6.51), we find
=024+ ZRT In=% = o, + ZRT |
o=0)+ nx2 o2 + nl—x2+Bx2
=0+ ZRTZL 22 _ ZRT In(1 — x + Bx)
=03 ZRT 2 2
oc=o0, — ZRT 11’1(1 —XZ+BX2). (6.55)

This expression is known as the surface tension isotherm. Figure 6.11
shows a typical surface tension versus concentration profile in this model.
Since the model does not provide a method to determine Z and B, these
quantities should be viewed as parameters.

If the concentration of the second component is small, all measures of
the concentration are proportional to one another, such that Eq. (6.55) can
be rewritten as:

oc=o01—ZRT In(1 + bc3), (6.56)

where b is the product of B— 1 and the constant that relates the molar
fraction of component 2 to its concentration. This is the Shishkovsky
equation (it can be shown to be valid for all dilute, non-electrolyte solu-
tions). Using the Gibbs equation (Eq. 6.48), it is easy to find the corre-
sponding adsorption isotherm:

r=_0% _ o b
2T TRTOc, RT 1+ bey
ZbCz
I, = . 6.57
Sl v (6.57)

This equation is identical to the Langmuir isotherm, except that now b can
be either positive or negative.
Review question

1. Does the surface tension of an ideal solution obey the Shishkovsky
isotherm?



Thermodynamics of
stressed systems

As every school child knows, the difference between a solid and a liquid is
that a liquid takes the shape of the container in which it is placed while the
shape of a solid is independent of the shape of the container (providing the
container is big enough). In other words, we must apply a force in order to
change the shape of a solid. However, the thermodynamic functions
described heretofore have no terms that depend on shape. In this chapter,
we extend the thermodynamics discussed above to include such effects and
therefore make it applicable to solids. However, since this is a thermo-
dynamics, rather than a mechanics text, we focus more on the relationship
between stress and thermodynamics rather than on a general description of
the mechanical properties of solids.

7.1 Small deformations of solids
711 Straintensor

We start out discussion of mechanical deformation by describing the
change of shape of a solid. We define the displacement vector at any point
in the solid u(x, y, z) as the change in location of the material point (x, y, z)
upon deformation: that s, u,(x, y, z) = x’ — x, where the prime indicates the
coordinates of the material that was at the unprimed position prior to the
deformation. In linear elasticity, we explicitly assume that the displacement
vector varies slowly from point to point within the solid

Ou,-
— <1 1
ox; <1, (7.1

where i and j denote the directions along the three axes, x, y, and z.
Consider the small parallel-piped section of a solid with perpendicular
edges shown in Fig. 7.1. We label the first corner as O, located at position
(X0, Yo, zo) and subsequent corners as A, B, . . . located at positions (xa, ya,
za), (XB, VB, ZB), . . . The edge lengths are Ax, Ay, and Az such that, for
example, xp = xo + Ax. As a result of the deformation, the material ori-
ginally at point O is displaced to point O’ with coordinates (xg, Vg, Zp)-

Fig. 7.1
A representative volume element of a
solid, prior to deformation.
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Using the definition of the displacement vector u(x,y,z), we find

Xg = X0 + ux(x0, y0,20)
!

Yo = Yo +u,(xo0, Y0, 20)
2o = 20 + U,(X0, Y0, 20)- (7.2)
Analogous relations can be obtained for the positions of the other corners;
for example, upon deformation point A goes to A’:

Xy = X0 + Ax + uy(xo + Ax, yo,z0)

YA = Yo + uy(xo + Ax, yo, zo)

2y = zo + u(xo + Ax, yo, z0)- (7.3)

Since u varies slowly in space, we can expand the displacement

vector about point O (e.g. uy(xo + Ax,yo,zo) = ux(xo0,v0,20)+

(Oux /0%y, 1o, -0 AX) such that Eq. (7.3) can be rewritten as
Xy :xo—l—Ax—i—uX—i—%Ax
YA =Yo+u + %L;} Ax
2y =zo+us+ (Zj Ax, (7.4)

where u,, and its derivatives are evaluated at (xo, yo, zo). Before deforma-
tion, the components of vector a, connecting points O and A, are (Ax, 0, 0).
Using Eqs (7.3) and (7.4), we see that deformation changes this vector to

Oy

a, = Ax+ o Ax
ou,
=LA
d, I X
d =2y (1.5)
: Ox

This relation suggests that a general deformation changes both the length
and direction of a. This implies that deformation can modify both volume
and shape. However, it is convenient to discuss two limiting cases of
deformation. In the first, only the volume changes but the directions of all
vectors remain unchanged upon deformation (this implies that the shape
does not change). Such a deformation is pure dilatation. In the second,
the volume does not change with deformation, but the shape does. This
deformation is pure shear. An arbitrary deformation can be represented as
a combination of these two types of deformation.

We focus first on pure dilatation. Assume that OJu,/0x=0 and
Ou./0x =0. Then Eq. (7.5) can be rewritten as

Outy

A>
ox *

d.=Ax+

a; =0
d = 0. (7.6)
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This shows that this type of deformation does not change the direction of a,
only its length. Clearly, this conclusion is valid for any vector if all deriv-
atives of the individual components of the displacement vector are zero
except for Ju,/0x, Ou,/dy, and Ou./Oz. This is shown in Fig. 7.2. The
elongation along the x-axis is the change in vector a normalized by its
original magnitude (see Eq. (7.6)):

Ouy

!
a, — ay _
S = ——— = £y

ay ox

€a0 is called a normal strain.! If the normal strain is positive, the
deformation is tensile and if it is negative, the deformation is compressive.
The scaled change in volume of the section of the solid shown in Fig. 7.1

upon deformation is
V=V (Ax + e AX)(Ay + £, AV Az + .. Az) — AxAyAz
Vo AxAyAz '
Since €., €y, and €. are small (see Eq. (7.1)), we need only keep the terms
that are linear in €,,, hence

AV
7 R Exx Eyy + €z =€ (77)

In the last expression, we use the Einstein summation convention and sum
over the three values of the repeated index i (i=x,y,z), as described in
Appendix II.

We now consider pure shear and focus upon the angles between vectors.
For example, consider the angle 6 between the vectors a and b connecting
point O with points A and B (see Fig. 7.3). The vector a in the
deformed state was given in Eq. (7.5), above. Analogously, vector b in

the deformed state is

ou
/ — «’CA
b oy
ou
o=Ay+—2A
= Ay + oy &
b= py, (7.8)
y

Since there is no change in volume, €, =¢,, =¢..=0, we need only con-
sider derivatives of the form Ou,/0x3, where a # 3. Before deformation,
the angle between vectors a and b was 7/2. The new angle is determines

from the following equation:

! Note, we use two indices to indicate that this is the derivative of the « component of the
displacement in the a-direction.

[ H . E
VL S S 1
1AB’ H : H
L i i 1
B AU CZA ShERES foeeeeo
cub | v
PR b
// R ,//
C ¥immmmme b v
E)/ 0 ¥ "
(6] a A
Fig. 7.2

The representative volume element
from Fig. 7.1 before (solid lines) and
following (dotted lines) the application
of normal strains.

B’[/'_' C/,'-_______—‘,r'_-— .

iy __'L"/

NOTTA

o' X
Fig. 7.3

The representative volume element from
Fig. 7.1 following the application of a
shear strain.
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From Eqs (7.5) and (7.8) we find

2 (0 A Y (2 A
(Ax)+(8x Ax ) + o Ax

bl ~ Ay

ou,, ou,
=~ AxA >
oy YAyt Ox

where again we kept only the leading order terms. Since the deformation is
small, we can expand 6 about its undeformed value (/2), such that

Ou, Ou,
+-2
Jdy  Ox
Therefore, the change in angle between vectors which were parallel to x,,
and x; axes before deformation, is equal to twice €,3, where

1 8u,~ (?u/
i===— : | £ J. 7.9
6’] 2 <0x,+(9x,>’ l#] ( )
€qp 18 called the shear strain.
We now provide a general definition of the strain

_ 1 81/1,' 81/17
5"1‘*§<ax,-+ax,.)' (7.10)

This definition implies that the strain is a second rank tensor. The trace of
this tensor (i.e. the sum of the components on the diagonal) is the scaled
change in volume; the non-diagonal elements represent the shear strains.
According to Eq. (7.10), the strain is dimensionless and the strain tensor is
symmetric tensor,

1/2

|a'| = ~ Ax

a'b' ~

AxAy,

™
O~—-—0=~
cos 3

Eij = Eji- (711)

The last equation suggests that in three dimensions the strain tensor only
has six independent components.

71.2 Stress tensor

Consider a cubic representative volume element in a solid subjected to a
small deformation. What is the total force acting on this cube? We can
consider this cube as made up of small sub-cubes. The force on sub-cube i
from a neighboring sub-cube jis equal and opposite the force that sub-cube
i exerts on sub-cube j (Newton’s third law). Therefore, the net force on the
cube is simply the sum of all external forces, that is, those on the external
surface of the cube (we do not consider body forces, such as gravity, in this
discussion). If the cube is sufficiently small, it is reasonable to assume that
the force on any of the cube surfaces does not vary over that surface. We
further assume that the forces acting on each pair of parallel faces of the
cube are equal in magnitude but opposite in sign. Consider the right face of
the cube, which is normal to the x-axis in Fig. 7.4(a). The projection of the
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force on this face onto the coordinate directions and normalized by the face (@) / y
area is denoted as oy, 0y,, and o, where the first index denotes the axis z
which is normal to the face and the second index denotes the axis along oy
which we project the force (see Fig. 7.4(a)). The same procedure applies to ri
the left face with normal parallel to the x-axis, except we must now account TL Oy
for the fact that the surface normal is —x rather than x (we actually project

along the surface normal and surface tangents parallel to the coordinate Tyx
axes). Since the force acting on the left surface is equal and opposite to that o
on the right surface, the values of o, 0, and o, are the same on opposite o,
sides of the cube. By consideration of the other four surfaces, we can intro- x
duce oy, 0}y, 0y, 02y, 02y, and 0. These force projections per unit area are
called stresses. The stresses o, 0,,, and o act in the directions normal to
the cube faces and are called normal stresses, which can be either com-
pressive (if the force is directed into the face) or tensile (if it is directed
outward from the face). The stresses 0,5 (Where a # 3) act in directions,
which are parallel to the faces, and are called shear stresses. It is a simple
matter to show there are only three independent shear stresses. Indeed, con-
sider again the faces normal to the x-axis, shown in Fig. 7.4(b). Examina-
tion of this figure shows that if o, # 0, there is a net torque and the cube
will rotate. This implies that the stress is a symmetric second rank tensor: L

gijj = 0Oji. (712)

Fig. 7.4
In the discussion above, we implicitly assumed that stress is constant (a) A representative volume element

throughout the volume element. However, this is not the general case. We  of a solid, indicating the stress
now consider the general case, in which the stress can vary spatially (i.e. the C"“f‘pone?gi on thr eefolghog;’nal

. . .. . . . . surlaces, a VIEW O € volume
stress is a function of position). The total force in the x-direction F, acting S

. i element from the +x-direction.

on a small representative volume element with rectangular faces (edge
lengths 6x, 6y, and 6z) has contributions from all of the stresses where the
first index is x and from all six faces:

F, = [Uxx(x + ox, ) Z) - O'xx(xa Vs Z)](S)MSZ
+ I:O-xy(xa y+ (Sy’ Z) - ny(xs Y, Z)] ox0z
+ [O'xz(xa Y,z + 62) - sz(xa Y, Z)](SX(S)}

- (80\—‘\— n 0oy 8Ux:) Ox6yéz,

_I_
ox ay 0z
where we have replaced the finite differences with derivatives. Therefore
the force acting on the unit volume of the deformed solid is
(90,',‘
=, 7.13
= (7.13)
where we have used the lower case symbol for force to indicate that this is
force per unit volume.
Consider now a representative element of a solid of volume V. The ith
component of the total force acting on this volume element is

/f,dV /g‘:’dv jfg,-,njda, (7.14)
]
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where the last integral is evaluated over the entire surface of area A (using
the Gauss theorem) and n is the unit vector normal to the surface. Equation
(7.14) demonstrates that o;n;da is the ith component of the force acting on
a section of the surface, da (with normal n).

Let t be a force per unit area applied on the external surface of a solid
body. In equilibrium, this force has to be compensated by the force acting
on the same surface from inside the solid (i.e. an internal stress). Therefore,

l‘[dd = O','j}’l/'da
or
i = ogn;. (7.15)

t is also known as the surface traction.

We now consider the special case of pure hydrostatic stress, that is, no
shear stress. This is the stress state in any fluid (liquid or gas). If a solid
body is immersed in a fluid, the tractions on all surfaces will be the same
and will be directed parallel to the local surface normal vectors. This
traction on the surface is balanced by the pressure such that

ti = —pni = —pndj;.

Inserting the definition of the traction from Eq. (7.15), we find that the
stress and pressure are related by

o5 = —pbi (7.16)
or
p=—0;/3, (7.17)

where we recall that we sum over repeated indices such that o;; is the trace
of the stress tensor and, hence, the value of the pressure does not depend
upon which coordinate system we choose.

7.2 Free energy of strained solids

In Chapter 1, we found that the differential of the free energy of a system
contains a term equal to the work of expansion, pdV (Eq. (1.67)). Above,
we found that in addition to strains associated with volume change, there
are strains associated with shape change (i.e. shear strains). Therefore, it is
reasonable to expect that the free energy of a solid will be a function of all
of the strain components, not just those associated with volume change. In
order to identify this contribution to the free energy, we first consider the
work associated with an arbitrary deformation.

Consider an initially strained solid that is further deformed by the
application of an additional displacement 6éu;(r). The work required to
produce this displacement is equal but opposite to the work performed by
the system through the internal stresses, that is,

/ owdV = /fiéu,-d v,
4 14
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where éw is the work performed by the element of the strained solid and f;is
the force acting on this volume element. Using Eq. (7.13) we find

/f&udV /80”5 AV = /a("”‘su)dr/ /,,‘%”’dV
v O 0

where the last result was obtained by integration by parts. We can rewrite
one of the integrals over the volume in the above expression as an integral
over the surface, 4, bounding the volume (using the Gauss theorem)

a(o—l/(sul) %
oiibumnda.
/V Ox; PR

If the tractions on the surface are zero (o;m; = 0), this integral is zero and we
obtain

(9(51/11‘
6”/ = 70’”?}(]
This expression can be rewritten as
S — — __(%u,- B _l obu; . Obu;\ _l Obu; i 0bu;
Ty T 2\"Tax; 7oy, 2\7ox; T T ox; )

where the last expression in the second term follows by simple interchange
of indices. Using the fact that the stress tensor is symmetric, we obtain

b (0w 96w\ 1 (Ow o\ 1
==z )~ e (G ) s

or
ow = _Uifdfiﬁ (718)

Consider the special case of hydrostatic compression: o;;= — pd;and de;;
is the additional scaled change in volume, d(V — V,)/Vo=dV/V. There-
fore, the work performed by the entire solid is

oW = V])(S,‘jd&'lj = deEi,' = pdV

This is exactly the expression for the work of expansion which we used in
Chapter 1 (Eq. (1.1)). This suggests that Eq. (7.18) is the extension of the
expression for work to the case of solids.

From this point forward, we focus exclusively on elastic deformation;
that is, deformations for which the system returns to its original state
following removal of the external forces (these are reversible deforma-
tions). As per the discussion in the previous chapter, we denote all extensive
properties per unit volume by lower case letters and obtain the total
extensive properties by integrating these over the entire volume.”> We start
our discussion of thermodynamic functions by considering the differential
of the internal energy. Equation (1.45), for the special case of reversible

2 Although strain changes the shape and/or volume of a solid, this integration is always
performed over the volume of the solid assuming it was unstrained. This is because the
integration is actually over a certain set of atoms rather than over the instantaneous volume.
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deformation, reads
du = Tds — éw.
Substituting Eq. (7.18) for the work into this expression we find,
du = Tds + ojdey;. (7.19)

We can then write the differential of the Helmhotz free energy (cf.
Eq. (1.67)), as

da = —sdT + ojde;;. (7.20)
This provides a thermodynamic definition of the stress
Oa
i= 1= - 7.21
7 (651‘1’)T 721

7.3 Hooke’s law
7.3.1 Hooke's law for anisotropic solids

To find the stress from Eq. (7.21) we must determine the free energy as a
function of the strain. We can find such an expression for the free energy by
expanding it in powers of strain about the unstrained state. We define the
unstrained state as the stress-free state in the absence of any applied force.
We start from the case in which the temperature is uniform throughout the
solid. The expansion of the free energy has the following general form:

1
a=ap+ Aje; + ECijk[EijEkI o

Since the strains are small, we truncate this expansion after the first two
strain-dependent terms. Since all stresses are zero in the unstrained state
(when all strains are zero), Eq. (7.21) implies that 4;;=0. Therefore, the
free energy takes the following relatively simple form:

1
a=ay+ ECUIC/EUEU' (7.22)

The coefficient of the leading order term, Cy;, is a property of the material
and is a fourth-rank tensor. While, in general case, a fourth-rank tensor has
81 components, the number of independent components of Cy; is much
smaller. First, we note that

Eij€kl = Eji€ki = Eij€lk = EkIEij-

Since these terms are all equal, they must all enter the expression for the
free energy with the same coefficients; hence,

Cit = Cjirt = Cue = Chayj. (7.23)

These relations reduce the number of independent components from 81 to
21. Because the free energy must be invariant upon the rotation of the
coordinate systems, we remove three more degrees of freedom—thereby
reducing the number of constants to 18. Further reduction in the number
of independent components of Cy; is possible if the solid has other sym-
metries. For example, many crystalline solids have rotational or mirror
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symmetries. In the special, but common, case of cubic crystals, C;y; has
only three independent components.

Equation (7.23) implies that the number of independent combinations of
the first pair of indices of Cy;is 6. A convenient and widely used simpli-
fication of the notation is to write

xx — 1
yy —2
zz — 3
yz—4
xz—5
xy — 6.

In this way, C,.. and Cy,, are written as C;; and Cj», respectively. This
makes the fourth-rank tensor Cj,; appear to be a second rank tensor Cy,
where i and j now go from 1 to 6. The student should keep in mind that this
is just a short hand for the full fourth-rank tensor.

In order to find an expression for the stress we need only insert Eq. (7.22)
into Eq. (7.21)

0jj = C,-jklekl, (7.24)
where we have used the identity

Oegy

D2y = 0.

Equation (7.24) is known as Hooke’s law. It shows that all stresses are
linear functions of strain. Note that for crystals with cubic symmetry
Hooke’s law reduces to the following form:

Oxx = Crigxx + Ciogyy + Croez:

0y = Cioéxx + Cr1gy, + C2ez:

0z: = Caéxx + Cagyy + Criez;

0y: = 2Cue,;

Oy = 2Cye

Oxy = 2Cu€xy,
if x-, y-, and z-axes coincide with the [100], [010], and [001] crystallographic

axes. Components C;;, Cio, and Cyy are the three elastic constants for a
cubic crystal. All other crystals have more than three elastic constants.

7.3.2  Hooke's law for isotropic solids

All single crystals are, in general, elastically anisotropic—their elastic
properties depend upon direction. A consequence of this fact is that the
elastic constants form the tensor Cy,. In contrast with anisotropic solids,
the properties of isotropic solids do not depend on direction. Examples of
isotropic solids include amorphous and polycrystalline (provided that we
average over a large number of grains) solids. Therefore, the expansion of
the free energy of an isotropic solid in powers of strains contains only
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scalar material parameters and any function of strain in this expression
must be a scalar. We can construct only one scalar of the first order from ;;:
€;i. Similarly, two scalars of the second order can be formed: s,%. = gy
and €2 = g;g;. Therefore, the expression for the free energy per unit

ij
volume takes the following form:

a=ay+ a\g;; + %Ei + ME?/-, (7.25)
where ay, p, and X are scalar material properties (the factor of 2 in the term
¢;; was included for convenience). Since there is no stress in the unstrained
state, we conclude that a; =0 (see Eq. (7.21)). The first scalar of the second
order in Eq. (7.25), €2, has a clear physical interpretation: it is associated
with changes in the scaled volume ¢;; as we discussed in Section 7.1.1.
However, the interpretation of the second scalar, efj, is less obvious. It can
be seen more clearly if we rewrite Eq. (7.25) as the sum of a term describing
the change in volume and a term describing the change in shape. To this
end, we rewrite the strain tensor as

16 16
€jj = 3 ii€kk + (5[]’ 3 ijékk)-
The first term represents the volume change and is zero in the case of pure
shear, while the second term represents shape change and is zero in the case
of pure dilatation (i.e. all three normal strains are equal and all shear strains
are zero). We can now write the free energy as

B, 1 :
a=ay +§€kk +ple;— §5gj€kk , (7.26)

where p and B are the shear modulus and bulk modulus, respectively. Since
an elastic system spontaneously returns to its unstrained state when the
external forces are removed, the unstrained state corresponds to a min-
imum in the free energy. This implies that

w>0, B> 0. (7.27)

In order to obtain an expression for the stress, we can make use of the
thermodynamic definition of stress (Eq. (7.21)), the free energy from
Eq. (7.26) and the simple identity

O€ i O€r
= 1 —=— = Sribu b1 = 6ubjy = bj;.
86;‘/ ki 85{]’ k10ik Ol 101 ij

Following this procedure, we find

1 1
Ojj = 2“ (E/m - gélmgkk> <6il(sjm - §5/n16ij> + B‘Skkéif

1 1 1
= 2/11 <5/n16i15jm - 75/11161m6ij - 76[)n5k/c6i/§fn1 + §6lin5kk(slm§ij) + ngk(sij

3 3
1 1 1
=2u <Efj - gEkktSij - gﬁkkély + §5kk5ij> + Beidjj

or

1
oy = 24 (51]/' - gEkk@f) + Beridy. (7.28)
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This is Hooke’s law for isotropic solids. If the deformation is purely dila-
tational, the first term is zero and the off-diagonal elements of the stress
tensor are zero. In this case, the bulk modulus is the only material para-
meter that we need to relate stress to strain. If the deformation is pure
shear, the second term is zero. In this case, the shear modulus is the only
material parameter that we need to relate the stress to the strain.

While Eq. (7.28) provides an expression for the stress in terms of the
strain, the inverse relation is also useful. It can be derived as follows. We
start by solving Eq. (7.28) for the strain €.

1 1
Z (O',j — BEk/((Sij) + gE/(k(S,-j. (7.29)

The relation between the trace of the strain tensor ¢, and the trace of the
stress tensor o;; can also be found from Eq. (7.28)

E,‘j:

i = 2u(€i — exk) + 3Bk
or
i = ﬁ-
3B
Inserting this expression into Eq. (7.29) yields Hooke’s law for the strain in
terms of the stress

(7.30)

1 1 1
Ejj :@Ukkélj+ﬂ <a,-jf§Bakk5,;,«>. (7.31)
Recall that in the case of hydrostatic stress, o;; = —3p (see Eq. (7.17)) and
the scaled change in volume e;= AV/V. In this case, Eq. (7.30) reduces to
dp
B=-V_—.
oV
Comparing this result with Eq. (1.77) demonstrates that the bulk modulus
is the inverse of the isothermal compressibility

B= L (7.32)
Xr

At this point, it is interesting to inquire as to what is the difference
between a solid and liquid from the point of view of elasticity. Both phases
are characterized by a positive bulk modulus. However, unlike a solid,
a liquid is incapable of supporting a shear. This simply follows from one of
the conditions for equilibrium in an isothermal liquid—that is, the pressure
is uniform everywhere. This implies that the shear stress is zero everywhere
in a liquid. Since we can always impose an arbitrary strain, including a
shear strain, the shear stress can only be zero if the shear modulus is zero.?

3 This discussion assumes that we wait long enough for the molecules in the fluid to flow to
relax the strain. How long we have to wait depends on the viscosity of the liquid. Clearly, if we
measure the stress in a liquid immediately after imposition of a shear strain we would find a
non-zero shear stress. This suggests that the shear modulus is frequency dependent. A more
detailed discussion of this point is beyond the scope of this book.
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Example problem

1. Write all of the components of the tensor C;; for the case of an isotropic
solid in terms of the two constants y and B.
2. Hooke’s law is also commonly written in the following form:

E v
T Ty (69 + 75, 2uats).

where E is known as the Young’s modulus and v is the Poisson ratio.
How are E and v related to B and p?

7.4 Relationship between deformation and
change of temperature

In the derivations of Eqs (7.22) and (7.26), we assumed that the temper-
ature is constant throughout the system. We now relax this assumption.
For simplicity, we will consider only case of isotropic solids. Note that the
temperature can change as the result of deformation, by being in contact
with a thermal reservoir, etc. Since, the equilibrium density is, in general, a
function of temperature; we must define an unstrained reference state. We
will define this state as the equilibrium state at a temperature 7 in the
absence of external forces. The free energy of the system at T=T is
described by Eq. (7.26). If the temperature is different from 7Tj, an addi-
tional term will appear in the expansion of the free energy

2

o(T) = a(T) + ar(Tyes + u(s;y - éﬁg,ekk> 2z,
where ao(T') is the free energy per unit volume of the system at temperature
T at the density appropriate for T and a,¢;; is the additional term asso-
ciated with the change in equilibrium density when the temperature is
changed. Clearly, aje;;=0at T=Ty. If |T— Ty| < T this term should be
proportional to T — T,,. Hence, we can write down the following expression
for the free energy

1 > B
a(T) = ay(T) — Ba(T — To)ewr + u(si,- — §5ij5kk> +§Eik, (7.33)

where « is independent of strain and temperature (to lowest order).
Inserting this equation into the thermodynamic definition of stress
(Eq. (7.21)), we find

1
gjj = 2/1 <€,']~ — gEkk(Si/) + BEkk6ij — BO[(T— TO)(S;'/- (734)

In the absence of external forces, there are no internal stresses (i.e. ;= 0).
Using this condition in Eq. (7.34), we find

1 B
gj = §5kk6ij +Z [ — Ekk + a(T— To)} 5(,'

3B
€ii = Ekk + e [ — ek + (T — To)}
m
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or
i = (T — Ty).

Since ¢;; s the scaled change in volume and T — T} is small, we can rewrite
this expression as

1oV
““vor
Therefore, a is the coefficient of thermal expansion (cf. Eq. (1.76)). Note
that we can also define a linear coefficient of thermal expansion as the
change in length of the sample scaled by its length. In an anisotropic
system, this coefficient can have different values in different directions,
while in an isotropic system « is simply three times the single linear coef-
ficient of thermal expansion.

As mentioned above, an elastic deformation can lead to a temperature
change. For the sake of simplicity, we focus on the case of an adiabatic
deformation (this alleviates the need to discuss heat transfer). You can
perform a simple experiment to show a temperature change accompanying
adiabatic deformation by rapidly stretching a thick rubber band. If you
touch the rubber band to your lip before you stretch it and in its highly
stretched state, you will feel a distinct temperature change.

We now derive an equation for the change of temperature as a result of
an adiabatic deformation. We start from the fact that the entropy remains
constant during an adiabatic deformation. To obtain an expression for the
entropy, we differentiate Eq. (7.33) and retain only the first-order terms
with respect to €.

S(T) = so(T) + Bagj;. (7.35)
Since the entropy is constant, this implies
dsy = —Bade;;

or
T

Eii
dsy = fBoz/ deji.
T 0
Recall that s50(7") is the entropy of the solid at temperature T provided that
its volume is the same as that of the solid at temperature 7. Therefore,
dso=cpdT/T. Inserting this expression into the integral on the left-hand
side of the previous equation and evaluating the integrals, we obtain

(,'Vll'l (T/T()) = *Baél’i.
If|T—Ty|/Ty < 1, n(T/Ty)~ (T — Ty)/ Ty and
T-T . Ba

— e 7.36
To o (7.36)

The sign of the temperature change depends on the sign of the coefficient of
thermal expansion a. For most solids « > 0, however there are cases for
which « < 0 (such as rubber).
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7.5 Equilibrium of stressed solids

We now consider the mechanical equilibrium of stresses in solids. Mech-
anical equilibrium requires that the total force on each volume element of
the solid will be zero. In the absence of an external field (e.g. electrical,
magnetic, gravitational), the forces inside the solid body are exerted only
through internal stresses. Equation (7.13) relating the force to the stresses
implies

80,«,—
== 0. 7.37
5 =0 (7.37)

While this equation is valid in general, we now make the assumption that
the solid is isotropic such that we can use Hooke’s law for isotropic solids

60’j,' 88,“ 1 851(/( a&kk
> =2 v~ 6," B (S," =0. 7.38
o N (axj 3 9x; j) o (739

Using the definition of the strain (Eq. (7.10)), we find
85@/ o l azu,- + 62%‘
8);,« o 2 8,\‘,2 Ox,-(?xj

a€kk 85k, 1 BZuk 82u1 82uk
e o kT3 —+ o = .
x;  Ox; 2\0x/0x;  Ox0x; Ox 0x;

Inserting these results into Eq. (7.38), we obtain

10%7u; 1 Py 1 Puy O uy,
2 - 4 - J i B— "% =
# (2 ox? T 200 30mon | T B aan, =0
or
Pu; 0%u;
i Ul B J . 3
K asz + (3 + ) 8x,-8x_,- 0 (7 39)
This equation can be rewritten as
B 1

where V and A are the gradient and Laplacian operators, respectively (see
Appendix II). This is the equilibrium condition for a strained isotropic
solid. It implies that the components of the displacement vector in equi-
librium are not independent but rather must satisfy this condition. Note,
that this condition does not explicitly show any dependence on externally
applied forces (i.e. surface tractions). Such tractions only enter through
boundary conditions.
Applying the operator V to Eq. (7.40), we obtain (see Appendix II)
B

V(Au) + (E + l) A(Vu) = (f + i) A(Vu) =0
w3 w3
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or
A(Vu) =0. (7.41)
Applying the operator A to Eq. (7.40), we obtain (See Appendix II):

B 1 B 1
AAu+ (; + 5) A(V(Vu)) = AAu + (ﬁ + §> V(A(Vu)) = 0.
Equation (7.41) shows that the last term in this expression is identically
zero; hence,

AAu=0. (7.42)

Therefore, the equilibrium displacement field must satisfy a biharmonic
equation (Eq. (7.42)).

If the temperature varies through the solid, we must include the modi-
fication to Hooke’s law for thermal expansion (see Eq. (7.34)). Using this
expression in the derivation of Jo;/0x; (as per Eq. (7.38)) and following the
same procedure as above for the isothermal case yields

B 1 B
Au+ <7+7> V(Vu) = 2vT (7.43)
w3 7

instead of Eq. (7.40).

7.6 Surface stress

As we discussed in Section 6.3, we can think of the surface layer as being
stretched to match the bulk material. This creates a surface stress. In this
section, we establish the relationship between the surface stress and the free
energy of the surface.

Consider a slab with dimensions L x L x d, where the thickness of the
slab d< L, as shown in Fig. 7.5(a). Since there are no forces applied to
the free surface, the stresses ;. are all zero on the surface and through the
entire (thin) slab. However, there can be non-zero stresses with compo-
nents parallel to the surface, o,,, 0.,, and 0,,, as shown in Fig. 7.5(b). We
can always rotate the coordinate system such that o, =0. Since the total
force acting on the slab is zero, we can write:

L d
F= [ o [ oz —o (7.44)
0 0

If d< L, the stress does not depend on y and this integral can be trans-
formed as follows

L d d
/ dy / oyw(z)dz =L / o (z)dz
0 0 0
5 d-6 d
=L < / oy dz + / oydz + / O xx dz) s
0 5 d-6

where ¢ is the thickness of the surface layer. As can be seen from Fig. 7.5(b),
the stress in the bulk (i.e. in the second integral) only weakly depends on the
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Fig.7.5

(a) A thin slab with two free surfaces and
(b) the stress distribution o,(z) through
this slab.
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distance from the surface and can be approximated as a constant, o2 .
The first and third integrals can be combined into one term:

s d
L(/ owdz + / Uxxdz> =2L xzw
0 d—é

where /2 is the force acting on each of the two surface layers in x-direction,
per umt length in the y-direction. Using this notation and the constancy of
the stress in the bulk, Eq. (7.44) can be rewritten as

Fy=2Lf~ + Lol (d-26)=0. (7.45)

Since the thickness of the surface layer is limited to a times the spacing
between neighboring atoms, 6§ < d and we can rewrite Eq. (7.45) as

Z = —UBd/Z.

Of course, an analogous relation can be obtained for )‘Z Rotatlng the
coordinate system with respect to the material, we find that in general, f;;

a second rank tensor in two-dimensions (i.e. the dimensions that contam
the surface)

;= —opd/2, (7.46)

i

where i and j are equal to either x or y. The tensor fi > is called the surface
stress. However, while the stress has dimensions J /m the surface stress has
dimensions J/m?>.

The surface stress and the surface free energy, 7, have the same origin—
the fact that the atomic structure and bonding in the surface is different
than in the bulk. Therefore, these values should be related. We now
derive this relation. Consider a small homogeneous strain, de;;. The change
of the free energy of this slab consists of two contributions: elastic con-
tribution described by Eq. (7.20) and the contribution associated with the
change of the in the area of the surface

A(27S)
a&,‘j

22

dA:dSUUBdE,/+ g
i

oS
dé‘,j:dSO'fd&,j-f—z"‘/aiEUd&,j-FzS dEiI"

where S is the surface area (S= L x L). Inserting Eq. (7.46) into the pre-
vious relation and setting d4 = 0 (equilibrium condition), we find

; oS Oy

)

=S =

P2 Ve, D 0ey

The change of the surface area can be expressed through the strain as
AS = S(exx + &yy)-

Therefore 0S/0e;= S6;; (recall that i and j can be either x or y) and we

finally obtain

oy

_61+
’YI 84/

(7.47)
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Note, that in a liquid 0v/0e;= 0, since it is not possible to elastically strain
the surface of a liquid. This is because any strain in the plane of the surface
is accommodated by liquid flow. Therefore, the surface stress in a liquid is
simply equal to the product of the surface tension and the identity tensor,

,.,Z = 76 This is in stark contrast to a solid, where all terms in the surface
stress can be non-zero.
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Kinetics of homogeneous
chemical reactions

Kinetics considers the rates of different processes. Chemical kinetics refers
to the rates and mechanisms of chemical reactions and mass transfer
(diffusion). Recall that since thermodynamic equilibrium implies that
the rates of all processes are zero, time is not a thermodynamic variable.
Rather, time is the new parameter introduced by the consideration of
kinetic processes.

The rate of a kinetic process and how it depends on time is determined, in
part, by the degree of the deviation from equilibrium. If the deviation from
equilibrium is small, the rate decreases (without changing sign) as the
system approaches equilibrium. If the deviation from equilibrium is large,
the situation is more complicated. For example, non-monotonic (including
oscillatory) processes are possible. The sign of the rate can change during
such processes; that is, the reaction can proceed in one direction and then
the other. Additionally, if the deviation from equilibrium is large, small
changes to the system can produce very large changes in the rate of the
kinetic process (i.e. chaos). Non-equilibrium, yet nearly stationary states of
the system can arise (i.e. states that exist for a very long time). Finally, if the
deviation from equilibrium is very large, the system can explode (i.e. the
process continues to accelerate with time).

In this chapter, we develop a formal description of the kinetics of rather
simple chemical reactions. Consecutive and parallel reactions will also be
considered here. A more general approach (irreversible thermodynamics)
will be considered in Chapter 9. In Chapter 10, we examine diffusive
processes. Then, in Chapter 11, we consider the kinetics of heterogeneous
processes.

8.1 Formal kinetics of homogeneous reactions
8.1.1 Chemical reaction rate

In order to start the study of chemical reaction kinetics, we must first
define what we mean by the rate of reaction. Consider the following
homogeneous reaction:

Cl, + 2NO — 2NOCI. (8.1)
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The changes of the concentrations of the reactants are related to each
other by the stoichiometric coefficients

1 1
—dec, = *Echo = ichOCL

By definition, the corresponding rate of reaction, or simply the rate, is

_deq,  Tdeno  ldenoa
de 2 dr 2 dr

= (8.2)
where ¢ is time.

We now consider the mechanism by which reaction (8.1) proceeds. The
simplest assumption is that the elementary step in this reaction is
the collision of two NO molecules with one Cl, molecule. From the
molecular-kinetic theory of gases, we know that the number of such
collisions per unit time is proportional to the Cl, concentration and the
square of the NO concentration. Therefore, the rate of this reaction can be
written as

w = kckocc,, (8.3)

where k is a constant which is independent of concentration and time. k is
referred to as the rate constant of the chemical reaction.

Expressions like that in Eq. (8.3) are known as kinetic equations. The
power with which the concentration of a given species enters the kinetic
equation, is referred to as the order of the reaction in that species. The sum
of these orders for all of the reacting species is called the overall order of the
reaction. According to Eq. (8.3), reaction (8.1) is a third-order reaction; it is
second order with respect to NO and first order with respect to Cl,.
In reality, third-order reactions are rare and higher order reactions never
happen (except if you are a mathematical purist). The reason for this
observation is that although the form of the reaction equation may suggest
that a reaction is of high order, in practice the reaction proceeds through
a sequence of elementary reactions of lower order. The total reaction is
referred to as complex. It is only for elementary reactions that the order
of reaction can be determined directly from the equation of reaction. The
elementary reactions can be characterized by molecularity, which is
the number of reacting molecules: unimolecular reactions, bimolecular
reactions, ctc. In contrast with the reaction order, the molecularity is a
theoretical term reflecting the actual mechanism of a chemical reaction.
Most reactions occurring in the real world are complex and their reaction
equation only shows conservation of elemental species and not molecu-
larity. Although the order of the reaction has no physical meaning, it
can be extracted from experiments (as described in Section 8.1.2) and used
to characterize a reaction.

In order to illustrate these ideas, consider the following reaction
occurring in an aqueous solution

2NO; + 0, — 2NO;.
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If this equation reflects the actual reaction mechanism, the reaction would
have the overall order three. However, experiments do not support this
conclusion. The actual reaction mechanism was found to be

NO; +0, 25 NO; + 0

ks

NO; + 0= NO5y
205 0,,
where each of these reactions is elementary and proceeds toward the
right-hand side with the rate constant that is written above the arrow.
We now construct kinetic equations corresponding to this mechanism.
The ions NO5 are formed in the first and second reactions, and their rate
of formation can be written as
d[NO7 _ _
O] 411N03110:] + KulNO; JO,
where the square brackets mean the concentration in the water solution.
The intermediate product, atomic oxygen, participates in all three reac-
tions: it is formed in the first reaction and is consumed in the second and
third reactions. The net rate of formation of atomic oxygen is
d[O _ _
O _ 1, N0502] ~ INOF0] — 2650
(the factor 2 in front of the last term is associated with the fact that for the
third reaction, the rate includes a factor of a half—w = —(1/2)d[O]/d1).
Experiments have shown that d[O]/d¢ is small such that we can assume
that d[O]/dr = 0 (this is a steady-state approximation—see Section 8.2.1).
With this assumption, we can solve the previous equation to obtain the
steady-state oxygen concentration

_ ki[NOL][O]
0] = LNOLT 1 0]

Inserting this expression into equation for the rate of formation of NOjJ,

we obtain
d[NO;3] _ k2[NO5 ]
i = INOS [0 (14 e ).

Clearly, the kinetic equation for this reaction is more complicated than
it would be if we were to base it solely on the order of the reaction we would
assume from the reaction equation. However, if the atomic oxygen con-
centration is small (this implies that k;[NO;] > 2k3[0O]), the previous
equation reduces to

d[NO3]
dr

In this limit, the reaction rate is given by the product of powers of the
reactant concentrations (i.e. this is consistent with a formal kinetics

— 2, [NO3[0s].
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description). However, the reaction is first order with respect to both
the NO; and O, concentrations and has an overall reaction order of 2
(not 3, as we would expect based upon the reaction equation).

8.1.2 Determination of the reaction order and the rate constant
Consider the following reaction:
aA + bB — ¢C + dD. (8.4)
The kinetic equation for this reaction takes the form
w = kg, (8.5)
where #; is the reaction order in the ith reactant. If at the beginning of the

experiment, there were only reactants and no products and the reactants
concentrations were in stoichiometric proportions

0 0

A _ B

— = (8.6)
this ratio of the concentrations will not change during the reaction, that is,

CA (B

a b’

Inserting this relation into the right side of Eq. (8.5), and expressing the
reaction rate w in terms of the concentration of A, we obtain

Cdea (0"
ade A\ Mg)

Introducing a new constant

ki = ka'=™b™, (8.7)
we finally find
de
—d—? = kel (8.8)

where n is the overall reaction order (n = na + ng).

We now consider experimental methods for the determination of the
reaction order and the constant k; (the rate constant k can be calculated
from k; through Eq. (8.7) if we know np).

1. The van’t Hoff method. In this method, the time dependence of the
A concentration ca(#), shown in Fig. 8.1, is found from experiment.
The derivative dca/dz as a function of time is found from these data.
Equation (8.8) implies

dCA
In[———| =Ink In ca.
n{ ar } nky+nincp
Therefore, the slope obtained from a plot of In[dca/d?] versus In(ca), as
shown in Fig. 8.2, is the overall reaction order #, and the intersection of this
curve with the ordinate (vertical) axis is the constant, In(k).

CA
X
X
X
X
X
X
X
X
X
X
*x
Xx
Xx
Xk
0 t
Fig. 8.1

The time dependence of
the concentration of a reactant.

Inw

Ink,

0 Incy

Fig. 8.2

A schematicillustration of the van’t Hoff
method for determining the overall
reaction order and constant k; from
experimental data.
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While this method is simple, it yields the worst accuracy of all of the
methods discussed in this section. This is because the uncertainty in the
derivative is usually much larger than in the initial data.

2. Determination of the overall reaction order and the constant k; from
the form of the concentration time curve. The time dependence of the
concentration of A can most easily be seen by directly integrating the
differential equation (Eq.(8.8)). If n# 1, we find

cA
/ d"*_—k1 / dr
"A

( ;nl = ( O;nl +(m— Dkt forn#1. (8.9)
€A CA

In particular, we obtain

or

cA—cA kit forn=0 (8.10)
1 1
—=—45tkt forn=2 (8.11)
CA CA
Forn=1, we find
lncAzlncoA—k]t forn=1. (8.12)

The main idea of this method is to plot the experimentally determined
concentration versus time in coordinates corresponding to Eqs (8.9)—(8.12)
and see in which the data fall upon a straight line. For example, if the data
lie on a straight line in a plot of In ¢4 versus , the overall reaction order is
one (see Eq. (8.12)). The disadvantage of this method is that it is relatively
laborious; several different sets of axis coordinates should be tried. If the
overall order of reaction is a fraction, it may be difficult to identify the
order. Fortunately, this can be done efficiently on a computer. You will
have the opportunity to use this method in Computer Laboratory #5.

3. The half-life method. The half-life is defined as the time required for
one half of the reactants to be consumed. We can obtain the half-life of
species A from Eq. (8.9) by setting the concentration of A equal to one half
of its initial concentration and solving for the time:

21 1
= — +(7l*1)k1[1/2

(C(/)\)nfl (C(/)\)" 1

or
-l
ki(n — l)(COA)Wl

Analogously, we can obtain the half-life for first order reactions from
Eq. (8.12)

fyp = forn#1. (8.13)

In2
11/2:2—1 forn=1. (8.14)
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These two equations can be represented in a single form as Inty,
In #/, = const + (1 —n)In A

Therefore, the overall order can be determined from the slope of the
dependence of In 71, from In % (see Fig. 8.3). Note that in the case of a first
order reaction, the half-life does not depend on the initial concentration.

4. The isolation method. To this point, we have focused on how to
determine the overall order of reaction. However, in order to understand 0
reaction mechanisms, it is necessary to find the order of reaction with
respect to each of the reactants. The simplest approach to do this is to Fig. 8.3
combine all of the reactants in large excess except for the one under  1hedetermination of the overall

. Lo ) - . . reaction order and the constant k| using
%nves'tlgatlon. For example, for the reaction described by Eq. (8.4), this the half-life method.
implies that

0
Incy

A <. (8.15)

In this limit, any relative changes in the B concentration (cg(f) — ¢§)/c}}
will be very small such that we can assume that cg(7) is constant. Using this
observation, we can rewrite Eq. (8.5) as

de , "
—d—;‘:k(cA)A, (8.16)
where
K = ka(cg)™. (8.17)

Equation (8.16) has the same form as Eq. (8.8); therefore we can use one of
the three methods described above to determine the order of the reaction
with respect to A.

Review questions

1. The reaction aA + bB — ¢C is first order with respect to both A and B.
When is the equation 1/ca = 1/¢% + ki valid?

2. The reaction aA 4 bB — ¢C s first order with respect to both A and B.
When is the equation In cs = In ¢ — kt valid?

3. Whatis the dimensionality of the rate constant for a reaction that has an
overall order n=0.5?

Example problems

1. A first-order reaction proceeds until 75% of reactant A is consumed
within 10 min. Determine the rate constant.
2. Consider the second-order reaction

A+BAD k=541/(moles).

The initial concentration of the reactants was ¢} = c¢f = 0.02mole/l.
Determine the fraction of A which will be consumed during the first
minute.
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3. The kinetics of the reaction
A+B—C,

proceeding at constant volume and 7'=300 K was studied by measuring
the total pressure as a function of time. The initial mixture of the reactants
in the vessel was equimolar. The following data were obtained

¢ (min) 0 5 10 15 21 30
p(atm) 0953 0888 0818 0769  0.726  0.663

Determine the overall order of this reaction.

8.1.3 Kinetics of chemical reactions near equilibrium

We have considered only forward reactions to this point. This is reasonable
at the beginning of the reaction, provided that the initial concentrations
of the products are zero. If this is not the case, we should also consider
the backward reaction. For example, consider the synthesis reaction of
hydrogen iodide

H, +1, — 2HI.
We will assume that this equation corresponds to the actual mechanism

of this reaction (i.e. this is an elementary reaction). Then the rate of the
forward reaction is

wi = kicn, e,
and the rate of the backward reaction is
wy) = kgclz_n.
The experimentally observed reaction rate is
W=Ww] —wy) = klcl.[zclz — kzc%{l.

From this equation, we see that we can neglect the backward reaction only
if the second term on the right side is small. Certainly it is not the case of
equilibrium, where w=0. In equilibrium,
2
15 k
—HL 21— Gonst.
CH2 C12 k2
This is not a new result; we just derived the law of mass action,! which
we previously discussed from the thermodynamic point of view. Indeed,
the equilibrium constant K. for the reaction under consideration takes
the following form:
2
K. — _CHI
= .
CH, (1,

! It was actually first obtained based upon kinetic ideas.
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Therefore, for elementary reactions, the equilibrium constant is the ratio
of the forward and backward rate constants

K.=-1. (8.18)

8.1.4 Dependence of the rate constant on temperature

There is ample experimental data that demonstrate that the rate constant
increases with increasing temperature. Without loss of generality, we can
represent the temperature dependence of the rate constant as

dlnk E

~dT  RT*
where E is an energy and is called the activation energy. Since
d In k/dT > 0, we must conclude that £ > 0. Equation (8.18) is known as
the Arrhenius law. The forward and backward reaction rate constants
can be expressed as

dlnkl_El' dlnkz_Ez
dT  RTY’ dT  RT*

If both of these reactions are elementary, we can use the expression for the

equilibrium constant in Eq. (8.18) together with the van’t Hoff isochore
(5.19) to show

AUOT_danC_dlnkl dlnkz_El E2

RT? dT dT dT ~— RT? RT?

(8.19)

or
AUY = E| — E». (8.20)

Equation (8.19) is simply one of many possible forms we could have used
to express the temperature dependence of the rate constant. Its utility
comes from a key experimental observation: for most reactions, the
activation energy, E, is found to be temperature independent. In this case,
the Arrhenius equation can be easily integrated to find

k = Ae F/RT (8.21)

where A4 is an integration constant and, hence, must be independent of
temperature. A is known as the pre-exponential factor. The pre-exponential
factor can be thought of as the rate constant in the 7"— oo limit.

The observation that the activation energy is independent of temper-
ature is not trivial. The remainder of this section presents a simple, but
not very rigorous, interpretation of the Arrhenius equation on the basis
of a theory known as the theory of the activated complex (sec also
Section 12.3.3).

Consider the elementary reaction

A+BX5AB (8.22)
the rate of which can be written as
w = keacg. (8.23)
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Fig. 8.4

Variation of the energy of the system
with the separation between A and B
atoms.

Kinetics of homogeneous chemical reactions

We can describe this reaction as a collision of molecules A and B which
leads to the formation of the new molecule AB. We can monitor this
process in terms of the distance between molecules A and B, dag. If we start
with well-separated A and B molecules, the energy of the system will
increase as we bring them close together (dap decreases), as follows from
quantum mechanics. Alternatively, if we start with the AB molecule and
increase the A—B spacing (dap), the energy must also increase (since the AB
molecule is stable). If the energy increases as we decrease dap from large
separations and increases when we increase dap from small separations,
there must be a maximum in the energy at intermediate dap. Figure 8.4
shows this type of variation of the energy of the system with the separation
between A and B atoms. We can consider this variation as a reaction
path or reaction coordinate. The state corresponding to the maximum
energy ((AB)" in Fig. 8.4) is called the activated complex.

According to the activated complex theory, the reaction in Eq. (8.22)
can be represented as’

ki
S
A+B:meLAB (8.24)
k_y
and its rate as
w = k*Czpy- (8.25)
The reaction described by Eq. (8.24) consists of two stages. The first stage
of this reaction is reversible and the second stage is not (of course, the
reaction AB — (AB)* is also possible, but this is part of the backward
reaction of Eq. (8.22) and is treated separately).

The first stage of the reaction can be thought of as a regular reaction, the
equilibrium of which is described by the following constant:

_ Sy

K} . (8.26)
CACB
The van’t Hoff isochore for this reaction is
din K¥ E

4T R (8.27)

where E; is the heat of formation of the activated complex. Inserting
Eq. (8.26) into Eq. (8.25), we find

w = kKleacs. (8.28)
Comparison with the kinetic equation (Eq. (8.23)) for the reaction
A + B — AB shows that

k = kK. (8.29)

2 Note that the rate constants k; and k_; used in the activated complex theory are not
the same as the rate constants k; and k, for the forward and backward reactions used in
Section 8.1.3. The rate constants k1 and k_; in Eq. (8.24) describe the reaction A + B — (AB)%,
rather than A + B — AB.
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The rate of the second stage of the reaction described in Eq. (8.24)
is determined by the motion of the A-B system along the reaction path.
From the molecular-kinetic theory of gases, we know that this velocity is
proportional to the square root of the temperature (recall that the kinetic
energy of molecules is proportional to temperature). Therefore, we can
assume that the rate constant k* has the same temperature dependence.
The temperature dependence of the equilibrium constant, Ki is Arrhenius
(i.e. asin Eq. (8.27)); this is a much stronger temperature dependence than
that of k*.

Rewriting Eq. (8.29) as

In k = In k* +In K,

assuming that k* is temperature independent and taking the derivative
with respect to temperature, we find
dink dInK:
dT ~ dT

Inserting this relation into Eq. (8.27), we recover the Arrhenius law

dll’lk_ E]
dT ~ RT?*

Now we see that the activation energy of the forward reaction is no
more than the heat of reaction of the activated complex formation
from the reactants. Analogously, the activation energy of the backward
reaction is the heat of reaction of the activated complex formation from
the products. Examination of Fig. 8.4 clarifies why the heat of reaction
is simply the difference between these two activation energies, as per
Eq. (8.20).

We can re-express the equilibrium constant for the first stage of the
reaction in Eq. (8.24) through K using K} = K} RT. The change of
enthalpy associated with this reaction is AH* = AU* — RT = E; — RT.
Finally, recall that K}S = ¢~AGY/RT qpgerting these relations into Eq. (8.29),
we find

k = K*K}RT = k*RTe 20 RT = of*RTeAS IReFIRT — 4e=BURT (8 30)

where, of course, e=e!. The pre-exponential factor, 4, is a product of
constants and only weak functions of temperature, it is clear that the
variation of 4 from reaction to reaction is dominated by the entropy of
the activated complex formation.

Example problem

1. The half-life for a first-order reaction at 7, =260 K is 693 min. The
activation energy for this reaction is £=54.3 kJ/mole. Find the time
required to consume 2/3 of the reactants at 7, =350 K.
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8.2 Kinetics of complex reactions

A complex reaction is composed of several elementary reactions. These
reactions can proceed consecutively or in parallel, independently from
each other or not. A full discussion of complex reaction is itself complex
and beyond the scope of this text. In this section we only consider three
simple examples.

8.2.1 Kinetics of consecutive reactions

A consecutive reaction is a reaction consisting of several consecutive stages.
For example, consider the simplest possible consecutive reaction pro-
ceeding at constant volume and consisting of two first-order elementary
reactions

ki Kk
A—B—C. (8.31)

We assume that initially the concentration of reactant A is ¢} and the
concentrations of the intermediate B and the product C are zero. We can
write kinetic equations for the two stages of the reaction in Eq. (8.31):

ch
—? k]CA (832)
dCC 0
W:]QCB ZkQ(CA — CA —Cc), (833)

where we have used the conservation law, cp + ¢g + ¢cc = COA, in the right-
hand side of Eq. (8.33). Integrating Eq. (8.32), we obtain

/dﬂ_—kl/dz Inca =1In ¢} — kit

ca = Qe Mt (8.34)

As expected, the first reaction, A — B, is indeed first order. Inserting this
expression into Eq. (8.33), we find

dCC 5
= = (R =™ —cc)
or
de
dC +kace = kol (1 — e 7M.
This differential equation has a solution of the following form

c = Aeikﬂ.

Inserting this expression into the previous equation, we can solve for A:

k>
A= kot elka—k)1 B
%( ko —ki® *
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to obtain

k .
cc = LA<1 o —2k ”‘”) + Be ™!

The constant B can be determined from the initial condition ¢¢ (z = 0) =

& =0:
ks ki
B=-(1- = .
%( Ky — m) My —k

Inserting this back into the expression for ¢c, we obtain

cc=cx (] _k2li2k1 7/“[) e <kzlik1 eikﬂ)

Q:&O—b%hfw+béhfw> (8.35)

Using the conservation law, we also obtain expression for the con-
centration of B:

or

CB:COA—CA—CC

k k

0 0 —kit 0 2 —kyt 1 —kat
= Cp — CAC —cyl1— e +-——7-=e

A A A< ko — ky ky — ky )

or

ki
_ 0 —kit —sz

c e . 8.36
=g ) (8.36)
Figure 8.5 shows the time dependence of the concentration of each of
the species in the reaction in Eq. (8.31). The concentration of reactant
A decreases monotonically during the reaction. The concentration of

intermediate B first increases, then reaches a maximum at

t _ In (kz/kl)
max kz _ kl ’
and finally decreases. Product C initially forms very slowly (Eq. (8.35)
implies that dec/df =0 at 1 =0), then the rate of production of C increases
until the concentration of B reaches its maximum, and then decreases.
We now consider two limiting cases. In the first case ki >k, and
Eq. (8.35) reduces to

cc =0 —e ™).

This type of kinetic equation is representative of a first-order reaction with
rate constant k,. Therefore the second reaction (which is slower than the
first one) is the rate-determining step of the entire consecutive reaction.

If k> > ky, Eq. (8.35) reduces to

cc =& (1—e ).

This also represents a first-order reaction, but now with rate constant k;
instead of k,. The rate-determining step in this case is the first reaction
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Fig. 8.5

The time dependence of the
concentrations of the species in the
reaction in Eq. (8.31).
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(which is slower than the second one). Therefore, we can conclude that
the rate of a consecutive reaction is determined by the rate of its slowest
stage (assuming that the rate constant for the rate-determining step is
sufficiently smaller than those of all of the other steps).

If k> ki, Eq. (8.36) reduces to

k

0"yt

CB = Cp 7—€ .
Akz

Comparing this result with Eq. (8.34), we find

gk
— = — = const.
CA k2
Therefore, during most of the reaction, the ratio of the concentrations of
A and B remains approximately constant and the change of the concen-
tration of the intermediate B can be neglected
dcg d(cOA —cA — CC) dca  dec

T e T TR

This result is known as the steady-state approximation. In fact, we have
already used this method in Section 8.1.1.

8.2.2 Kinetics of parallel reactions

In parallel reactions, several independent reactions occur simultaneously.
For example, consider the kinetics of a parallel reaction consisting of two
unimolecular reactions

ASB
Axc. (8.37)

We assume that initially the concentration of reactant A is ¢} and the
concentrations of the products B and C are zero. The kinetic equation for
the reaction in Eq. (8.37) takes the following form:

d
— 8 = kiea +kaea = (ki +ka)ea. (8.38)
The solution of this differential equation is
ca = Qe kithl, (8.39)

This is representative of a first-order reaction with rate constant k; + k5.
If the rate constant of the first stage is much larger than that of the second
stage, than namely the first stage will determine the rate of the entire
parallel reaction. Therefore, in contrast with consecutive reactions, the
rate-determining step in parallel reaction is the fastest stage.

We now derive expressions for the time dependences of the concentra-
tions of the products. For product B, we find

dep —(ky+ka)t

F = k]CA = k]CAe
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or
klcOA
ki +ky

The constant D can be determined from the initial condition
cg(t=0) = c% = 0; therefore, D = klc%/klcoA(kl + k>) and

cp = e~ (kitk)t Ly

klcg (e 4k
‘B = 1 — (kH“/»z)t . 84
=g (1) ®.40)
Analogously for the concentration of C we find
szOA _ A
= 1 — e kitkr) 8.41
cc ki + ks ( ¢ ) ( )

Note that the ratio of the concentrations of B and C at any moment is
CB/CC = /C]/kz.

Example problems

1. Nitric oxide decomposes through two parallel reactions

1 1
No’lEN2 +-0, ki =257s"

2
ka 1 1 1
NOHENQOJrZOz kr =18.2s7".

The reaction proceeds at constant volume. The initial mixture
contained only nitric oxide at a concentration of ¢yo =4 mole/l. Find
the concentration of nitrogen and nitrous oxide (N,O) in 0.05 s after the
beginning of the reaction.

2. Consider two possible mechanisms for the synthesis of HI. The first is

H, + I, 5 2HI (8.42)
and the second is
L 2501
ko
21 =1,
21 + H, -2 2HI. (8.43)

Derive expressions for the rate of formation of HI for both mechanisms
(in the second case, use the steady-state approximation). Under what
conditions will both mechanisms lead to the same type of kinetic
equation?

8.2.3 Kinetics of chain reactions

The main feature of a chain reaction is that its elementary steps are not
independent as in simple reactions and each one initiates the following.
Hence once started, it continues to propagate until all of the reactants are
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consumed or until a termination event occurs. Consider the synthesis of
HCI from H, and Cl, as an example

Experiments show that if hydrogen and chlorine are combined in a dark
chamber, very little reaction occurs. However, if we shine a light onto
the mixture for just a short time, the rate of formation of HCl dramat-
ically increases. Nernst suggested the following mechanism for this
process:

Cly + hv — 2Cl—initiation step
Cl+H, — HCI+H

——propagation ste
H+C12HHC1+C1} propag P

2Cl — Cl,

— termination step,
2H — H,

where hv represents a photon. The chain reaction proceeds through the
formation of thermodynamically unstable intermediates (atomic H and Cl
in the case under consideration), known as radicals, by the absorption of
photons. Note that once radicals are created they take part in the propaga-
tion reaction to form HCI. These reactions do not change the number of
radicals in the system. Therefore, additional propagation reactions can
occur even without the input of any more light. Since each propagation
reaction follows from the previous propagation reaction, we can think of
this as a chain reaction. This process continues until the radicals undergo a
reaction that decreases the number of radicals in the system—that is, the
termination step. The number of links in the chain or the chain length is
equal to the average number of propagation reactions that occur from
initiation to termination. If 3 is the probability that a chain will terminate
on the next step, the chain length is given by’

1
=3 (8.44)

3 By definition, the average chain length is
o0
1= Z iw;
i=1

where w; is the probability that a chain has 7 links. The probability that a chain has more
than one link is 1 — 3. The probability that a chain has exactly two links is simply equal to
the probability that it has more than one link minus the probability that it has more than two
links (1 —8)* 1—8—(1— ()% Analogously, the probability that a chain has three links
is (1 — )= (1 — ). Inserting these expressions into the definition of the average chain
length, we obtain Eq. (8.44)

I=1-3+2((0=/ =0 =67)+3((1 =57 =10 =H) +-
=B+201 =D+ A=+ =B+

=1+ =P+ =B+ A=)+
=1/l=(1-B8)=1/8.
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The average chain length can be very large. For example, for the synthesis
reaction of HCI the average chain length reaches 10°.

Termination steps cannot proceed as bimolecular reactions, as written
above. For example, consider the reaction

H+H — H..

Clearly, if two hydrogen atoms collide and form a molecule H,, the pro-
duct has sufficient energy to dissociate. Therefore, to stabilize the H,
molecule, a third molecule must participate in the reaction in order to
remove at least part of the energy. The role of this third molecule can be
played by other gas molecules if the pressure is sufficiently high (in this
case, the molecule H, has no time dissociate since it quickly transfers
energy to other gas molecules by collisions) or by collisions of the H,
molecule with the chamber walls. Substances which lead to a decreasing
in the chain length are called inhibitors.

Chain reactions are divided into reactions that produce simple or
branching chains. In the first case, each radical participating in a propaga-
tion reaction gives rise to one new radical. The synthesis of HCI considered
above is an example of a simple chain reaction. Branching chain reactions
are those for which several new radicals can be formed during the propa-
gation step. As an example of this, consider the oxidation of hydrogen
at low pressure at a temperature of ~500°C. Under these conditions, the
reaction proceeds as follows:

H+0, —-OH+O
OH +H, - H,O+H
O+H, - OH+H

Note that branching occurs in the first and the third stages but not in the
second.

A schematic of an explosive (accelerating) type of chain reaction is
shown in Fig. 8.6. If the pressure is small, no explosion occurs at 7= T
because the radicals collide with and are absorbed by the chamber wall
(and recombine with other radicals there) prior to any collisions with other
gas phase reactants. Therefore, termination occurs prior to propagation.
An explosion is possible only when the pressure is larger than a critical
value p;, known as the first explosion limit. However, no explosion is
possible at pressures larger than pressure p,, known as the second explosion
limit. This limit is associated with triple collisions, which were negligible at
low pressure. For example, in the case of oxidation of hydrogen a reaction
of the form

H+ 0, + M — HO, + M*,

is possible, where M is a third molecule and M* is a high energy state of
the same molecule. In contrast with H, HO, is a radical that does not
participate in further reactions and simply recombines on the chamber
walls. Therefore, as a result of this triple collision, the number of active
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The time dependence of the number of
radicals for the case of a reaction with
simple chains and constant radical
initiation rate.
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radicals in the system decreases, preventing an explosion. Finally, at
pressures above the third explosion limit p;, a thermal explosion occurs.
This explosion is associated with the fact that if an exothermic reaction
proceeds sufficiently quickly, the system heats up, leading to an increased
rate of reaction. This produces even more heat and the reaction accelerates
(i.e. an explosion occurs).

We now consider a reduced version of the theory of chain reactions with
simple chains. We assume that the source of radicals is present and oper-
ates at a fixed rate, producing r radicals per unit time. Let 7 be the average
time required for the system to traverse one link (i.e. the inverse of the
number of links traversed per unit time or, equivalently, the average
life time of a radical). During the time 7, the chain is either terminated
(with probability ) or proceeds along one more link. Therefore, the rate
of the change of the number of radicals can be written as

dn np

Frimki
where the second term is number of radicals terminated in unit time. The
solution of Eq. (8.45) is (see Fig. 8.7)

n= r% (1 — e,@,/r) (8.46)

(8.45)

The number of radicals in the system tends towards a constant or steady-
state value in the long-time limit (t — 00): ng, = rt/3 = rtl. The reaction
rate is

n
w=—(1-7).
T
If 6 < 1 (the chains are long), then
w (8.47)
T
and in the steady-state limit
ng
Wy = f =5= rl. (8.48)

We now consider a reaction with branching chains. If § is the probability
of the reaction producing two radicals for each radical consumed (the
probability of branching), the rate of production of radicals is

d
dn_ "5 0 _ g, (8.49)
dt T T

where the last term on the right accounts for branching. If 5 < 1 (very long
chains—see Eq. (8.44)), Eq. (8.49) reduces to

dn B s 6 p) (8.50)
dt T T T
The solution of this differential equation has the following form:
__IT (B8t
=5 (1 e ) (8.51)
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If 8> 6, then the number of radicals in the system tends to a steady-state
value, ng = rt/(8 — 6) with an average chain length of I =1/(3 — ¢). If
[ < 6, the number of radicals in the system grows exponentially in time.
In other words, an explosion occurs.

Note that, if 5 < é, an explosion occurs even if we remove the source of
radicals provided that at least n,; radicals are present at the beginning.
Indeed, in this case, Eq. (8.50) reduces to

dn _n

T == 0.

The solution of this equation is
n = npie” BT, (8.52)

This means that the rate of production of radicals diverges in the long
time limit (recall that 3 < §).

The transition from a steady-state reaction to an explosion appears
when = 6. The value of 3 can be varied by changing the reaction condi-
tions. For example, [ increases if an inhibitor is added in the reaction
chamber. Opposite, if the chamber walls are covered by an inert substance,
the adsorption of radicals on the chamber walls is decreased and an
explosion is possible.

Example problems
1. Consider the following reaction proceeding in a solution where CCly
is the solvent:
C,Cly + Cl; — C,Clg.

The chain reaction proceeds through the following steps:
Ch + hv % 5Cl— initiation step

Cl + C,ClL, & ¢, Cls

. —propagation step
C,Cl5 + Cl, = Cl + C,Clg

C,Cls + C,Cls LS C,Cly + C,Clg—termination step.

The radicals in this mechanism are atomic Cl and the unstable molecule
C,Cls. Derive an expression for the steady-state (late time) rate of
formation of C,Clg, assuming that the chains are very long.

2. For a reaction with simple chains, it was found that in 0.1s after
beginning, the reaction rate is w = 0.632 wy,. Find the ratio ng/r for this
reaction.

151



Thermodynamics of
irreversible processes

The thermodynamics of irreversible processes, formulated by Onsager and
Prigogine, considers small deviations from equilibrium in open systems.
Despite the fact that the name contains “thermodynamics,” this is a type
of kinetic theory that describes the rates of irreversible processes.

Since there are no currents of any type in thermodynamic equilibrium,
the concept of a current is never used in classical thermodynamics. On the
other hand, the thermodynamics of irreversible processes introduces cur-
rents as the rates at which processes proceed: the heat or energy current
(measured in J/s), matter current (measured in mole/s or kg/s), charge or
electrical current (measured in C/s or Amps). Since these currents have a
direction and magnitude, they are vectors. The thermodynamics of irre-
versible processes also considers scalar currents (e.g. rates of chemical
reactions) and tensor currents (e.g. momentum currents). In this text, we
will focus on current densities or fluxes (that is the current per unit area)
rather than currents themselves. The dimensions of the currents described
above can be converted to the dimensions of fluxes by dividing through by
area or m>.

Associated with each flux is a driving force. These forces are known as
thermodynamic forces. How can we determine these driving forces? What is
the relation between fluxes and driving forces? The answers to these
questions can be found in the thermodynamics of irreversible processes
briefly described in this chapter.

9.1 Onsager’s first postulate

Onsager’s first postulate states that the flux of property i (j;) is a linear
function of all thermodynamic forces, X, acting in the system

ji = ZLikaa (91)
k

where L;, are called Onsager (or kinetic) coefficients. This postulate was
formulated as a generalization of a wide body of experimental observa-
tions. In fact, long before Onsager’s work it was known that the heat
fluxes are proportional to temperature gradients (Fourier’s law, 1824),
charge fluxes are proportional to electric potential gradients (Ohm’s law,
1826), and matter fluxes are proportional to concentration gradients
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(Fick’s law, 1855). However, Onsager’s contribution was the inclusion of
the word “all” in his first postulate. Equation (9.1) implies that, for
example, the flux of heat depends not only on the temperature gradient but
also on the gradients of concentration and electric potential, if they are
present in the system. The dependence of the flux of quantity i on “foreign”
thermodynamic forces (e.g. k) are known as cross-effects and were also
known before Onsager’s work. For example, if the two ends of a bimetallic
bar (i.e. a bar of one metal joined to a bar of another) are held at different
temperatures, an electric potential difference exists between the ends of
the bimetallic bar. If these two ends are connected by a wire, an electric
current will flow. This is known as the Seebeck effect (thermal electro-
motive force). Conversely, if an electric potential difference is applied
across the bimetallic bar, heat will be produced at the interface where the
two bars are joined. This is known as the Peltier effect. Onsager was able
to describe both experimental observations with one postulate.

Review questions

1. If the thermodynamic force i is zero, is the flux of quantity i also
necessarily zero?

2. If the flux of quantity k is zero, is the thermodynamic force k also
necessarily zero?

9.2 Onsager’s second postulate

Although we already used the term “thermodynamic force” above, we have
not yet fully defined it. It is natural to require that in mechanical cases, the
thermodynamic force coincides with the mechanical, or Newtonian, force.
For example, consider the motion of particles in a viscous liquid. Let Fbe a
mechanical force acting on each particle. In a vacuum, the mechanical force
would cause the particle to accelerate. However, in a viscous liquid, there is
adrag force that is proportional to the particle velocity. Therefore, at some
velocity v, this drag will compensate the mechanical force Fand the particle
will move with a constant, steady-state velocity, v. At steady-state, the flux
of particles in a system with particle concentration ¢ (number per volume) is

Jj=vec.
The work per unit volume associated with the drag force is
OW=F-cvdt=F-jdt
All of this work is converted into heat such that the entropy of the system
irreversibly increases
T(dS)ireversivle = £+ dr

0.
)
ot irreversible

where s is the entropy per unit volume.

or
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In the case considered above, there was only a single force. However, we
already know that there can be several thermodynamic forces X; acting
upon the same system. In such cases, Onsager postulated that

T(§) => jiXi. (9.2)
ot irreversible i

1

This relation is known as Onsager’s second postulate.

9.3 Thermodynamic forces for the transport
of heat and matter

We now derive expressions for the thermodynamic forces acting in a
system in which concentration and temperature gradients are present.
In order to obtain these expressions, it is useful to rewrite Eq. (9.2) in a
form in which the right side is a sum of terms which are products of a flux
and another quantity. This other quantity will be the thermodynamic
force. Since there is a derivative of the entropy in the left side of Eq. (9.2),
we start from the combined statement of the first and second laws of
thermodynamics (Eq. (1.78)):

k
TdS=dU+pdV = pdn;. (9.3)
i=1

In contrast with this equation, Eq. (9.2) contains the entropy per unit
volume. Therefore, we rewrite Eq. (9.3) in terms of densities of extensive
quantities rather than the extensive quantities themselves. We note that
if 4 is an extensive quantity and « is its density, the following identity is

valid:
A dA dVv
) =22 gL
d<V) V V2
or
dA dv

Taking this identity into account, we can transform Eq. (9.3) as follows:

ds du dv & dm

Vo Py oLy

i=1
S U dr & n;
T<ds +de> = <du+WdV> - ;pi(dcﬂrWdV)

k k
dv
i=1 i=1

i=



Transport of heat and matter

Since, by definition, G = U+ pV'— TS and, according to the Gibbs—Duhem
equation, G = Zf.‘:l 1in;, the expression in the brackets in the last equation
is zero and we obtain

k
Tds=du— pde 9.4)
i—1
or
ds Ou k oc;

1

If the number of particles and the energy of the system do not change,
we can write the following continuity equations (see Appendix III)

Jc; .
5tV i=0 (9.6)
ou .

where j; is the flux of component i and jg is the energy flux. Since the
entropy does not change in reversible processes, we can also write a con-
tinuity equation for such processes

Os
<—> +V.j,=0. 9.8)
ot reversible

where j, is the entropy flux. In the general case, the change of entropy
per unit volume consists of two contributions: the first is the change in

entropy that would occur if the process was reversible and the second
accounts for the irreversibility

202
ot ot reversible ot irreversible

Using the continuity equation for reversible processes (Eq. (9.8)), this can
be rewritten as

Os Os
— =— “Js- 9.9
<at> irreversible ot v 5 ( )

Inserting Eqs (9.6), (9.7) and (9.9) into Eq. (9.5), we obtain

0s . . K .
T(E) ~TV jo==V je+ Y wV-j;
irreversible i=1

I

or

s 1 k L
T(*) =TV +T|—=V je+> 2v.j |
ot irreversible ' T ; T

We can take the fluxes outside of the divergence by using the following
identity (see Eq. AIL.12):

fV-a=V-(fa)—a-Vf.
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Using this identity, we can rewrite the previous equation as

0.
()
o1 irreversible

_TV~js+T<—V Ltje- Vo +Zv i Z v’““)

This equation has the same general form as Eq. (9.2), if and only if we
adopt the following definitions:

1 k
T (jE - ; ,ui.ii) (©-10)

1 1
Xg=TV—=——-VT 11
p=TV =2V (9.11)

Hi
Xi=-TV—. 12
v 9.12)

Equations (9.11) and (9.12) provide the definitions of the thermodynamic
forces discussed, rather cavalierly, in the previous sections of this chapter.

9.4 Thermodynamic forces for chemical reactions

We now examine isothermal chemical reactions from the point of view of
the thermodynamics of irreversible processes. The flux, in this case, is
simply the rate of reaction dc;/dz. The flux in chemical reactions is a scalar
quantity and is not associated with the motion of a chemical species or
energy. Rather, this flux is a transition (or transformation) from one set
of chemical species to another. As such, the units of this flux are mole/(1s).
If all species are ideal gases, then at constant temperature du=0.
Therefore, Eq. (9.4) can be rewritten as
T@s B ko de

PP ST

Equation (9.10) implies that if the heat and diffusion fluxes are absent then

js=0. Then from Eq. (9.9) we obtain

o5 _ (o
ot N ot irreversible'

Combining these results we find

Os k dc,
T| = E ; 9.13
(a[) irreversible N ( )

Comparing this equation with Eq. (9.2) suggests that the chemical thermo-
dynamic force is simply the chemical potential. However, this would imply
that the thermodynamic force is non-zero at equilibrium. We can resolve
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this contradiction as follows. The variation of the free energy at equilib-
rium is zero (dG® = 0); therefore,

k k
dG* = Z pidn; = VZ pide; =0
i1 i1

or

k .
Zu?%zo-

i=1

Combining this relation with Eq. (9.13), we find

Os K de;
T(5> irreversible: - ;(M[ ~ ) (T’l O
and, therefore,
XEhem = — (p; — pif). 9.15)

This is the thermodynamic force for chemical reaction. Note that it is
exactly zero when the system reaches equilibrium.
We now apply this method to an example chemical reaction
ki
—
H,+ 1, 2HI.
-
ky

The reaction rate can be written as

kzP%n)

>
w=w| —wy = kipu,p1, — kop :w1(1—
: Hl ki pu,p1,

1 2
= (1 _ 7&) ,
K, pu,p1,

and the van’t Hoff isotherm takes the following form:

i 1 p?
AG = —RT InK, + RT n-2H_ _ R 1n(f¢>y
PH,P1, K, pu,p1,

where we have used the relationship between rates and rate constants from
Section 8.1.3. Combining these two equations, we find

w = wj (1 — eAG/RT>.

Near equilibrium, AG/RT is small and we can expand this expression and
retain only the leading order term

Ww=—w]—. 9.16
- ©9.16)

The reaction rate can also be expressed through the time derivatives of
the concentrations of each species

_ dCHZ _ dCI2 lchI
de — dr 2 dr’
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Since
AG = AG = AG = 2(ur — i) — (e — piy,) = (1, = 1, ), 9:16)

we can write the reaction rate in terms of the individual concentrations as
(using Eq. (9.16))

ch2 wl zwl
dr ~ RT (““2 “i*z) RT (“Iv Ni) + o (= i)
der, w1 . . 2w .
= N — 9.17
de RT(“H2 “HZ) RT(“I’ “Iz) + o — i) O17)
dCH] 20.)1

(.UH /f)+2 (m ue) o L (o — )
dr  RT\M P TRy \PL L) R HL/-

Using the definitions of chemical reaction flux, Eqs (9.1), (9.15), and (9.17),
we can write the Onsager coefficients, Ly, as

w1 w1 2(4)1
RT RT RT
Li—| & @ 2w (9.18)

RT RT RT
2wy 2w; 4wy
RT RT RT

Review question

1. When a chemical reaction flux is non-zero, must something be
transported?

9.5 Onsager’s third postulate—the principle
of detailed balance

The thermodynamics of irreversible processes relates fluxes and thermo-
dynamic forces through Onsager coefficients, L;., but does not provide a
method to calculate these coefficients. Rather, the Onsager coefficients are
simply parameters that must be determined from experiment or micro-
scopic model. Of course, the problem of the determination of the Onsager
coefficients would be simplified if we know a priori some constraints.
Two such general constraints are described below.

The first such constraint can be obtained by combining Onsager’s first
and second postulates

a‘v

T(—S> =" LiXiXy, (9.19)
ot irreversible ik

and recognizing that entropy increases for irreversible processes. This

implies that

> LyXiX; > 0. (9.20)
ik
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A mathematical analysis of this general type of inequality shows that
Eq. (9.20) can only be satisfied provided that

Li; > 0. (9.21)

The second constraint can be obtained from the results of the previous
section, where we found explicit expressions for the Onsager coefficients
for the case of isothermal chemical reactions (Eq. (9.18)). Analyzing these
expressions shows that

L = Ly, (9.22)

Although this relation was obtained on the basis of a single example
reaction, the statement that the matrix of Onsager coefficients is symmetric
is general and is known as Onsager’s reciprocity theorem. This theorem
cannot be derived, in general, within the thermodynamics of irreversible
processes framework, but was introduced by Onsager as a postulate
(Onsager’s third postulate). The physical origin of this postulate can be
understood within the framework of statistical thermodynamics and is
outside of the scope of this text. However, it is useful to note that the third
postulate is a consequence of microscopic reversibility, that is, the fact that
the equations of classical and quantum mechanics do not change if time
is run forward or backward (for example, a particle will move along
the same trajectory if time is run forward or backward, albeit in the
opposite direction).

We previously referred to the principle of detailed balance in
Section 6.1.2. We now demonstrate how this principle works using an
example of the reaction of three isomers and show how this principle is
related to Onsager’s third postulate. Consider a circuit process consisting
of six elementary reactions involving the isomers A, B, and D:

The kinetic equations for this process take the following forms:

d

% = —(ky + k_3)ca +k_1cp + kscp

dCB

O kiea — (k-1 + ka)ep + k_acp 9.23)
de

TID = k-3CA + kch — (k—2 + k3)CD~
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When the system reaches equilibrium, the concentrations no longer change
(i.e. d¢;/dt =0) and the kinetic equations reduce to

0=—(k + k,3)CZ + k,IC% + k3c%
0= klceA — (k1 + kz)c% + k_QCE (9.24)
0= k7362 + kzc% — (ko + k3)c‘f).

Solving for cf, in the first equation and inserting it into the second equation
yields

koks o koke oo

k]CA — (k,l + kz)CB —+ k_2 n k3LA k_g i k3LB =

or

k0 _ B _kilka+k) +koks
© 6 katkatk) thks

(9.25)

where KV is the equilibrium constant for the reaction A~ B.

We now consider the same set of reactions from the point of view of the
thermodynamics of irreversible processes. First, we express the con-
centrations in Eq. (9.23) through the chemical thermodynamic forces.
Equation (9.15) implies that

Xl_chem _ —(Mi _ #?) = —RTII]% = —RT ln%'

1 1

Near equilibrium, the ratio ¢;/¢§ is close to unity and hence we may expand

the logarithm to obtain
hem ¢ _ ¢ —c
xoem = —RT(—E— 1) = RT—+——

i CGi

such that

c*
= e _ _"i Xg:hem. 926
€= ¢ — prdi (9.26)

Inserting Eq. (9.26) into Eq. (9.23) and using Eq. (9.24), we find

A (kg 4 kg A yspom g B yshem D e

dr PR RT A “'RTB *RTP

ch C?& chem C% chem C% chem

F == —k] ﬁXA + (k,] + kz)ﬁ"XB - k72 ﬁXD (927)
dep i I s
=0 k. 7Xchem —k 7BXchem k. k 7DXchem.

dr PRTA 2gpe T ) 2D
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This set of equations implies that the matrix of Onsager coefficients takes
the following form:

s\ B h
ki +k_3)—2 —k_1— —ky —
(k1 + B)RT 1 RT 3RT
L €A ki +ky) B ke, <D (9.28)
= ey —A N B kD . .
* gy kit R)Rr 2RT
CC CC CC
koA —k,—B | Jea) =2
3RT 2RT (k_ + S)RT
Onsager’s third postulate implies L, = L,;, such that
CC ce
ko B — A
'RT 'RT
or
e k
KO =8_"1 9.29
= 9.29)

This result is very different from that in Eq. (9.25)! Equation (9.29) is what
we would expect to find if we simply considered the reaction

ki

rather than the entire six-reaction circuit. Indeed, the kinetic equation for
the A < B reaction takes the following form:
dd% = —kjca +k_icp,

and since at equilibrium dca/dz=0, we again obtain Eq. (9.29).
Obviously, the same discussion can be performed for the other two pairs
of reactions in the six-reaction circuit. This suggests that in the case of a
complex process, equilibrium must be achieved for each of the component
reactions. As a consequence, we see that equilibrium of the reaction A —, B
is exactly equivalent to equilibrium in the reaction sequence A~ D < B.
Therefore, no matter which path in a complex reaction leads to A —, B, the
same A—B equilibrium is achieved. It follows from this conclusion that if
we want to describe equilibrium between two states, we only need to
consider one transition path rather than all possible transition paths (we
used this result in the derivation of the BET isotherm). This conclusion is a
statement of the principle of detailed balance. The process that we fol-
lowed to find this result shows how it is related to Onsager’s third pos-
tulate.

9.6 Redefinition of the thermodynamic force

Consider a system in which there are two distinct classes of fluxes: the flux
of atoms of type i and the flux of energy. According to Onsager’s first
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postulate and expressions for the thermodynamic forces (Eqgs (9.11) and
(9.12)), we can write

], — J— . & J— e —
Ji = 11”1 V ( > Isz (9303.)

and LiE = LE,'.

These equations are not convenient for application to experiment, since
the flux of heat can be directly measured while the flux of energy cannot.
This simply follows from the fact that the thermodynamic definition of
energy can only be specified to within some arbitrary additive constant.
Consider a flux of particles that is not accompanied by a heat flux. Since the
moving particles “carry” their own enthalpy, their motion produces an
energy flux even though there is no heat flux. Clearly, such an energy flux
cannot be measured in experiment. In general case, the energy flux consists
of the heat flux and the enthalpy flux

Je=Jo +JjiHi
or

jQ =Jg _jiHi- (9.31)
Inserting the expressions for jg and j; from Eq. (9.30) into Eq. (9.31)
yields

. ) ,. VT
jo=—(Lg— LiiHi)Tv(%) — (Lee — LiEHf)T' ©-32)

We have replaced the experimentally impractical flux of energy from
Eq. (9.30b) with the flux of heat (Eq. (9.32)). However, comparison of
Eqgs (9.30a) and (9.32) shows that the resultant matrix of Onsager coeffi-
cients do not satisfy Onsager’s third postulate (the symmetry of the matrix
of Onsager coefficients). This is not surprising, since we changed which
fluxes we use but did not modify the corresponding thermodynamic forces.
In order to satisfy Onsager’s third postulate, the thermodynamic forces
X should be defined as

X; = —(Vpu)y (9.33a)
Xp =X = ,ZTT7 (9.33b)

where the operator (V)7 is the gradient of a function at constant tem-
perature. We now show that Onsager’s third postulate is satisfied using
these definitions of the forces. Inserting the Gibbs—Helmholtz equation
(Eq. (3.13)) into the mathematical statement

V() =vi(§) 5 (VT
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we find
mY (v (MY _rHivr— (v Hi
TV(T) - T(V(T>)T TVl = (V)= VT.

Combining this result with Eqs (9.30a) and (9.32), we obtain

. - VT vT

Ji = ~Li(Vpi)p —(Lig = Liti) = = —La(Vhi)r —Lig —

, ] ] VT
Jo=—(Lei— LiH) (V) —(Lgg — LigH; — LgiH; + LiiH,?) -

vT
= —LQ,-(W,-)T—LQQ7. (9.34)

Since L;z= Lg; (see Eq. (9.30)), we see that Eq. (9.34) satisfies the rule of
symmetry of the Onsager coefficients (Onsager’s third postulate).

Unlike Eq. (9.30), Eq. (9.34) contains only fluxes which can be measured
in experiment. In addition, the new definition of X;is more convenient than
the old definition, since the latter includes both forces associated with the
inhomogeneous distribution of matter and with a temperature gradient.
However, the thermodynamic force associated with the energy flux also
depends on the temperature gradient. Examination of the thermodynamic
forces associated with matter and heat fluxes (Eq. (9.33)) shows that
the first only depends upon the chemical potential gradient at constant
temperature (i.e. the concentration gradient) and the latter only depends
upon the temperature gradient. This is clearly much more useful than
the forces associated with energy and matter fluxes (Eqgs (9.11) and (9.12))
where the former depends on both temperature and chemical potential.

Review question

1. Why is it so difficult (impossible) to experimentally measure the energy
flux jg?

9.7 Procedure for the solution of irreversible
thermodynamics problems

The procedure for the solution of transport problems in irreversible
thermodynamics can be outlined as follows (we will demonstrate this
procedure in Section 10.7):

1. Determine which fluxes are present. If there are some fluxes that can be
neglected—do so, in order to reduce the number of Onsager coefficients
to be included. Determining what to include and what to ignore is
the most difficult and important step (you will get better at this with
practice).

2. Determine the thermodynamic forces that are associated with these
fluxes.

3. Write the thermodynamic equations of motion (Eq. 9.1) and symmetry
relations between Onsager coefficients.
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4. Determine the conditions under which steady-state can be achieved
(we will do this in the problem in Section 10.7). This will give you some
important physical relations.

5. Choose a method to determine the Onsager coefficients from experi-
ment or a microscopic model.



Diffusion

Diffusion is associated with the random, thermal motion of atoms that
produces a change in the macroscopic concentration profile.! This process
occurs in gases, liquids, amorphous and crystalline solids of metals,
ceramics, polymers, semiconductors, etc. The investigation of diffusion
provides valuable information about the atomic structure of materials
and the defects within them. Perhaps, most importantly, diffusion controls
the rates of a wide range of kinetic processes associated with the synthesis
of materials, processes by which we modify materials, and processes by
which materials fail.

The most common driving force for diffusion in a single-phase systems
is associated with the entropy of mixing of its constituents (recall that
we showed that the entropy of mixing of gases and the components of
an ideal solution are always positive—see Sections 1.2.6 and 3.3). Since
diffusional processes occur through the thermal motion of atoms (see
below), it will not be surprising to learn that the rate of diffusion increases
with increasing temperature. However, note that while the mechanisms
of thermal motion in gases (random collision of atoms with each other)
and liquids (e.g. Brownian motion) necessarily lead to mixing, the
mechanisms of mixing within a solid are not as obvious. In solids, thermal
motion corresponds to the vibrations of atoms near their equilibrium
positions. Since the amplitude of such vibrations is much smaller than the
nearest-neighbor separation, it would seem that such thermal motions
cannot lead to mixing. Thus, the question “how do atoms migrate in
solids” is not so simple.

10.1 Mathematical description of diffusion

The equations describing diffusion were suggested by the physiologist
Fick in 1855 as a generalization of the equations for heat transfer suggested
by Fourier in 1824. Fick’s equations for diffusion can be obtained by
analogy with Fourier’s equations for heat transfer by replacing heat
with the number of atoms, temperature with concentration, and thermal
conductivity with diffusivity.

! Recall that the thermodynamics of irreversible processes shows that atom fluxes can also
arise because of other thermodynamic forces. We consider such a problem in Section 10.7.
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10.1.1  Fick’s first law

Fick’s first law provides a relationship between atomic currents and con-
centration gradients. As discussed above, this relationship can be under-
stood by analogy with thermal conductivity or electrical conductivity.
Indeed, it is well known that in the simplest cases, the heat current between
two points is proportional to the temperature difference between these
points and the electric current is proportional to the difference of electric
potentials between these points. Since current is a vector, a more general
statement is that these currents are proportional to the gradients of
temperature and electric potentials, respectively. Note that these currents
lead to the equilibration of temperature or electric potential (i.e. heat or
charge flow in the direction to make the system more homogeneous).
Similarly, diffusion leads to the homogenization of the concentration
within the system.? Therefore, by analogy, with heat and electrical cur-
rents, we can write the current of species i:

I =-D;SV¢, (10.1)
where S'is the area of the surface through which the current passes and D; is

the diffusivity of component i. Equation (10.1) is known as Fick’s first law.
Fick’s first law is often written in terms of a flux rather than a current

Ji = %‘ =—-D;Ve,.

In one-dimensional, this equation reduces to
. Je;
Ji=— za

Note that both I; and j; are the vectors. Concentration in Eq. (10.1) has
dimension of either kg/m> or mole/m? corresponding to currents measured
in kg/s and mole/s, respectively. Therefore, the dimensionality of the dif-
fusivity is m?/s.

Equation (10.1) can be derived from the thermodynamics of irreversible
processes. Consider the case in which the only flux in the system is that of
component i, j;. The corresponding thermodynamic force is X;= — (V) r
and Onsager’s first postulate implies that j;= — L; (V ;) 7. If the solution is
ideal dilute, Eq. (3.19) implies

Vu; = RTV In¢;
or
ji = —L,-iRTV In Ci.

The quantity M;= L;RT is the mobility of the particle (the velocity of the
particle under the action of a unit force). The flux can then be written as

M;
ji = —M,‘V IHC,' = —*}VC,‘ = D,«Vc,-

Ci

2 This is valid only in the simplest cases where the entropy of mixing is the only
contribution to the driving force. Note, however, that cases do exist where diffusion can lead
to increasing heterogeneity (see Section 10.7).
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and the diffusivity is
D; _M; _ LiRT (10.2)
Ci Ci
This brings us back to Eq. (10.1).

Three types of diffusivities can be distinguished, corresponding to three
physically different types of diffusion processes. The first is associated
with the diffusion of atoms that are labeled. Since atoms are typically
indistinguishable, the closest we can come is to monitor the diffusion of a
diffusant which is a radioactive isotope (e.g. “*Ni) within a material com-
posed of the natural occurring material (e.g. nickel, "'Ni). A typical
experiment of this type involves coating the surface of a sample composed
of a stable isotope with a film of radioactive isotope, and then monitoring
the concentration of the radioactive isotope as it diffuses into the sample.
Since the stable and radioactive isotopes have nearly the same physical and
chemical properties, we refer to this case as self-diffusion and parameterize
this type of diffusion using the self-diffusion coefficient. The second type of
diffusion refers to the diffusion of one molecular species in another, for
example Niin Cu. This type of diffusion can be observed by coating a large
Cu sample with a Ni diffusant film and monitoring the Ni concentration
profile in the Cu. This process is called hetero-diffusion and the hetero-
diffusion coefficient should be used in Fick’s first law. Finally, the third
type of diffusion describes the diffusion of two species into each other. For
example, this type of diffusion can be studied by joining two large Ni and
Cu samples together and monitoring the Ni and Cu composition profiles
on both sides of the interface. This process is called mutual diffusion and it
is described by the mutual diffusion coefficient.

Example problems

1. A monoatomic gas (diffusant) is enclosed within a thin metallic
spherical shell at constant temperature. During a ¢;=100h period,
some of the gas diffuses through the shell such that the pressure inside
drops from pg=10atm to p;=9.5atm. The partial pressure of the
diffusant outside the shell is p,, = 1 atm. Find the time ¢, necessary for
the pressure to drop to p, =8 atm.

2. A diatomic gas (diffusant) is enclosed within a thin metallic spherical
shell at constant temperature. During a ¢; = 100 h period, some of the
gas diffuses through the shell such that the pressure inside drops from
po=10atm to p; =9.5atm. The partial pressure of the diffusant outside
the shell is p,, = 1 atm. Find the time 7, necessary for the pressure to
drop to p, =8 atm.

10.1.2 Fick’s second law

Fick’s second law is the continuity equation (see Appendix III) for the
conservation of the quantity of component i during diffusion

%L g —o. (10.3)

ot
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Inserting Fick’s first law into this equation, we obtain

e
%V (DiVe) = 0. (10.4)
ot

If the diffusivity does not depend on position within the material, it can be

taken outside the differential operator. Using the identity (see Eq. (AIL.11))
V(Va) = V’a = Aa
we obtain

oc
5, = DA, (10.5)

where we omitted the subscript i. In most applications, we assume D is a
constant and hence Eq. (10.5) is the most common form of Fick’s second
law. In Cartesian coordinates, this equation takes the following form

oc ¢ dc D%
57D<ﬁ+87yz+@> (10.6)
and in the case of a one-dimensional problem it reduces to
dc &c
—=D_—. 10.7
ot Ox? (10.7

Equations (10.5)—(10.7) are partial differential equations. Their solu-
tions c(r, t) (or (c(x, ) in the case of one-dimensional problems) depend on
the initial condition and two boundary conditions. Some of the most useful
solutions of Eq. (10.7) will be given in the next section.

10.1.3  Several useful solutions of the one-dimensional
diffusion equation

In this section we consider several solutions to the diffusion equation that
are useful in the experimental determination of the diffusivity. Of course,
these solutions are useful for a wide range of other applications as well. The
forms of the solutions depend on the two boundary conditions and one
initial condition, as discussed in Section 10.1.2. For the case of one-
dimensional diffusion considered in this section, it is useful to distinguish
between the cases of an infinite (or semi-infinite) sample and one that is of
finite thickness. In the first case, the diffusion length xgir (the average
distance over which the solute diffuses during the course of an experiment)
is much smaller the sample length, L. In such a case, the diffusant “does not
know that the sample has an end,” since the diffusant never gets close to the
surfaces. However, when the length of the sample is sufficiently small, some
of the diffusant will reach the far end of the sample during the course of the
experiment and, hence, the diffusion will be influenced by the presence of
the surface.

In order to perform a diffusion experiment, a source of diffusant must be
provided. If the quantity of diffusant is large, the concentration of dif-
fusant at the location where it was originally added to the sample will not
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vary significantly during an experiment—this is an essentially inexhaustible
(constant concentration) source. On the other hand, if the amount of
diffusant provided is small, the concentration of diffusant will change
appreciably during the experiment—this is an exhaustible source.
A common example of an exhaustible source experiment is one in which a
very thin coating of a diffusant is initially deposited on the surface of the
sample, such that the coating thickness ¢ is much smaller than the diffusion
length (6 < xg4ir). A common example of an inexhaustible source experi-
ment is one in which the sample is placed within a chamber through which
a gas passes such that a chemical reaction of gas phase species with the
sample maintains a constant concentration of the reaction product on the
surface at all times (see Computer Laboratory #2).

We now discuss the solutions of the diffusion equation for these exam-
ples. First, we consider the case where the supply of diffusant is exhaustible
and the sample is of infinite extent in both directions. For example, con-
sider the case in which a thin coating of ¢ moles of diffusant is deposited on
the end of a bar of pure material and an identical bar is bonded to the outer
surface of the coating. The initial condition is

c(x,0) = ¢gb(x)

where 6(x) is the Dirac function which is equal to zero for x#0 and is

infinite at x =0, such that
+00
/ 6(x)dx = 1.

o0

The appropriate boundary conditions (valid at all times) are
de ~ Oc

Ox T Ox

=0.

X=00,!

X=—00,1

The diffusion equation with these initial and boundary conditions has the
following solution®

_ 4 —xani
2V 7Dt ’

which is valid for all space and all times (¢ > 0). This solution is called a
Gaussian and it has a bell shape with two inflection points (af & v/2D1), as
shown in Fig. 10.1.1. The area under the curve is equal to the amount of
diffusant, ¢, at all times. This is not surprising since diffusant atoms are
neither created nor destroyed during the experiment (mass conservation).
During the experiment, the maximum of the concentration profile ¢(x,?)
does not move but decreases in amplitude as 1/\/f 1cp=¢(0,0) =
q/(2v/wDt), and the width of the concentration profile (bell) increases. The
concentration profile represented by Eq. (10.8) at any fixed time is a
straight line in a plot of In ¢ versus x?, the slope of which is —1/(4D¢). If the

c(x, 1) = (10.8)

* You should confirm for yourself that this concentration satisfies the diffusion equation,
the boundary conditions and the initial condition (it is always a good idea to confirm the
validity of anything you read in a book yourself!).
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Table 10.1 Several common solutions of the diffusion equation

Case Sample Boundary conditions Initial condition Solution
. de oc A q 2
1 Infinite — =0; — =0 c(x,0)=qd(x o(x, 1) = — e~ /4P
o R~ ML U R (5.1) = 5
2 Semidnfinite ¢(0,0) = 2| —0  er.0)=0 ) =c erfc(i)
BESRY N U e 2v/Dt
3 Semi-infinite ¢(0, 7) = 0; % =0 c(x,0)=c c(x,t)=c erf( )
) =Y, Ix R OC’[* A, V)= Cs =G 2\/—-
. e Jc ¢ atx<0 X
4 Inf ad —o0 % o oy {e atx< (x o X
nfinite = 0; x|y, 0 ¢(x,0) {O at x>0 e(x, 1) = 2 Zerfe 2D
. Jc e _ ) _JO atx<O s
5 Infinite e \}xal— 0; B Y:%[— 0 ¢(x,0)= {L‘s atx>0 c(x, 1) = > {1 + erf<2r>]
0 atx<—a
6 Infinite % =0; % =0 ¢(x,0)= { ¢ at—a<x<a c(x1) *% {erf( x) + erf<a * v)}
X X=—00,1 x X=00,1 0 atx > a Dt 2V Dt
c(0,1) = ¢ 4 & e~ PO 0y 4 {)mx
7 Plate (L) =c (x,0)=0 e, _cg{ ;”ZO: T

source does not sit at x=0 in the infinite sample but rather at x = x,
the solution in Eq. (10.8) is modified as

) _ q —(x—x0)%/4D1
) =———=¢ . 10.9
D=0 (105

The solution of the diffusion equation for the case of a semi-infinite
sample (e.g. a sample that extends from x =0 to x = oo with the diffusant
coating at x=0) is ¢(x, 1) = (q/\/th)e‘x2/4D’. Inserting this solution into
the expression for the flux, Eq. (10.1) shows that the flux out of the free
surface at x = 0 is exactly zero. This is, in fact, a boundary condition for the
semi-infinite sample (zero flux at the surface). Note that this solution is
exactly twice that for the infinite sample (Eq. (10.8)). The factor of two
arises simply because in the present case the diffusant can only diffuse in
one direction rather than in two.

We now consider the case of an inexhaustible source. The general
solution of the diffusion equation in this case is of the form

c(x, z):A+B~erf( (10.10)

X
2v/ Dz)’
where 4 and B are constants which can be determined from the boundary
conditions. The function, erf(z), is known as the error function* and is
described in detail in Appendix I'V. Table 10.1 and Fig. 10.1(2)—(5) show

4 Anerror function is an integral of a Gaussian function, such as the solution in Eq. (10.8).
Since the error function is a superposition of Gaussian solutions to the diffusion equation and
because the diffusion equation is linear, the error function must also satisfy the diffusion
equation.
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Concentration profiles corresponding to the solutions of the diffusion equation presented in Table 10.1. The shaded area is equal to the

amount of diffusant that will enter or leave the sample during time 7,.

several solutions of the form given in Eq. (10.10). You should verify that
each satisfies the diffusion equation and the boundary and initial condi-
tions specified in Table 10.1. Note that in cases 2 and 3 in Table 10.1, the
amount of diffusant which enters or leaves the sample through a unit area
of the surface is ¢ = 2¢¢+/Dt/7 (this value is equal to the area shaded in
Fig. 10.1, cases 2 and 3), where ¢, is the concentration of the diffusant
on the end of the bar. Now, consider the case in which a finite source exists
in the middle of the bar (case 6). At very short time, the source has not been
exhausted and hence the solution should look inexhaustible. However, at
very long times, the source becomes depleted and hence the source appears
exhaustible. Therefore, the general solution for case 6 should look like a
combination of that for an inexhaustible source (for small 7) and an
exhaustible source (for large ¢). In examining this solution, it is useful to
recall that erf(z) ~ (2//7)z for z < 1 and erf(z) ~ (2//7z)e = for z > 1
(this is a practical assumption in most cases for z > 4).
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Finally, we consider the case of an inexhaustible source and a sample of
finite thickness (i.e. a plate). The initial and boundary conditions are

¢(x,0)=0; c(0,0) = c(L,t) = cs.

The solution of the diffusion equation for this case (7) takes the following
form:

4 1 2ap2 . (2n4 Dax
e — 1IN~ —eu)epyrr e DTy
c(x,t)/cs =1 - ;:0 1 e sin i3 (10.11)

and is shown in Fig. 10.1(7). The amount of diffusant which will penetrate
into the sample during time ¢ is

@: _E N 1 o~ (nt1)’ 7 Di/L?

gs ™= (2n 4 1)?
where ¢s=¢,LS is the maximum amount of diffusant which can be dis-
solved in the sample and S is the surface area of the plate. The series in
Eq. (10.11) converges rapidly to

4 . t 8
c(x,0)/cs ~ 1 — 2Dy Gy T 4() =1— fzefﬂsz/Lz.
s L qs Fis

For example, if 7 > 0.05L%/D, the error made in these expressions is smaller
than 1%. Note that the last equation implies that the time dependence of
the amount of diffusant which entered the sample will lie on a straight line
in a plot of In[1 — (¢/gs)] versus .

Example problems

1. A thin layer of a diffusant is deposited onto the end of a semi-infinite
sample and allowed to diffuse into the sample (one-dimensional
problem). At what position in the sample is d*c/dx* =0 (i.e. the inflec-
tion point)?

2. A thin layer of radioactive copper is deposited onto the end of a long
copper bar and the sample is annealed at fixed temperature for 7.2 h.
The bar is then cut into 1 um thick disks perpendicular to the diffusion
direction and the quantity of radioactive copper in each is measured
using a device similar to a Geiger counter. The detector measured
I, = 5000 counts/(min m?) and I, = 500 counts/(min m?) for disks taken
from x; =100 um and x, =500 um from the end of the bar. Calculate
the self-diffusivity of copper assuming that the count rate is propor-
tional to the concentration of the radioactive isotope.

3. A steel sample with an initial carbon concentration of 0.1 wt% is
carburized at 7= 927°C such that the carbon concentration is 0.45 wt%
at a depth of 0.05 cm. The concentration of carbon on the surface of the
steel is constant (fixed by a chemical reaction) and equal to 1 wt%.
Calculate the carborization time, assuming that the steel sample is
infinitely large. Use the following handbook data: the carbon diffusivity
in steel is D =0.15¢ ~'332RT ;%5 where R = 8.314 J/(mole K).
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4. Consider the following one-dimensional diffusion problem: two semi-
infinite bars are placed into contact with each other at x =0. The sample
at x <0 is a solution of B in A with a concentration ¢cg=cy and the
sample at x >0 is prepared from pure A (cg =0). After annealing for
16 h at T=800°C the B concentration at x; =0.125mm is cg =0.3¢,.
Calculate the diffusivity of B.

5. Find the annealing time necessary to remove 90% of the hydrogen from
a plate with a thickness of 0.5 cm which was placed into a chamber that
maintains a hydrogen pressure of exactly zero (i.e. a really good
vacuum). The hydrogen diffusivity in the plate at the experimental
temperature is D =10~ *cm?/s.

6. A semi-infinite austenitic steel sample with a carbon concentration
co=0.6wt% 1is annealed for 4h at T=1173K in a gas containing
hydrogen and methane with xcy, = 0.0025 at a total pressure p = 1 atm.
Determine the carbon concentration at a depth of 600um after
annealing. Use the following handbook data: AGY,,; = 37.2kJ/mole
for the reaction,

Ceraphite) + 2H, = CHay.

The variation of the carbon activity with carbon concentration is as
shown in Fig. 10.2. The carbon diffusivity in austenite at 1173 K
is D = 0.15¢~'33990/RT c;y? /s where R = 8.314 J/(mole K).

10.2 Diffusion as a random walk process

An atomic model of diffusion was developed by Einstein in 1905 (a random
walk model for the Brownian motion of a particle in a liquid). In 1906,
Smoluchowski extended this model to describe the migration of atoms in
crystalline metals. According to this model, diffusion is the result of
random hops (a sequence of random hops is called a random walk) of
atoms. Note that such hops occur even in the absence of a concentration
gradient, however, in this case, the net flux is zero. Randomness means
that there is no correlation between subsequent hops of the same atom and
there is no correlation between hops made by different atoms.

We first consider a simplified version of the Smoluchowski model. In this
version, we restrict each atom to move only to the left or right in one-
dimension and the motion of each atom is independent of the others, as
shown in Fig. 10.3. In this sense, the model is quasi-one-dimensional. Next,
we assume that the length of each individual hop, A, is always the same.
This assumption is natural for atoms moving in a crystal, where A is the
nearest neighbor separation.

Let all atoms start migration at the same moment from the same position
(x=0), as shown in Fig. 10.3. Consider the migration of one atom, which
makes 7 hops during time = tn and ends up at position x,,, where 7 is the
average time between subsequent atom hops. Hop  + 1 can be either to the
left or right, such that

Xnyl = Xy +A.
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The dependence of the carbon activity
on its molar fraction in austenite steel
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Squaring both sides of this equation and averaging over all atoms, we
obtain

X2 =X E2Ax, + A% X2 =x2E2A%, + AL X2, =x2+ AL
In obtaining the final expression, we used the fact that if atoms jump to the
left or right at random, the average position after any number of hops is

exactly zero (X, = 0). Since this expression is valid for every n, we find

¥ =A% 2 =2A% X2 =3A% ...
or
X2 =nA? (10.12)
Since = tn, we can rewrite Eq. (10.12) as
g:AZ%:Azrz, (10.13)

where I'=n/t=1/7 is the hopping frequency. On average, the distance
between where an atom starts and where it ends up after n hops (or in time ¢)

is the diffusion length xgir = /x2:

xdif:A\/ﬁ:A\/ﬁ:A\/% (10.14)
The main conclusion of the random walk model is that the diffusion length
is proportional to the square root of time. This is consistent with the
solutions to Fick’s second law, we found in Section 10.1.3 for infinite or
semi-infinite samples—that is, that the position where the concentration
has a particular value moves in time in proportion to the square root of
time. This time dependence is characteristic of the diffusion process. Note
that the rate of diffusion decreases with time as
dxdif 1
Vit = =g, N\/f' (10.15)
We now find the relation between the diffusivity and random walk
process. Consider the flux of atoms across the plane x = x, that lies between
two neighboring atomic planes (separated by A). The flux of atoms across
the plane x = xo from x = xy — A/2 is simply the product of the number of
atoms per unit are on this plane N(xo— A/2 )/a, the rate at which those
atoms jump and a factor of % to account for the fact that each atom jumps
to the left or right with equal probability

1 N(xog — A/2)
2 4

Similarly, the flux of atoms across the plane x = x, from x=x,+ A/2 in
the opposite direction is

.

CINx+A/2)
2 a ’
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These two expressions can be rewritten in terms of concentrations by
noting that ¢ = N/(aA). The total flux across the plane x = x( is now

1 A 1 A ac
i =—c(xo— = AT — = ¢( x AT~ — a0 10.1
i=5e(x0-3)ar-ge(x+3) AT 06
Comparing this equation with Fick’s first law demonstrates that
1 A2
— A
D= A = 7S (10.17)
Combining this result with Eq. (10.14), we obtain
Xgif = V2Dt. (10.18)

Equation (10.17) can be written more generally as

2
D:yAzr:yﬁ, (10.19)
T

In the case of three dimensions, yv=1/6. It can be easily shown that for
cubic lattice D = (1/2)a’T, where a is the traditional cubic lattice para-
meter and z is the number of nearest neighbors.

In many cases in real crystals, the assumption that the atomic hops are
random is not valid. In order to account for the correlations between hops,
a correlation factor fis introduced and Eq. (10.17) is rewritten as

D = fyA™T. (10.20)

Usually, the correlation slows down diffusion such that f<1. It can be
shown that in the case of self-diffusion f~ 1 — 2/z. For face-centered cubic
(fcc) metals z= 12 and f~ 0.83 (a more careful analysis shows f'=0.78) and
for body-centered cubic metals z=8 and f~0.75 (a more careful analysis
shows f'=0.73).

Example problems

1. Estimate the temperature at which copper atoms hop, on average, once
per second. The following handbook data are available: copper has a fcc
lattice with a cubic lattice parameter of 0.36 nm and a self-diffusion
coefficient D = 0.2e19%:190/RT ¢;y2/s where R = 8.314 J/(mole K).

2. Estimate the diffusion length for copper self-diffusion in 1h at (1)
T=300K, (2) T=1200K, and (3) Tye= 1355K. Use the handbook
data from the previous problem.

10.3 Diffusion in metals
10.3.1 Main experimental results

Most experimental methods for the determination of the diffusivity are
based upon either a measurement of the concentration profile, c(x, ?),
or a measurement of the quantity of diffusant that has penetrated into
a sample, ¢(z). While we will not describe these methods in detail
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(see Computer Laboratory #6 for a more complete discussion), we
discuss some of the key features of these methods here. All methods can be
divided into two categories: (1) methods which destroy the sample and
(2) methods which are non-destructive. In the first category, the sample
is sliced into thin layers oriented perpendicular to the diffusion flux
following annealing. Then, the diffusant concentration in each layer is
measured. The diffusivity is obtained by comparison of the measured
concentration profile with that found from solving the diffusion equation
(see Section 10.1.3). In the second category, the concentration profile
is measured using non-destructive methods (e.g. X-ray microanalysis, see
Computer Laboratory #6) or the quantity of diffusant that has penetrated
into the sample is measured non-destructively (see the radioactive
absorption method in Computer Laboratory #6).

We now discuss several important experimental observations regarding
diffusion in solid metals. In most cases, the temperature dependence of
the diffusivity can be described by the Arrhenius law

dInD K
dT  RT?
or
D = Doe F/RT, (10.21)

where F is the activation energy and Dy is the pre-exponential factor. Both
values are nearly temperature independent. Since the diffusivity increases
with increasing temperature, we conclude that £> 0.

The self-diffusion coefficient near the melting temperature is approxi-
mately D~ 10 ~'2m?/s for most solid metals. For the sake of comparison,
we note that the coefficient of self-diffusion in liquid metals is
Dy ~ 10~ m?/s and for gases it is approximately Dy~ 10" Sm?/s. Both of
these values depend only weakly on temperature.

The activation energy for self-diffusion in solid metals can be estimated,
to within £20%, as

E ~ 18R et ~ 15.2A Hyney,. (10.22)

Applying Eq. (10.22) to estimate the activation energies of Al
(Tmet=933K, AH=10.8kJ/mole), Cu (Trme=1356K, AHpe =
13.0kJ/mole) and Ni (T = 1728 K, AH 1 = 17.5kJ /mole), we find 140,
203, and 259 kJ/mole, respectively. The corresponding experimental values
are 142, 197, and 275 kJ/mole, respectively.

In order to estimate D, we can use Do~z 10 3 mz/s for most solid metals.
Together with Eqs (10.21) and (10.22), this implies that at 0.47
and 0.7Tme, the coefficient of self-diffusion is D= 10~*m?/s and
D~ 10~ ' m?/s, respectively.

In the previous section, we found that xgir = V2Dt Using the estimates
of the diffusivity at 0.4Te1t> 0.7 Tinerr» and Ty from above, we estimate
that the diffusion length in a 100-h experiment is 10 nm (just about 30
interatomic separations!), 10 um, and 1 mm, respectively. The main con-
clusion is that diffusion is very slow in solids even at high temperatures.
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The coefficient of hetero-diffusion of the solvent in substitutional
solutions (i.e. a solution where the solvent and solute atoms occupy
equivalent sites in the crystalline lattice) is only slightly different from the
coefficient of self-diffusion. If the melting temperature of a pure solute
is higher than the melting temperature of the solvent, then the solvent
diffusivity decreases with increasing solute concentration (1-2 orders of
magnitude at 0.77},.,) and the activation energy increases. The solute
diffusivity in substitutional solutions is usually close to that of the solvent.
If the melting temperature of a pure solute is higher than that of the
solvent, then the solute diffusivity is smaller than the solvent diffusivity
and vise versa.

If the atomic radius of the solute atoms is much smaller than that of the
solvent atoms, the solute atoms tend to go into interstitial sites (i.e. into
the holes between the solvent atoms). In this case, the coefficients of
diffusion for the solvent and solute are very different: D,> D; and
E, < E,. For example, the activation energy of self-diffusion in a-Fe
(body-centered cubic iron) is Ep.=250kJ/mole and that for carbon
diffusion in a-Fe is Ec=105kJ/mole. Assuming that Dy~ 107> m?/s
in both cases, we estimate that at 7=700°C, DFC:IO’”mz/S, and
Dc=10"""m?/s. Note that D¢ is larger than the self-diffusion coefficient in
most metals at their melting temperature (~10~'>m?/s).

10.3.2 Diffusion mechanisms in metals

The random walk model does not answer the question “What is the
mechanism by which atoms hop?” Recall that at finite temperature, atoms
vibrate around their equilibrium position with an amplitude that is much
smaller than the nearest neighbor separation. Several different elementary
diffusion mechanisms have been proposed. A few of these are shown in
Fig. 10.4: (1) a simple exchange, in which a pair of neighboring atoms
switch places, (2) a cyclic exchange, in which several atoms sequentially
switch places (e.g. in a four- or six-member ring), (3) by exchanging with a
vacancy (i.e. an empty lattice site), and (4) an interstitial jump in which an
atom sitting in an interstice between lattice atoms jumps to a neighboring,
empty interstitial site.

Experiments show that the most commonly operating self-diffusion and
hetero-diffusion in substitutial solutions is the vacancy mechanism, while
the main mechanism of hetero-diffusion in interstitial solutions is the
interstitial mechanism.

The vacancy mechanism was first proposed by Frenkel in the 1930s.
Frenkel was also the first to propose that vacancies exist in equilibrium
(the minimum in the free energy occurs at a finite vacancy concentration).
In the vacancy mechanism of diffusion, an atom can hop only if it has a
nearest neighbor vacancy into which it can jump. Therefore, the frequency
with which a particular atom can jump is

(10.23)

I = xyw,

177

0209090
0909
02 25

O0< 0
02020
09095
020

O
O30
59090000

@)
O

Qe
O
@)
QF

O
JOP©)

O

O
O
O
0
09090000

6006950
O
O
O
O
O
O
0530505050

0000000

Fig.10.4

Schematic illustration of the four
diffusion mechanisms described in the
text. The diffusing atom is shown in
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where w is the frequency with which the vacancy jumps and x, is the
vacancy concentration. Since x, < | (otherwise the crystal would simply
fall apart), we must conclude that I' < w. Inserting Eq. (10.23) into
Eq. (10.20), we find

D = fyA’xyw. (10.24)

The frequency with which the vacancy hops depends on the nature of the
atomic interactions in the metal; unfortunately, this interesting topic is
beyond the scope of this book. However, we can adopt a simplified model,
in which an atom adjacent to a vacancy vibrates around its equilibrium
position with a frequency v.° In order to exchange places with the vacancy,
a neighboring atom must pass over an energy barrier. This energy barrier is
associated with necessity to push other atoms out of the way as the atom
hops into the vacancy.® This process is similar to the activated complex
theory we discussed in Section 8.1.4. Therefore, by analogy with Eq. (8.30),
we write

w = et/ Rg=AMY/RT (10.25)

where ASY and AHY are the entropy and enthalpy of the vacancy
migration.

We now derive an expression for the equilibrium vacancy concentration.
Consider vacancies as the solute and the metal atoms as the solvent. Let the
enthalpy of formation of the solution containing n, moles of vacancies be

AH; = AHn,, (10.26)

where AH! is the enthalpy of formation of 1 mole of vacancies. Since the
vacancy concentration is small, a vacancy rarely has a vacancy as a
neighbor. Therefore, AHg does not depend on the vacancy concentration
(just as the partial enthalpy of a solute in an ideal dilute solution does not
depend on solute concentration—see Section 3.2.1). The entropy of
formation of the vacancy solution has two contributions: the first is
associated with the fact that the formation of a vacancy modifies the
vibrational frequencies of neighboring atoms, ASﬁ, and the second is
associated with the numbers of lattice sites where vacancies can be created.
The last term is simply the entropy of mixing. Since we assume that
the vacancy solution is an ideal dilute solution, this term should have the
form

np 12%
ASpnix = —R 1 vl R 10.27
m (n] nn1+nv+n nm—l—m) ( )

5 For simplicity we assume that all atoms vibrate with the same frequency. Of course, this is
not really true, but you will have to read a book on condensed matter physics to find out why.

¢ Consider a tightly packed array of billiard balls on a billiards table. Remove one atom
from the center and try to push one of the neighboring balls into this vacancy (you cannot lift
the ball off the table because that would be cheating). Y ou will see that this action pushes some
of the other billiard balls away from the migration path.
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where n; is the number of atoms. Combining these results, we obtain the
following expression for the change in the Gibbs free energy associated
with the formation of n, vacancies in a lattice of n; atoms.

AG; = AH'n, — TAS™n, + RT(m In—"— 4 5y In— ) (10.28)
ny + ny ny +ny
As can be seen in Fig. 10.5, this expression has a minimum at a finite

number of vacancies, n, which can be determined from the condition
(0AG/Ony), 7=0. Using Eq. (10.25), we find

ny AST/R .—AH!/RT
N ASU/R—AH,
ny + ng
or
x5 = A/ R AM/RT, (10.29)

Experiments show that at 7= Tiei, X3 ~ 10~* in most metals. The value
of AH! in face-centered cubic metals is roughly AH' ~ 10RTyey. For
example, for Al (T =933 K), this estimate gives AH! =~ 78 kJ/mole as
compared with experimental value of AHf ~ 73kJ/mole and for Cu
(Tmere= 1356 K) we find AH£ ~ 113 kJ/mole versus the experimental value
AH! ~ 113kJ/mole, respectively. Equation (10.29) implies that x¢ grows
rapidly with increasing temperature. For example, for Cu at T=300K,
x¢=10"" and at T=1350K it is ¢ = 1.3 - 107*.AS! is typically quite
small (usually, 0 < AS' < R)and does not greatly influence the value of x¢.
Note, that if we plot the temperature dependence of the vacancy concen-
tration as In x§ versus 1/7 the values fall on a straight line with slope
—AH!/R.

Inserting Eqgs (10.25) and (10.29) into Eq. (10.24) we find

D= ffyAQ Ve(ASf+AS§‘)/Re— (AH{+AH;,“)/RT' (10.30)

Comparison with the Arrhenius law (Eq. (10.21)) shows that the pre-
exponential factor is

Dy = fyA2ue(ASHAST)/R, (10.31)

The activation energy for diffusion in the case of the vacancy mechanism is
the sum of the vacancy formation and the vacancy migration enthalpies

E=AH!+ AH™, (10.32)

This result can be checked experimentally, since all three variables (£, AHVr ,
and AHY) can be independently determined. Table 10.2 presents the
results for three face-centered cubic metals. The good agreement between
the numbers in last two columns demonstrates that Eq. (10.32) and the
assumption that diffusion in these systems is controlled by the vacancy
mechanism is reasonable.

We now consider the mechanism of interstitial diffusion. For the case of
self-diffusion, the physical picture is fundamentally identical to that for the
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Table 10.2 The heat of vacancy formation AH!, the vacancy migration enthalpy AH™,
the proposed activation energy for diffusion AH{ 4+ AH™, and the experimentally
measured activation energy for diffusion E for several face-centered cubic metals

Metal Energy (kJ/mole)

AH' AH™ AH + AHD E
Ag 106 80 186 185
Al 73 60 133 143
Cu 113 77 190 199

vacancy mechanism: the diffusivity depends on both the equilibrium
interstitial concentration and the rate at which an interstitial migrates.
Therefore, by analogy with Eq. (10.30), we can write

D = fyA2e(ASIAST) [Re- (MM 1-AMT) (KT, (10.33)

where AH! and AS! are the changes in enthalpy and entropy associated
with the formation of 1 mole of self-interstitials, and AH " and AS " are the
energy and entropy of interstitial migration. Therefore the activation energy
for interstitial diffusion is £ = AH+ AH™. Experiments and computer
simulations commonly show that AH! + AH™ > AH! + AH™. This is
why self-diffusion is usually controlled by the vacancy mechanism.

For the case of substitutional solid solutions, the fundamental mech-
anism of hetero-diffusion is the same as for self-diffusion—that is it occurs
by the hopping of solute atoms into a vacancy. On the other hand, the
physical picture for solute diffusion in interstitial solid solutions is quite
different. Since the solutes are already in interstitial sites, interstitials need
not be created. Hence, interstitial solute diffusion only has a contribution
from interstitial migration

D :f’yAZVCAS:“/Re_AH‘m/RT. (1034)

In this case, the solute diffusivity can be much larger than the solvent
diffusivity.

Example problem

1. Estimate AH'! and T for nickel. You can use the following handbook

data:

(1) copper is a face-centered cubic with a cubic lattice constant of
a=0.355nm;

(2) the melting temperature for copper is Tieic = 1355K;

(3) the self-diffusivity of Ni can be described by D = 1.9¢283000/RT

2

cm-/s.

10.4 Diffusion in amorphous metals

In contrast with crystalline materials, amorphous alloys have no regular
crystalline lattice. Atomic order in amorphous materials is rather more
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similar to that in liquids. However, diffusivities in amorphous materials are
typically very small as compared with those in the corresponding liquids.
Amorphous materials are generally metastable with respect to crystalline
materials of the same composition. When an amorphous material is
heated, it will crystallize at a temperature known as the crystallization
temperature, T... Note, since amorphous materials are metastable, they
could, in principle, crystallize at any temperature. However, crystallization
kinetics at low temperatures is very slow. The value of the crystallization
temperature and the stability of amorphous alloys are controlled by
kinetics, that is, diffusion. Below, we discuss the diffusion of metals and
non-metals in classical amorphous metallic alloys. Such alloys consist of
transition or noble metals (e.g. Fe, Co, Ni, Pd, Au) and non-metals (e.g. B,
C, P, Si, Ge).”

Diffusivities in amorphous metals are sensitive to the manner in which
they were fabricated. This is associated with the fact that amorphous
materials do not have a unique structure, like crystals; there are very many
different amorphous atomic arrangements. Not surprisingly, some of these
are much more stable than others. When an amorphous material is heated,
it undergoes some type of structural relaxation toward a more stable
amorphous structure. Therefore, it is often difficult to separate the effects
of diffusion from the effects of structural relaxation. In order to avoid
this relaxation effect, amorphous materials are generally annealed at
T=0.96/0.98 T, prior to performing a diffusion experiment at a lower
temperature (below 0.9 T¢,).

Experimental studies have shown that the temperature dependence
of the diffusivity is usually well described by the Arrhenius law. This is a
surprising result! Recall that in our development of the theory of dif-
fusion, we have explicitly assumed that diffusion occurs through the
formation and migration of point defects (Section 10.3). This is
important since the regularity of the crystal lattice implies that the point
defect formation and migration energies have unique values (all posi-
tions in the lattice are equivalent). In an amorphous structure, where the
lattice is not regular, we should expect that the defect formation and
migration energies are widely distributed. The observation that the
Arrhenius law is still applicable for diffusion in amorphous alloys may
be the result of the fact that most diffusion studies in these materials
are performed over a relatively small temperature range (typically
~100 K—the temperature must be high enough such that diffusion is
measurable but not too close to the crystallization temperature). Typical
diffusivities at T=0.85 T, in simple amorphous alloys are in the range
1072°-10"* m?/s. For example, at T=573K (0.85 T,,) the following
data were obtained for the diffusivities in amorphous FesoNigByo:
Dg=10"% mz/s, Dg.=10723 mz/s. At the same temperature D=
107" m?/s and Dpe=10"?"m?/s in crystal Fe.

Although several mechanisms for diffusion in amorphous alloys have
been proposed, there is no consensus as to the dominant mechanism.

7 There are also amorphous alloys consisting of only metals (e.g. Ni-Zr, Fe-Zr).
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According to one suggestion, the so-called quasi-vacancy mechanism,
diffusion in amorphous alloys occurs by a mechanism akin to the vacancy
mechanism in crystals. However, instead of real vacancies, amorphous
materials have excess of free volume (the density of an amorphous state is
less than that of the corresponding crystalline state) distributed over a
spectrum of hole sizes or quasi-vacancies (they can be larger or smaller
than the atoms of the alloy). The quasi-vacancy mechanism suggests that
atoms can jump into these holes like atoms jump into vacancy sites in
crystals (see Section 10.3 for a description but recall that each hole has its
own formation and migration energy). In another suggested mechanism,
the elementary diffusion event is thought to be a cooperative displacement
of a group of neighboring atoms. Since many atoms participate in this
cooperative displacement, the activation energy is a quantity representing
an averaged over the entire group. This explains why there appears to be
a single activation energy and why the activation energies for the diffusion
of non-metals and metals are similar.

The experimental results for metal atom diffusion within amorphous
semi-conductors are even more complicated. For example, the diffusivity
of some metals (e.g. Li, Ni, Fe, Cu, Pd) in amorphous silicon is even slower
than in crystalline silicon. This observation can be understood as follows:
these metal atoms diffuse in crystalline silicon via an interstitial mechanism
while in amorphous silicon these metal atoms can be trapped in a Si quasi-
vacancy (recall that interstitial diffusion is typically much faster than
substitutional diffusivity). However, some other metals (e.g. Au, Pt, Zr)
diffuse in amorphous silicon faster than in crystalline silicon. This can be
attributed to the fact that such metal atoms can occupy either lattice or
interstitial sites in crystalline silicon. Therefore, the diffusion of these
atoms includes fast migration through interstitials and trapping at Si sites.
In amorphous silicon, such trapping is rarer than in crystalline silicon and
hence diffusion is faster in amorphous silicon.

10.5 Diffusion in polymers

The last several decades have seen an explosion in the use of polymeric
materials. The annual world production of polymeric materials (by volume
or mass) has overtaken that of metals. Diffusion in polymeric materials is
even more important than in metals since at moderate temperatures the
diffusivities of atoms and small molecules (e.g. O,, H,O, CO,, N») in
natural rubber are ~10~'°m?/s at room temperature.

When small molecules penetrate into a polymer, the polymer chains can
undergo a conformation change near these small molecules. The nature of
the diffusion process is determined by the relative rates of the diffusion of
the penetrant molecules and the conformational relaxation of the polymer
chains. This can been described in terms of the Deborah number D., which
is the ratio of the characteristic time t,,, of the conformational relaxation of
the polymer chains and the characteristic diffusion time 6p

De :‘Cm/e[). (1)
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The characteristic time for diffusion through a polymeric film of
thickness 4 can be defined as

Op = h2/D, (10.35)

where D is the coefficient of mutual diffusion. If the Deborah number
is small (D.<0.1), conformational relaxation is much faster than dif-
fusion. If the Deborah number is large (D, > 10), the polymer structure
remains nearly static during the diffusion process. In both cases, the
penetration can be described by Fick’s laws. However, the situation is
more complicated if the two times are similar, that is, 0.1 < D, < 10. In this
case, the relaxation can lead to localized trapping of the penetrant mole-
cules, and hence, Fick’s second law is not directly applicable (the number
of molecules that are free to diffuse is variable).

At present, no clear picture for diffusion of metals in polymers has
emerged. For example, noble metals used in contacts in microelectronics
diffuse more slowly than gas molecules of similar or even larger size. This
suggests that either metal atoms diffuse as clusters which are considerably
larger than single atoms or there is a strong interaction between noble
metals and polymers.

10.6 Diffusion in multiphase systems

To this point, we have only considered diffusion in single phase systems. In
such systems, the concentration profile, ¢(x), is a smooth function. While it
can be convex or concave, have inflection points, etc., neither it nor its
derivatives exhibit discontinuities. In this section, we will consider dif-
fusion in multiphase systems and find that such discontinuities are not only
possible but are the rule. In particular, we will focus on the relation
between the concentration profile and phase diagrams. We will not,
however, consider diffusion along interfaces.

Consider the eutectic phase diagram shown in Fig. 10.6(a). At
temperatures below the eutectic temperature, the diagram shows two solid
solution regions (a and () separated by a two-phase region. Consider
diffusion at temperature 7 in a very long bar, initially composed of a
homogeneous « solid solution of B concentration ¢y (¢ < ¢,3). The con-
centration of B is fixed at ¢ =cs (¢s> cp,) on the left side of the sample,
as shown in Fig. 10.6(b). The initial and boundary conditions for this
problem are

c(x,0) =co

e
ox| .

X=00, !

c(0,1) = ¢ =0.

As B atoms diffuse from the left side into the sample, a ( solid solution
forms near that edge and grows during the diffusion anneal. The concen-
tration of B in the ( solid solution varies from ¢, on the surface to ¢, at
the point labeled &, in Fig. 10.6(b) (& is the thickness of the 3 phase after
some annealing time #,). The B concentration cannot go below ¢g,, since
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(a) A eutectic phase diagram,

(b) a semi-infinite bar that is initially
composed of the a phase, where the
concentration of B atoms at one end is
fixed at ¢;. As B atoms diffuse in,

a section of the bar near the surface will
transform to 5 while the remaining of the
bar is «, (c) the B atom concentration
profiles, where the variable &; is the
position of the 3/« interface at time ;.
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Fig.10.7

Concentration profile for the case
in which the initial v solution is
saturated.
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the phase diagram shows that ¢,z < ¢ < ¢g, is in the two-phase region of the
diagram. At the point where ¢ = cg,, an interface between o and 3 forms;
the concentration of B in the a-phase near the interface is c,3. With
increasing distance from the interface, the concentration of B atoms in the
a-phase decreases monotonically. Note that the sample does not have a
region containing both « and (. The point is that these two phases can
co-exist only where they are both saturated in B (c,3 and cg,, respectively).
Such a region cannot form by diffusion since the fact that these phases are
saturated means there can be no flux through these phases (because no
concentration gradient exists). Therefore, a vertical step in the concen-
tration profile ¢(x) corresponds to the two-phase region on the phase
diagram. The height of this step, ¢z, — cqg, can be determined from the
phase diagram and does not change during diffusion. The step will,
however, move to the right as the 5 phase grows. In the region where the
concentration of B is less than ¢4, an « solid solution exists.

Wagner considered different limiting cases for the rate of growth of the 3
phase. For example, if we assume that the 3 phase growth is controlled by
the rate of diffusion of B, the 5 phase thickens according to (cf. Eq. (10.18))

¢ = 2b\/Dyt, (10.36)

where Dy is the diffusivity of B in 3 phase and b is a constant (see below).

Consider the special case in which the initial « solution is saturated
(co = cnp3). The concentration profile for this case has the form shown in
Fig. 10.7 after an annealing time ¢. In this case, diffusion occurs only in the
0 phase (since the « phase is saturated) and the concentration profile in 3
takes the following form (see Section 10.1.3):

X
(x,f) = A+ B-erf . 10.37
(x, 1) er (2 \/D—Bt> ( )
The coefficients 4 and B can be found from the initial and boundary
conditions:

c(0,)) = A = ¢

Cs — CBa

erf(h)

In general, the rate at which the 3 phase thickens is found by equating
the amount of B required to grow the 3 phase and the rate at which B atoms
are supplied to the o/ interface

d¢ dc
ba — Cap)— = —Dg| — . 10.
(e =-Da(5e) (1038

c=Cpa

can be found from Eqs (10.36) and

(&, 1) =cpa = A+ B-erf(b); B=

The derivatives d¢/d and (0c/0x) _ :
(10.37), respectively. Inserting the results into Eq. (10.38), we obtain

ST % Jrb-exp(bPerf(b) = F(b). (10.39)

Cha — Cap
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This equation provides a means by which b can be determined. The
function F(b) is tabulated in Appendix IV. If b < 1, then F(b)~ 2h* and
Eq. (10.39) reduces to

(10.40)

(10.41)

This relation shows that the rate at which the new phase grows in a multi-
component system increases with increasing diffusivity and the difference
between the concentration of B on the left-side of the sample and the
solubility of A in 3 (¢s— ¢, in the numerator) and with decreasing width of
the two-phase region in the phase diagram (cg,— cap in the denominator).

Example problem

1. Consider an Ag—Zn alloy bar in which the « solution is saturated with
Zn at T=600°C (the phase diagram is shown in Fig. 10.8). The con-
centration of Zn on the left surface of a bar is fixed at 50%. The sample
is annealed at 7= 600°C for 10h. Estimate the thickness of the 3 phase
formed. The handbook value of the diffusivity of Zn in the 8 solution at
T=600°Cis Dy=7.2-10"""cm?s.
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Fig.10.8
The Ag—Zn phase diagram.
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10.7 Thermal diffusion

In our discussion of diffusion, we have focused upon diffusion fluxes
arising as a result of concentration gradients. However, as we know from
the thermodynamics of irreversible processes (see Chapter 9), other thermo-
dynamic forces can also give rise to a diffusion flux. Consider the following
experiment. A sample prepared from a solution of C in a-Fe (a body-
centered cubic lattice) is annealed for a long time such that the carbon
concentration is constant throughout the sample. Next, the two ends of the
sample are heated such that the temperatures of each are fixed at different
values. This will, of course, produce a heat flux from the hotter end to the
cooler end. This thermodynamic force that gives rise to heat flow can also
create other fluxes as well, for example a diffusion flux. Indeed, experi-
ments similar to that described here have been performed and showed that
carbon tends to diffuse from the cooler to hotter end of the sample. If the
sample is held under these conditions for a very long time, the diffusion flux
stops, leaving behind a constant concentration gradient. This phenomenon
is called thermal diffusion® and is an example of a cross-effect in the
Onsager relation (Eq. (9.1)). We now analyze thermal diffusion within the
framework of the thermodynamics of irreversible processes, as outlined in
Section 9.7:

1. First, we determine which fluxes can occur in our system. In the present
case, fluxes of C, Fe, vacancies, and heat are all possible. Since C is an
interstitial in a-Fe, the C flux is much greater than either the Fe or
vacancy flux. Therefore, it is reasonable to restrict our attention to
fluxes of carbon and heat alone.

2. The appropriate acting thermodynamic forces are associated with
gradients in the chemical potential for carbon and temperature.

3. The flux equations (see Section 9.6), according to the thermodynamics
of irreversible processes, are

. vT
Jjc=—LccVruc — LCQT
. vT
Jo =—LocVruc — LQQ7. (10.42)

4. The diffusion of carbon toward the hot end leads to a concentration
gradient and, hence, a chemical potential gradient. The chemical
potential will also increase from the cooler to hotter end of the sample.
According to Fick’s first law, this chemical potential gradient should
cause a diffusion flux directed from the hotter to cooler end of the
sample. Steady-state is achieved when the C and temperature profiles no
longer change. This happens when the carbon flux associated with the
chemical potential gradient balances that due to the temperature gra-
dient. Therefore, in steady-state, the first equation in Eq. (10.42) gives

Leo VT

(VT,U/C)steadyfstate: _LCC T (10.43)
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Note that in steady-state, there is still a flow of heat. Now, consider the
case where no temperature gradient is imposed, but the chemical
potential of carbon is fixed at different values on the two ends of the
sample. In steady-state, Eq. (10.42) implies

(-’,2) _Loc _ . (10.44)
Jjc)vr— Lcc

Since Jo = Q*jc we can interpret Q* as the heat carried by 1 mole’ of
carbon atoms in an isothermal diffusion flux. This value is called the
heat of transport. If the carbon forms an ideal dilute solution in «-Fe,
the chemical potential for carbon is puc = ¢ + RT In ¢c. Combining
this relation with Eqgs (10.43) and (10.44), gives

VT

R T(V ch)steady—smle: -0 T

or

0 ln Cc> Q*
== (10.45)
( oT steady—state RT?

Since carbon diffuses to the heat end, its concentration increases with
the increasing of the temperature, therefore, for given process the heat
of transfer Q* <0. Experimentally measured value of the heat of
transfer is 0* = — 96 kJ/mole.

. There are three kinetic coefficients in Eq. (10.42): Lce, Leg and L.
Therefore, we require three experimental measurements to determine
these coefficients. Q*, and hence the Lo /Lcc ratio, can be determined
using Eq. (10.45) by measuring ¢(x) and T(x) at steady-state. The
coefficient Lcc can be found from a standard isothermal carbon dif-
fusion experiment using the relation between the Onsager coefficient
Lcc and the carbon diffusivity Lec = Decc/RT (see Eq. (10.2)). Finally,
measurement of the thermal conductivity A, in the absence of a con-
centration gradient'® using Fourier’s law Jo= — VT allows us to
determine Ly through Lyo = AoT.

xample problems

Show that at steady-state joseady-state = —Asteady-state VI and find the
relation between Ageeady-state and O*, D, and A.

The thermal diffusion of hydrogen in «-Fe was investigated at
T=300K in an experiment in which the average hydrogen concentra-
tion was ¢y =0.01%. In an experiment in which the gradient of In cy

8 Thermal diffusion in liquid solutions was discovered by Soret at the end of 19th century.

Thermal diffusion can be used to separate isotopes.

° If the dimension of the flux is mole/(s m?).
10 The concentration gradient is initially zero but is established as a result of thermal

diffusion. As any diffusion in solids, thermal diffusion requires a long time.
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was 1 cm and the gradient of In 7' (where T is in Kelvin) was — 3.33 cm,
the flux of hydrogen atoms was measured to be jiy=5.7-10'*atom/
(cm?s). Find the heat of transport. Use the following hand-book data:
the density of a-Fe is 7.87 g/em® and the hydrogen diffusivity in a-Fe
is Dy =2.4-10"7 cm?/s at 300 K.



Kinetics of heterogeneous
processes

Most practical reactions that occur in synthesizing or processing
materials are heterogeneous. These include oxidation, reduction reac-
tions, dissolution of solids in liquids, and most solid-state phase
transformations. Consider the oxidation of a metal by exposure of a
solid metal to an atmosphere with a finite partial pressure of oxygen.
In order for oxidation to occur, molecular oxygen must dissociate into
atomic oxygen on the metal surface. In some cases, atomic oxygen
diffuses into the metal and reacts to form an internal oxide, while in
others, the reaction occurs at the surface. In the latter case, thickening
of the oxide layer requires either metal or oxygen diffusion through the
growing oxide layer. This example demonstrates that heterogeneous
processes commonly involve several steps. The first step is usually
the transport of a reactant through one of the phases to the interface.
The second is the adsorption (segregation) or chemical reaction on the
interface. Finally, the last third step is the diffusion of the products
into the growing phase or the desorption of the product. Since the
entire heterogeneous process is a type of complex reaction, there is
usually one step that controls the rate of the process, that is, is the rate-
determining step. Recall that the rate-determining step is the slowest
(fastest) step for a consecutive (parallel) reaction (see Sections 8.2.1
and 8.2.2).

Consider the case of a consecutive heterogeneous reaction in which one
of the reactants is transported through the fluid phase to the solid—fluid
interface, where a first-order reaction takes place. The reaction rate w, in
such a case is w, = kc,, where ¢, is the concentration of the reactant on the
interface. Since the reactant is consumed at the interface, ¢, is smaller than
the reactant concentration far from the interface, ¢, (see Fig. 11.1). It is
usually easier to measure the reactant concentration in the bulk fluid.
Therefore, it is convenient, to rewrite the reaction rate in terms of the bulk
concentration in the fluid and an effective rate constant

wy = ke = kegreo- (11.1)

It is easiest to see the relation between k. and k by considering the
steady-state case. Steady-state occurs when the rate of transport of the
reactant to the interface, w, becomes equal to the chemical reaction rate, w,.

Fig. 11.1.

Concentration profile for the
consecutive heterogeneous reaction
considered in the text.
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If we assume that the concentration decreases linearly from ¢ to ¢, in the
fluid over a distance A from the interface, then

wy = Bco — ¢x), (11.2)

where [ is the mass-transfer coefficient, with dimensionality per second.
In steady-state w; = w,, such that

Blco —cx) = kefrco = key
or
_ Beo
Cx = )
T B+k

where we have used Eqs (11.1) and (11.2). Inserting this relation into
Eq. (11.1), we find

w, = ke, =

B+k’
Since, by definition, w, = kegco, we finally obtain

kp
B+k’
If B« k (the rate-determining step is the transport of the reactant to
the interface), then k.= (. If 3>k (the rate-determining step is the
chemical reaction), then k.=4k. In both cases, the overall rate of the
process is controlled by the slowest step.

We now consider the case of a parallel heterogeneous reaction. Let the
reactant concentration on the interface (at which the chemical reaction
occurs) be constant (¢, = const) and the reactant is able to diffuse within
the solid phase (x > 0 in Fig. 11.1). In this case, both reaction and diffusion
can lead to the consumption of the reactant. The quantity ¢, consumed by
a first-order chemical reaction is

qr = wtV = keytAd (11.4)

where ¢ is time, V, 4, and § are the volume, interface area, and an effective
interface thickness (typically measured to be of near atomic dimension).
The quantity of reactant ¢, which diffuses into the solid is (see
Section 10.1.3)

kefr = (11.3)

cxVDIA. (11.5)

Hence,

E= N—. 11.6

g T kb kot (11.6)
If VDt <« két, then ¢,< ¢, and the reactant is consumed primarily by
chemical reaction. If k6t < v/ Dt, then ¢, < g, and most of the reactant
diffuses into the solid. In both cases, while the rate of the total process
depends on both steps, in very many cases, one of the steps contributes
little.
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As described above, heterogenous processes involve both transport of
one or more species and a reaction. If the overall process is controlled by
the reaction, such a process is described as Kinetics-limited, while in the
other case it is described as transport-limited. In the latter case, the limiting
transport process can occur in either one of the two phases bounding the
interface. If one of the phases is a fluid, this transport could occur by
convection, turbulent mixing or diffusion, while in the solid, it is by dif-
fusion. Whether the entire process is controlled by the interface reaction or
by transport depends on such factors as temperature, pressure, and con-
centration. At low temperature, the process is usually kinetics-limited since
the rate of chemical reactions commonly decreases more quickly
with decreasing temperature than does the pertinent diffusivity (i.e. the
activation energy for most chemical reactions is larger than that for dif-
fusion). A typical plot of the effective rate constant versus temperature is
shown schematically in Fig. 11.2.

If the process is limited by transport in the fluid, the rate of the process
depends on the flux through the fluid, the rate of consumption of the
reactant is proportional to time, the rate of the process is weakly
temperature-dependent and may be influenced by convection. If the pro-
cess is kinetics-limited, the rate of the process is independent of the flux
through the fluid, the rate of consumption of the reactant depends on the
order of the reaction, the rate of the process is strongly temperature-
dependent and depends strongly on the type of reactants and their con-
centration. If the process is limited by diffusion in the solid, the rate of
consumption of the reactant is proportional to the square root of time,
the sensitivity of the rate of the process to temperature is intermediated
between the other cases and the rate depends on the concentration of the
reactant already in the solid and the structure of the solid.
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A prototypical plot of the effective rate
constant versus temperature. Regions I,
11, and III correspond to the transport-
limited, mixed, and kinetics-limited
regimes, respectively.



Introduction to statistical
thermodynamics of gases

As we discussed earlier in this book, thermodynamics provides very
general relations between the properties of a system. On the other hand,
thermodynamics is unable to predict any of the individual properties
without the addition of either empirical or microscopic information. For
example, we used thermodynamics to obtain Raoult’s law from Henry’s
law, but we cannot derive Henry’s law from thermodynamic principles.
Statistical mechanics provides an approach to determine individual ther-
modynamic properties from microscopic considerations. When applied in
the realm of physical chemistry, we refer to this approach as statistical
thermodynamics. In this chapter, we provide a simplified derivation
of the Gibbs distribution, which is the basis of much of statistical thermo-
dynamics. We then use statistical mechanics to show how the properties
of an ideal gas can be obtained from a small number of properties of the
molecules in the gas. This will allow us to determine such quantities as
the equilibrium and rate constants of gas phase chemical reactions. As a
result, we will gain new insight into the phenomena which we have already
considered on the basis of phenomenological thermodynamics or formal
kinetics. This approach will also show how to determine some of the
parameters we previously introduced as input data in our thermodynamic
considerations.

12.1 Gibbs statistics

As we have already seen, a finite system will eventually come into equi-
librium with its surroundings. We even showed that when thermodynamic
equilibrium is established, the temperatures, pressures, and chemical
potentials of the system and its surroundings are equal (see Section 1.5.2).
However, we never discussed what equilibrium actually is. For example,
does this mean that the energy of the system is truly constant or is it only
constant on average? When the system has a particular energy, does this
mean that it is in a unique physical state or can it be in any one of several
states that have exactly the same energy? In the latter case, can we simply
talk about the probability the system is in each of these states? If the energy
can fluctuate, what is the probability that the system has a particular
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energy? A very general approach to these types of questions was suggested
by Gibbs and is now known as Gibbs statistics.

In order to obtain the probability that the system is in a given state, we
could observe the system over time and see what fraction of the time it
spent in this state. Gibbs suggested another approach. He considered the
system to be a member of a large ensemble of copies of our system. Let us
assume that there are N systems in our ensemble and they interact only
very weakly. This interaction is strong enough to ensure that thermal
equilibrium is established between all of the systems in the ensemble, yet
weak enough that it makes only a negligible contribution to the total
energy of the ensemble of systems. This implies that the energy of the
ensemble is simply

N

Ue=>_ U, (12.1)

i=

where U; is the energy of system i. The main idea of Gibbs statistics is that
the probability that a system is in a particular state is simply the fraction of
the systems in the ensemble that are in this state. We can assume that N is so
large that this fraction is independent of N.

Each member in our ensemble of N systems can be in microstate
1,2,....k. These states are numbered in such a way that U, ; > Uy, where
U, is the energy of the system in state k. The state of the ensemble can
be characterized by the numbers of systems in each of these of microstates,
that is, a, systems in state k. How many different states of this ensemble
are there? Elementary combinatorics shows that this number is

r= L (12.2)
allay! ... ay!

In statistical mechanics, the ensemble entropy is related to the number of
states, I" as

Se =kgInT, (12.3)

where kg is the Boltzmann constant. This definition is consistent with the
properties of entropy that we already know. Since I" depends only on the
state of the ensemble, InT" is obviously a state function. Consider now an
ensemble consisting of two parts which are in thermal equilibrium with
each other. Let I'; and I'; be the numbers of states associated with these two
parts. The number of states associated with the entire ensemble is

r=II. (12.4)
The total entropy is thus
Se =kgInI' =kgInl'y + kgInTh =S| + S5,

therefore, we see that entropy is an extensive property. At 7=0, all systems
should be in the state with the lowest energy, therefore, '=1 and S=0.
This is in agreement with the third law of thermodynamics. Below, we
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will show that this definition of the entropy is consistent with the
thermodynamic relations we found earlier on the basis of classical thermo-
dynamics.

Since the ensemble is an isolated system, the entropy has a maximum in
equilibrium. Therefore, in order to determine the number of systems in the
ensemble that are in each state (i.e. a;), we maximize S (Eq. (12.3)) subject
to the constraints that the number of systems is fixed (at N) and the total

energy is fixed (at U,):
da=N (12.5)
k

> @ Ui = U.. (12.6)
k

Thus, the condition of equilibrium takes the following form:

8Se—ay bay— B Ubay =0, (12.7)
k k

where o and  are Lagrange multipliers and S, is function of ;. Since N
is large, we can use Stirling’s approximation

InN'~ NInN — N = NIn(N/e).
Inserting this expression into Eqgs (12.2) and (12.3), we find

Se=ksN(InN — 1) —kp Y ax(Inay — 1). (12.8)
k

Next, we employ this expression for S, in Eq. (12.7) to find:

—kg Z In apbay — o Z Sax — ﬁz Uybay

= —Z(kBlnaA —&—oz—i—ﬁU;‘)&ak =0.

Since the coefficients a; are independent variables, the multiplier in front of
each da; must be zero. Therefore, we obtain:

ap = ef(quﬁU/()/kn )

The first Lagrange multiplier can be determined by inserting this expres-
sion into Eq. (12.5):

Ze*(0+ﬂuk)//€B =N: e~ /ks — 7]\[ .
- Zk e—BUk/ks
This implies that

e BUi/ks

N (12.9)

ap =
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The energy and entropy of the ensemble can now be obtained by
inserting this expression into Eqgs (12.6) and (12.8), respectively:

Zk Uke—ﬁUA/kB

Ue = NS St

(12.10)
e BUk/ks e—BUk/ks

Se = kBN(lnN— 1) — KBZNW (IHN—FIHW— 1)
m n

kgN(In N
=kgN(ln N - 1) — Bz(e—db,,,/kg Z ~BUs/kn

ﬁuk e BUk/ks

Z e—w,ﬂ/kB Z

kg N Z 3U. Ik Z [
_|_ — h’l e*ﬂUn/kB e*ﬂUIu/kB'
E e—BUn/ks
m n k

Since all of the sums in the last expression are independent we can replace
the summation indices m and n by k. After some simple manipulations,
we obtain:

NG —BU [k —BU Jk
Se = Zm o—BUn/ks zk: Uye KB 4 kBNln zk: € k[*B
Finally, using Eq. (12.10), we find:
Se = BUc+ kN Iny e /s, (12.11)
k

Although we have assumed that the ensemble is isolated in this derivation,
the final expressions for the energy and entropy of the ensemble
(Egs (12.10) and (12.11)) are insensitive to this assumption. This must be
the cases since both the energy and entropy are state functions. We now
consider the case in which the ensemble is not isolated but rather is free
to exchange heat with its surroundings such that the temperature T of
the ensemble is fixed. We shall also work under the condition that the
volume of the ensemble is constant. If we change the temperature of the
surroundings, the energy levels U, will not change (they depend only upon
the internal structure of the systems and the volume). Therefore, changing
temperature only changes the number of systems in each state (for
example, if we add heat to the ensemble, some systems will go from lower
energy to higher energy levels). Therefore, if the ensemble is brought into
contact with some surroundings, the sum on the right hand side of
Eq. (12.11) will not change. From Eq. (12.11), we obtain:

s\
(ave) i

Comparing this result with the combined statement of the first and
second laws of thermodynamics (see Eq. (1.46)),

7dS = dU + pdV,
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we obtain

1
b= (12.12)

Using this expression for the relation between the Lagrange multiplier
and the temperature in Eqs (12.9)-(12.11), we obtain

e~ Ur/knT
a = NZ/ T (12.13)
K
Zk Uker;\/kBT
U. = NW, (12.14)
U,
Se :7¢+ng In) e UikeT, (12.15)
k

These are the main equations of Gibbs statistics. Equation (12.13),
which relates the occupancy of different states to their energies and
temperature, is called the Gibbs distribution law. This result is very
general—it does not depend on any physical characteristic of the system.

U, and S, in Egs. (12.14) and (12.15) are properties of the entire
ensemble, rather than any individual system within the ensemble. Equation
(12.13) demonstrates that even in equilibrium we do not know which state
any individual system is in or, therefore, what its properties are. However,
statistical mechanics does tell us the probability (a,/N) that the system is in
a particular state (k). This probability can be used to determine the average
properties of the system. This average can be thought of as the result of an
ensemble average or, equivalently, a time average. The equivalence of
ensemble and time averages is known as the ergodic hypothesis. These
averages are the classical thermodynamics properties. Therefore, in order
to obtain the thermodynamic energy and entropy of a system, we simply
divide the energy and entropy of the entire ensemble by the number of
copies of the system in the ensemble N:

—Uy/kgT
72]( Uie k/ks

U= Zk e—U/ksT >

(12.16)

v —UL kT
S=+kp 1nzk:e w/kaT (12.17)

In our discussion of thermodynamics in previous chapters, we often
found it more convenient to work directly with the free energy, rather than
other thermodynamic properties. Using the definition of the Helmholtz
free energy,

A=U-TS,

and the expressions for the energy and entropy (Eqs (12.16) and (12.17)),
we find:

A=—kpT In) e U/l (12.18)
k
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We will use this expression as the starting point for the remainder of our
discussions in this chapter.

Review question
1. What is Uy in the following equation:
A= —kBTane_U"/kBT?
k

12.2 Statistical thermodynamics of an ideal gas
12.2.1 Partition function of an ideal gas

As a first application of the method of statistical thermodynamics, we will
focus on the simple case of an ideal gas. Recall that the molecules of an ideal
gas do not interact. This allows us to reduce the problem of determining the
energy of an entire gas system of molecules to that of determining the
energy of a single molecule. The state of an ideal gas can be described in
terms of the set of states occupied by its individual constituent molecules.
The energy of the kth state of the ideal gas system, U, can be related to the
energies of the states that the individual molecules occupy ¢,,,:

e~ Ur/ksT _ H e—cm/keT

m

We shall assume that all molecules are identical such that states of all
molecules are described by the same set of possible values of €,,,. Therefore,
the sum over all states of the ideal gas system in Eq. (12.18) can be replaced
by sums over all of the states that each molecule can occupy. Since each of
the N molecules in the system is independent, the summation in Eq. (12.18)
can be written as:

k

N
1
—Ui/kpT _ —em/kpT
Ze/B N;(;GEB>'

The factor 1/N! is used to take into account the fact that molecules in
the system are physically indistinguishable from one another. In other
words, if we exchange two molecules in the gas with each other, the new
state is indistinguishable from the original one. Inserting this result into
Eq. (12.18), we find

A= —NkgT In Z e~en/kT L o T In N

m
Using Stirling’s approximation
InN!'=NInN— N= NIn(N/e),

we obtain

A= —NkBT In

, V4
%Z e~m/’~BT] — _NkgT ln%, (12.19)
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where e =2.718281828 ... (i.e. In e=1) and the quantity
z =Y e/l (12.20)

is called the partition function of the ideal gas.

It is interesting to note that Eq. (12.20) is sufficient to determine the
equation of state of the ideal gas. First we note that in the absence of an
external (gravitational, electric, magnetic,...) field, the energy of a
molecule in state m can be described by

le+

2t e (12.21)

Em =
where the first term is the kinetic energy of the molecule and the second
term is related to the internal structure of the molecule, the vibrations of
the atoms within the molecule and its rotational momentum. This second
term depends on neither the spatial location of the molecule nor the
velocity of its center of mass. Therefore, the partition function of the
ideal gas is

2
7 — Z e—en/kaT _ Z o—cnlkaTg 1),71/2mk37".
m m

Since each state is characterized by the center of mass variables (momen-
tum and position) and the internal variables, we could rewrite the sum over
m as independent sums over the center of mass and internal variables.
Next, we make use of the fact that the position of the molecules and their
momenta are continuous variables by replacing the summation over the
center of mass variables with integrals over position and momentum:

Z...—>/...d1“

_ drdp
Q)

where

(12.22)

The normalization is a result of the Heisenberg uncertainty principle,
as described in elementary quantum mechanics texts, and 7 is Planck’s
constant divided by 2x. Thus, the partition function can be written as

71)2/2}111\3 T

—em/kpT _ —el,/ksT
N A

00 3
— Z e—"m//‘BT </+ e_pi/ankBpov)
(27h)? ’
V kg T
(2 h)3 ( 277ka ) Ze m/kBT (}';l ;2 > Ze*&n/kBT.
w 0
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Inserting this result into Eq. (12.19), we obtain:

eV (mkgT _
( 2 > 2 "“T} (12.23)
Since the molecules of the ideal gas do not interact, the summation

g e_dn /ksT
m

is only a function of temperature (and the type of molecules). Therefore,
Eq. (12.23) can be rewritten as

A= —NkpT In

A= —NkgT 1n%+ Nkg f(T). (12.24)

Using Eq. (12.24), we can now derive all other thermodynamic
properties. The equation of state is

_ (94\  NkT
P==\ov),” v

or
pV = NkgT. (12.25)

This is the classical ideal gas law. The other common thermodynamic
properties are

z

G=A+pV=A+NksT=—NksT In . (12.26)
04 Vv .

S=-— <a7> = Nkg In; — Nk f'(T). (12.27)

U= A+ TS = Nkpf(T) — NkgTf(T), (12.28)

H=U-+pV = Nkpf(T)— NkgTf(T) + NkgT.  (12.29)

Equations (12.28) and (12.29) demonstrate that the internal energy and
enthalpy of an ideal gas depend only upon temperature (we came to the
same conclusion in Chapter 1). Since for an ideal gas, H= U+ NkgT,
we find

Cp = CV—|—N/€B (1230)

This can be rewritten per mole of molecules as ¢, =c, + R.

The thermodynamic properties can be related to the microscopic
properties of the molecules through detailed consideration of the energy of
a molecule in a particular state, €. This energy can be represented as a sum
over its internal energy, the energies associated with its rigid translation
and rotation and the energy associated with the vibrations of the atoms
within the molecule:

€ = €0 + Etran + Erot + Evib- (12.31)
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Therefore, the partition function and the Helmholtz free energy can be
rewritten as:

Z= eiao/kB TZtraanlZvib (] 232)

A= N€0 — NkBT In me — NkBT In Zrot — NkBT In Zvib

(12.33)
= N50 + Atran + Arot + Avib

(the last two terms on the right hand side of Eq. (12.23) are absent for a
monoatomic gas). As we discussed in Section 12.1, changing the temper-
ature at constant volume does not change the energy spectrum but rather
leads to a redistribution of the gas molecules between the available states.
Therefore,

07 c , z Z U
9z\ _ M —en/ksT _ _ v
<6T)V ;kgﬁe Wl O TN

or

olnZ
= T° ) 12.34
U = Nkg < o7 )V (12.34)

Rewriting this expression using the separate contributions to the partition
function associated with the different degrees of freedom (Eq. (12.32)),
we find:

U= N50 + Utran + Urol + Uvib (1235)
Cy = CVtran T Crrot + Civib (12.36)

Review questions

1. When can the total energy of a system be represented as a sum of the
energies of the molecules in the system?
2. What does the factor 1/N! in the expression >, e Ue/kol =

N
L (32, e7/% )" account for?

12.2.2 Effect of translational motion of gas molecules

Since the motion of the center of mass of a molecule in the absence of an
external field is always classical, both classical and quantum mechanical
treatments yield the same results. The translational partition function can
be directly integrated as:

. drdp
Z _ E efpﬁ1/2n1kBT _ / e,p2/2kaT
g (2nh)’

ka T 32
27h '

Ziran = V( (12.37)
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The contributions to the Helmholtz free energy and the other
thermodynamic functions of the ideal gas can now be expressed as:

3/2
ﬂ/(m"BT) } (12.38)

e
Ay = —NkgT In [NZ“”] = —NkyT In| T (52

Utran = NkBTz( 5T == NkgT (12.39)

Oln eran) 3
y 2

Jln Ztran e
Stran - NkB T(T) V+NkB In [Nztran}
12.40
_ NkgIn | (KT ” EYA 1240
- BN \ 2 2B
aU ran 3
Ciran = ( 6'[T >V: ENkB (12.41)

The heat capacity per mole is ¢yiran = 3/2R.

12.2.3  Energy of diatomic molecules

The thermodynamic properties of a diatomic ideal gas differ from those of
a monatomic ideal gas because a diatomic molecule can rotate and its
constituent atoms can vibrate with respect to one another. These differ-
ences are manifested as rotational and vibrational contributions to the
partition function. In order to determine these contributions, we must first
obtain expressions for the vibrational and rotational contributions to the
energy. This requires some knowledge of quantum mechanics. If you
are not familiar with the basic notions of quantum mechanics, you may
choose to skip ahead to the text immediately following Eq. (12.48), where
we simply use the quantum mechanical results.

Since atomic nuclei are much heavier than electrons, we can use the
Born-Oppenheimer or adiabatic approximation: we determine the energy
levels of the electrons assuming that the nuclei are stationary. We can do
this as a function of the distance between nuclei (i.e. determine ¢,(7)). We
then allow the nuclei to move assuming that the electrons are always in
equilibrium with respect to the instantaneous position of the nuclei.
Therefore, the interaction between the nuclei can be described through
€.(r). The problem of the motion of two interacting particles can be
described through classical mechanics. In this way, we can show that the
energy of two interacting particles with masses m; and m, is

e
em(r) = ee(r) +5 5 (12.42)
where M is the angular momentum of nuclei and

UL (12.43)
my + ny
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If the total spin of the molecule is zero, its total angular momentum,
J, is the sum of the orbital momentum of the electrons, L, and angular
momentum of the rotation of the nuclei, M. Therefore, Eq. (12.42) can be
rewritten as

2
em(r) = eo(r) + <|J L > (12.44)

2m'r?

where the average implied by the angular brackets is performed in a state
in which the square of the total rotational momentum J*=#J(J + 1) and
the projection of the electron angular momentum L. along the axis of the
molecule have particular values. Equation (12.44) can be rewritten as:
2 2
nlr) = ) 4 g I )

The last term is determined only by the electronic state, therefore, we can
combine it with ,(r). Let Z be the unit vector in the direction of the
molecule axis. Since, in the state under consideration, the projection of the
angular momentum of the electrons onto the z-axis is defined, the average
angular momentum L also points in this direction, (L) = L.z. Classical
mechanics states that the angular momentum of a system consisting of two
particles is the product of the relative momentum of the particles and the
vector connecting these particles:

M= [r x p] =r[Z x pl.
This definition implies that
Mz =0
and, therefore,
J-L)z=0;, Ji=Li=L; JL=JiL =L>

The last relation demonstrates that the term containing JL also depends
only on the electronic state. Finally, we obtain,

hz
em(r) =e(r) +5—=JJ+1). (12.45)
2m'r
The relative motion of the nuclei can be considered as a vibration along
the direction between the two atoms, with equilibrium separation re.
Introducing £ =r — r., we can rewrite the previous equation as

m'w?
em(r) = €0 + BRJ(J+ 1) + ng, (12.46)

where

h h
B=——-=— .
2m'rz 2I° (12.47)
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is the so-called rotational constant, / is the moment of inertia and w is the
vibrational frequency. Since the last term in Eq. (12.46) is the energy of a
harmonic oscillator, we can rewrite this equation as

em(r) = €9 + BRJ(J + 1) + fiwn, (12.48)

where n is a non-negative integer (we included the energy of the zeroth
vibrational state, (%/2, in &¢).

Equation (12.48) demonstrates that, in the Born—Oppenheimer/
adiabatic approximation, the energy is the sum of three contributions:
electronic (including the Coulomb interaction of the nuclei at r=r,),
rotational, and vibrational. Equation (12.48) can be used to explain the
adsorption spectra and emission of diatomic molecules.

The only possible transitions in the rotational state satisfy

AJ=J —J" = +£1. (12.49)
Therefore,
Aeror =HBJ'(J' + 1) =J"J"+ D =mBlJ'(J +1) = (J — 1)J']
= 2hBJ'.
Since Acor = iwrors
Wrot = 2BJ. (12.50)

This implies that the difference between two neighboring lines in the
rotational spectrum (the set of possible rotational energies) is always 2B;
that is, the spectrum consists of equidistant lines. The equilibrium intera-
tomic separation in a diatomic molecule can be determined from its
rotational spectrum (see Eqs. (12.47) and (12.50)). The dipole momentum
of a molecule can be found from the displacement of the spectrum lines in a
homogeneous, external electric field (the Stark effect).
The only possible transitions in the vibrational state satisfy

An=n —n"=+£1. (12.51)

Therefore,
Wribration = W- (12.52)
The vibrational spectrum of a harmonic oscillator contains only one line

with a frequency that coincides with the vibrational frequency. However,
anharmonicity introduces additional lines into the spectrum.

12.2.4 Rotational contributions to thermodynamic functions

In order to obtain the contribution to the partition function associated
with the rotation of the gas molecules, we insert the expression for the
rotational energy in Eq. (12.20) and account for the degeneracy of the
rotational levels (i.e. the Jth rotational level is (2J + 1)-fold degenerate):

Zio = (2] + e FHTIED (12.53)
J=0
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Table 12.1. The characteristic temperatures for some gases.

Molecule H, N, 0, HCl HI
T. (K) 85.4 2.85 2.07 15.1 9.0
0 (K) 6000 3340 2230 4140 3200
Tooi (K) 20.4 77.4 90.2 188.1 237.8

This expression can be evaluated numerically. We can examine the
rotational contribution to the partition function in the limits that 7 < T.
and T > T, where T, is the characteristic temperature:

h2

The values of T, for some gases are given in Table 12.1. This table
demonstrates that T, is much smaller than room temperature for all gases.

Inthe 7> T, limit, the summation in Eq. (12.53) can be replaced by the
integration:”

Zrot = / (2x + 1)e~ T/ DA g
0

Replacing x by y =x(x + 1), we can rewrite this integral as
Zrot = / e~ (Te/T)y dy.
0

Performing the integration, we obtain:

T
Lot = —- 12.55
o= (12.55)
Using this result, we can derive expression for the contribution of
molecular rotation to all thermodynamic functions:

T
Ay = —NkpT In— (12.56)
T.
T
Siot = Nkg (ln——l— 1) (12.57)
T,
Unor = NKgT (12.58)
Cyiot = NK. (12.59)

The contribution to the heat capacity associated with the rotation per mole
of molecules is ¢, = R, or R/2 per rotational degree of freedom.

! 9 will be introduced in the next section.

2 As the figure on the left demonstrates (where f is the integrand in Eq. (12.53)), replacing
the sum by the integral is only a reasonable approximation at large 7 (see Eq. (12.55)), where
only the large J contributions are significant.
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At low temperature, 7T < T., we need only retain the first two terms in
the sum in Eq. (12.53):

Zeow = 1 + 3¢ 2T/, (12.60)

Therefore, in this limit, the thermodynamic functions are:

Arot = —3NkgTe2/T) (12.61)
T,
Stot = 3Nkpe 27/T) (1 - 27> (12.62)
0 NkgT? 2T,
_ 2 0 xryn) — _ KBL g amym£ie.
Urot = Nk T* 5 In 1+ 3¢ ) e =
Uml - 6NkBTceiz(Tc/T) (1263)
T\’ s
Cyrot = 12Nk3 T € o (12.64)

These expressions demonstrate that as T—0, S;oq— 0, and ¢pro— 0.
Moreover, the fact that ¢y, — 0 implies that gases of diatomic molecules
behave just like monoatomic gases in the 7'— 0 limit.

The summation in Eq. (12.53) can be evaluated numerically at any
finite temperature and hence all thermodynamic functions can be deter-
mined at any temperature. The variation of the rotational contribution to
the heat capacity ¢y with temperature is shown in Fig. 12.1. Interestingly,
the heat capacity is not a monotonic function: it exhibits a maximum at
T~0.81T, and then decays to Nkg with increasing temperature.

In the case of homo-nuclear diatomic molecules, the expression for Z,,,
given above, should be divided by 2, since the rotation of a molecule by 7
around an axis perpendicular to the molecule axis is indistinguishable from
its original orientation. Such a mirror symmetry will not change U, or
Crrot, Dut will decrease the entropy by Nkg In 2.

Example problem

1. As discussed above, the difference between neighboring rotational
energy levels is the same for the entire rotational spectrum. However,
the number of molecules at each rotational level is different. Find the
most populated level for a gas of diatomic molecules at 7>> T..

12.2.5 Vibrational contributions to thermodynamic functions

Equations (12.48) and (12.20) imply

o0
Zp = e, (12.65)
n=0
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where

_hw
=
Values of 0 for several diatomic gases are given in Table 12.1 of the
previous section. Examination of the table shows that € is much larger
than room temperature.

Performing the summation in Eq. (12.65), we find:

1

1 —e 0T

0 (12.66)

Zoio = (12.67)

Using this relation, we can determine the other thermodynamic functions:

Ay = NkgT 1n(1 - e*"/T), (12.68)

Sub = — Nk {m(l - e*"/T) +ﬁ] (12.69)
Usib = —NkBTza%ln<l - e’G/T) - e;;’T"B_‘gl , (12.70)
cib = Nk (;) Z(e()/e:/jl)z. (12.71)

The temperature dependence of cpy;, is shown in Fig. 12.2 At low
temperature (7' < 0), Eq. (12.71) reduces to

0\ 2
cvib = Nkp (?> e /T (12.72)
and as T— 0, cpvip — 0. At high temperature (7>> 6),
ib = Nk AN = Nk (12.73)
Cyvib = VKB T (9/T)2_ B- .

For 1 mole of diatomic molecules, we obtain ¢y, = R at high temperature;
that is, the contribution from one vibrational degree of freedom to the heat
capacity is R. However, since at typical temperatures T < 0, ¢y;, =~ 0 such
that the isochoric heat capacity of a diatomic gas is approximately (5/2)R
(a contribution of (3/2)R from the translation motion and R from rota-
tions) rather than (7/2)R (the high temperature result). Interestingly, the
low temperature heat capacity is different in quantum and classical
mechanics (classically, the heat capacity is temperature independent).

Review question

1. An experiment shows that the contribution of one vibrational degree of
freedom to the heat capacity of a gas can be larger than kg. How can you
explain this observation?
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Example problems

1. The potential energy of a classical harmonic oscillator is

Bx*
£E=—,
2
where x is the deviation of the atomic separation from its equilibrium
value (e.g. in a diatomic molecule). If the amplitude of the vibration is
not small, the oscillator will be anharmonic and more terms must be
kept in the expansion of its energy:
px? 3 4
e=——yx" —6x".
3 i’
Find the heat capacity of this oscillator.
2. The linear coefficient of thermal expansion of an oscillator (see the
previous Example problem) is defined as

Lo Los
_aoﬁT’

where q is the equilibrium interatomic distance at 7= 0. Find the linear
coefficient of thermal expansion for the anharmonic oscillator of
Example problem 1.

3. Calculate the heat capacity of CO at p=1 atm and 7, =298 K and
T, =800 K. Use the following handbook data for CO: the equilibrium
interatomic separation is r =1.128 A and the vibrational wavenumber®
is v = 2215 cm.

4. Calculate the molar entropy of CO at p=1atm and 7=298 K. Use the
handbook data from the previous example problem.

12.2.6  Polyatomic molecular gasses

Consider the case of a molecule containing v atoms. It has 3 translation
degrees of freedom; the contribution of these degrees of freedom to the
thermodynamic properties was discussed in Section 12.2.3. If the molecule
is linear, it has 2 rotational degree of freedom; the contribution from these
degrees of freedom was considered in Section 12.2.4. If the molecule is non-
linear, it has 3 rotational degrees of freedom. We now derive an expression
for Z,o for this case. Since the moments of inertia for polyatomic mole-
cules, I, I, and I5 are always large, we can work in the 7'» T, limit. In this
limit, the classical and quantum mechanical descriptions produce the same
rotational energy:
M M M3

=—4+—=+—= 12.74
Erot 211+212+213> ( )

3 By definition, the wavenumber is , 7 = w/(2n¢) where ¢ is the light speed. While this
notation is widely used in spectroscopy, in many other situations the wavenumber is
traditionally labeled as k or ¢.
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where the subscripts identify the principal axes of inertia.* For the rota-
tional contribution to the partition function, we obtain:

!
Zrot = / A (12.75)

where the prime indicates that the integration should be performed over
physically distinguishable states of the molecule. The number of physically
indistinguishable orientations o is equal to the number of ways a molecule
can be rotated such that it appears, after rotation, unchanged (including
rotations by 27). However, it is convenient to perform this integration
over the entire space and then to divide the result by o. The element of this
space is

1
dFrm =3 dM] dMQdM3dg01 dgozdtp3,
2nhy
where the ; are the rotation angles around the principle axes. Integration

over dydep, gives a solid angle of 47, while integration over dep; gives 27.
Hence,

1 oo 2
Lot = ——4m - 21 e~ Mi/2liksT q .
rot (27Th)3 H [m i

2
(287/2)3 (2[1kBT7T . 2]2kBT7T . 2I3kBT7T)1/2
or
3/2 1/2
Zo = (2kgT) (72111213) (12.76)
ol
KL LIE)Y?
Ap = — > NkyT In T— NksTln M (12.77)
2 ol
3N LI)V?
Sror = %ng(l +1InT)+ NkgTln [(8”1‘323“) (12.78)
a
,31
Uror = Nk T 5 5NkBT (12.79)
3
Cyrot = ENkB (]280)

4 The tensor of inertia can be written, in general, as

=D mlxyd = xixe).

where the summation is over all atoms of the molecule. This tensor is symmetric; therefore, it
can be diagonalized by rotation of the coordinate system. The axes of this coordinate system,
X1, X3 and x3, are called the principal axes of inertia and the corresponding components of the
tensor I,, I and I; are called the principal moments of inertia.
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As in the case of diatomic molecules, we find that each rotational degree
of freedom contributes R/2 to the heat capacity (per mole).

Since the total number of degrees of freedom is 3v and there are three
translational degrees of freedom, we conclude that linear and non-linear
molecules have 3v — 5 and 3v — 6 vibrational degrees of freedom, respect-
ively. The contributions of vibrations within the molecules to the thermo-
dynamic properties can be determined by summation over all vibrational
degrees of freedom. The contributions from a particular degree of freedom
can be calculated using formulas derived in the previous section. At high
temperatures, each vibrational degree of freedom gives contribution R to
the heat capacity (per mole).

12.2.7  Electronic contributions to thermodynamic functions

The partition function for the electronic degrees of freedom takes the
following form:

Za=go+ Y gre /0T, (12.81)
k=1

where g, is the degeneracy of energy level £ and we set the energy of the
ground state to zero, g9 =0. If the difference between neighboring energy
levels is much larger than kg7, the sum in Eq. (12.81) can be neglected. If
the ground state is not degenerate,

ZC] :g() = 1>

and there is no electronic contribution to the thermodynamic functions.
However, this is not always the case. For example, the ground state of
alkaline metals is doubly degenerate. Equation (12.19) implies that, for this
case, the Helmholtz free energy is reduced by

A = —NkgTln2,
and the entropy is increased by
Sel = NkB In2.

In some molecules, the ground state is a doublet with a small energy gap,
A. For example, the ground state of NO is a doublet and each of these
levels is doubly degenerate. The ground state of oxygen is a triplet where
the gaps between levels is so small that they can be neglected (i.e. we can
consider the ground state as one level which is triply degenerate). However,
the next level is doubly degenerate and is close to the triplet ground state.
In such cases, the electronic contributions to the thermodynamic func-
tions are significant. If only the two lowest levels are of importance, we
can write

Zo = go +gie kel (12.82)

A = —NkgTln[gy + gre /7], (12.83)
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Review questions

1. Does the choice of the origin of the energy scale affect the partition
function?

2. Which thermodynamic functions are affected by the degeneracy of the
ground state?

Example problem

1. The energy gap between the ground state and next levels in NO is
A =154 meV. Find the electronic contribution to the molar heat
capacity at T, =50 K and 7, =500 K.

12.2.8 Maxwell distribution

In the framework of classical mechanics, the energy of a molecule can
always be represented as a sum of two terms: the kinetic energy p*/2m,
which depends only on the momentum and the potential energy U, which
depends only on its position. This allows us to write the probability that the
molecule has momentum in the range from p to p+dp and a position in
the range from r to r +dr as

dw = Ae~ 02Uk T qpqy, (12.84)

Here A is a normalization factor that guarantees that

/dw =1, (12.85)

where the integration is performed over the entire phase space (all possible
molecule positions and momenta).

It is easy to see that the right side of Eq. (12.84) contains two inde-
pendent factors: the momentum distribution

dwy = Aye 7?8 Tgp (12.86)
and the spatial distribution
dwy = Are” Uk Tdr, (12.87)

such that
dw = dwydwy; /dwp =1 and /dwr =1. (12.88)

Since p=mv, we can obtain the distribution of molecule velocities from
Eq. (12.86):

dwy = A,e ™ /26Ty, (12.89)

This is known as the Maxwell distribution of velocities. While, for the sake
of simplicity, we derived this velocity distribution for molecules in a gas, it



Statistical thermodynamics of an ideal gas

also applies to molecules in condensed phases. This follows from the fact
that the total energy can always be written as the sum of the kinetic and
potential energies and the kinetic energy is always the sum of the kinetic
energies of all of the molecules.

In Cartesian coordinates, dv can be written as dv = dv,dv,dv.. Therefore,
Eq. (12.89) can be rewritten in the following form:

—? 2 /2% —?
de = Aye mv‘/ZkBTdee mvv“/2/»BTdvye mL_./2kBTde.

This implies that the distribution of the Cartesian components of the
velocities are independent, such that

A —mv? 2kgT . _
dw,, = A, e ™a/2Tdy,; dw, =1,

where « refers to one of the Cartesian coordinates. Performing the
integration (see Eq. (AV.1)) to determine the normalization constant

allows us to write
deQ — )#eﬂ/nvi/ﬂdeV& (1290)

3/2
dwy = (- /e"”vz/z"BTdv. (12.91)
27TkBT

and

In spherical coordinates, dv = 4xv*dy such that Eq. (12.91) becomes

32
dw, = 47r<2 " T) kT 2, (12.92)
TKB

We now consider three important consequences of the Maxwell
distribution: expressions for the mean velocity, the mean square velocity,
and the mean velocity in a particular direction. The mean velocity is

00 | —mv* /2kg T Zd 14 kg 2
5o e v_ _y4ksT)/m SkB (12.93)
fDC e—m?/2ksT2dy
0 1/ 8n(ks 7y /mz
The mean square velocity is

= _ f() v2€7n1v2/2k3 TV2 dv B % 327{(/{3 DS/WZS B

5 ¢ _ = 3kgT/m.  (12.94)
f e—mv2/2ksTy2 dy 1 3
0 1\/8m(kgT)’ /m3

Since the average kinetic energy of a molecule is ey, = mv?/2, we find

.. 3
Ekin = mMv? /2 = SksT. (12.95)
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Fig. 12.3.
The coordinate system used to describe
particle collisions with a solid surface.
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The mean velocity in a particular direction can be evaluated as
e M Tdy, 1202k T/m) 2k T
= f(;x; e*”“"%/zkanVX - 1/2 /(27TkBT/Wl - ™m

The Maxwell distribution is central to many important predictions in
the kinetic theory of gases. Examples of this will be considered in the next
two sections.

Vo

(12.96)

12.2.9 Collisions of gas molecules with a surface

In this section, we consider collisions of gas molecules with a surface. Our
goal is to derive the number of such collisions per unit area per unit time.
This is important for the theory of heterogeneous chemical reactions,
adsorption, evaporation, and sublimation.

Consider a surface such that z<0 is a solid and z>0 is a gas, as
shown in Fig. 12.3. If all of the molecules in the gas have velocity v,
(v, <0), the number of molecules which hit the surface with area S during
time dr is

N
-dtS—
v; R

where N/V is the gas density. The number of molecules that hit a unit area
of the surface in a unit time is
N
v, —.

Vv

However, in reality the molecule velocities are not all the same, but are
described by the Maxwell distribution (see Eq. (12.91)). Therefore, the
number of collisions per unit area of the surface per unit time is

3/2
m N —mv? 2k
A = <m> / vV 176 /Z/BTdedVydv:.

In spherical coordinates (see Fig. 12.3) this is

N m 32 2
A= <m) / e /2Ty cos 0v? sin @ dvdfd
KB

27TN m 3/2 ﬂ/z b 2
== 0'sin 0 do —mv 2k T3 gy,
v <27l’kB T) A CcOos 7 sSIn /0 € Vv Vv

Evaluating these integrals (see Eq. (AV.5)), we find
_ N |kgT

A= 7\ 2o (12.97)
Since, for an ideal gas, pV = NkgT we obtain
AP (12.98)

V2rmkpg T’
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Comparing Eqs (12.97) and (12.96), we find that

Nv_,

V2

This equation has a simple interpretation. If the molecules can only move
up or down with speed v_,, then in a time dz half of the molecules with
0 <z <v_dr hit the surface. Since the number of molecules within
0 <z<v_drisv_deSN/V, we obtain Eq. (12.99).

Equation (12.98) is a fundamental result that is used in many applica-
tions. Here we consider just one, namely, the rate of evaporation. In
equilibrium, the vapor pressure over any surface is equal to the saturated
vapor pressure p; (this is the definition of pg). On the other hand, in equi-
librium the number of molecules which leave the surface is equal to the
number of molecules which condense from the gas. If we assume that all
gas molecules which hit the surface stick there, the rate of evaporation
must be

A (12.99)

w=—2 (12.100)

vV 27kaBT

Example problem

1. A sample of liquid Cs was placed on a balance in a closed chamber.
One of the chamber walls has a very small circular hole (diameter
d=0.7 mm). The sample was annealed for =80 s at 7=773 K. The
sample mass decreased by Aw =604 mg during annealing. Find the
pressure of the saturated vapor over liquid Cs at T=773 K.

12.210 Collisions of gas molecules

Any chemical reaction in a gas proceeds via the collisions of molecules.
Therefore, in order to develop a kinetic theory describing chemical reac-
tions, we must first discuss the collisions of molecules per se. Consider a gas
consisting of molecules of two types. Let the density of the molecules of
type i be n,= N,/V and their molecular mass be m;, We now derive an
expression for the number of molecules of type j which hit a molecule of
type i in a unit time. We can describe the motion of two molecules as the
sum of the motions of their centers of mass and their relative motion.
Obviously, only the their relative motion matters in our consideration of
collisions. The energy associated with the relative motion of the centers of

mass is:
2
m;vs;
e :% (12.101)

where
m;n;

mj; = o }'n/" Vi =Vi—V;. (12102)
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and v; is the velocity of the center of mass of the molecule of type i. The
probability that a molecule of type j has relative velocity v;; with respect to a
molecule of type i is

dwi — mij 3/24 —myv/2%pT 2 4
Wwij = (27rkBT> e v Vij Vij.

Consider now molecules of type j moving in the same direction with a
relative velocity v; with respect to a given molecule of type i. We will use a
coordinate system in which the molecules of type j are fixed and the
molecule of type i moves with velocity v;;. In a unit time, this molecule will
hit all molecules j which are in a cylinder with height v;; and with a base of
area 0. 0;is called the collision cross-section (we discuss this term in more
detail in the next section). The number of such molecules of type j is
noyvidw;’ . The integration over all possible directions replaces dw;” by
dwj;. Therefore the number of molecules of type j with which a molecule
of type i collides in a unit time is

> mjj 2 2 2ky T 3
[/ —m;;v; ¢ .
v :/0 o <27rkBT) e
3/2 2
Wl,‘j 1 ZkBT
— nos 4r= 12.103
I’IJO"/ <27TkBT> 71-2 ( m@,- ( )

A kg T 1/2
2 = Aoy | —2
/ 4 2mmy;

The number of collisions of molecules (per unit time and volume) of
types i and j is simply the product of the number of collisions per molecule
and the density of molecules:

1/2
kg T -
nizij = 4oynin; (Z'rml,) , 1#]

1/2
én iZii = 20,,}1 (k”T)

Z; =

(12.104)

2mm;;

The total number of collisions which a molecule of type i suffers in a
unit time is

Zitzy =4 T T kB
ii ij— \/’7” n; \/}’}T,]

The inverse of this quantity is the average time between collisions. The
average distance which a molecule goes between two subsequent collisions
is the mean free path. It is the product of the mean molecule velocity
(Eq. (12.93)) and the average time between collisions:

_ 1/2
A = Vi (21)
L 4((oimini + (o3 )\ /mgng) \ksT
Inserting the expression for the mean velocity (Eq. (12.93)), we find
1

= 12
V20n; + U;‘/i’lj(l + (mf/mj)) /

(12.105)
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In the case of a one-component gas, this equation reduces to

R (12.106)

V2on
We can consider the physical meaning of the mean free path from
another perspective. Consider the probability w(L) that a molecule
travels along a path of length L without suffering any collisions. The
probability that the molecule continues along its path to L+ dL without
any collisions is

w(L + dL) = w(L)w(dL). (12.107)

Since the path length dL is infinitesimal, the molecule cannot suffer more
than one collision in this distance. The probability that the molecule will
collide with another in this distance is 1 — w(dL). Obviously, this prob-
ability should be proportional to the length of this path, dL. Therefore,
1-w(dL)=adL, where a is a proportionality constant. Comparing this
result with Eq. (12.107), we find
w(L 4+ dL) = w(L)(1 — adL)

dw

Y adL

w

w=Ae L

If L— 0, then w— 1. This implies 4 =1 and
w=e

By definition, the mean free path can be represented as
A= / LdP(L)
0

where dP(L) is the probability that the molecule travels a distance L
without collisions but does suffer a collision in the additional infinitesimal
distance dL. The probability of this is

dP(L) = w(L)adL.

Inserting this result in the previous expression for the mean free path,
we find:

o0 1

)\:a/ Le“dL=-.

0 a

Thus, the probability that a molecule travels a distance L without
collisions is

w=e L/A (12.108)
and the probability that the molecule will suffer its first collision at a dis-
tance L from where it starts is

dP(L) = %e*L/*dL. (12.109)
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Fig.12.4
Collision of two hard sphere molecules.
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We will use this important result below.

12.2.11 Cross-sections

In this section, we return to consider the cross-sections in more detail. We
model all molecules as hard spheres with diameters d; and d. A collision
occurs if the target distance r is less than or equal to half of the sum of the
diameters (see Fig. 12.4):

I < Fmax = (dl + dZ)/2
Therefore, we can define the cross-section as

o1 =T :g(dl +db). (12.110)

According to the definition of the flux, the number of molecules that will
pass through the area o;; per unit time® is j ;0 Therefore, the cross-section
o 1s the number of collisions between molecules of types i and j per unit
time (j;0;) divided by the relative molecular flux j;. By analogy, we define
the cross-section of a process as the number of elementary events divided by
the relative molecular flux, j; This generalization accounts for the
observation that not all collisions between the gas molecules result in the
occurrence of the event of interest (e.g. not all collisions result in a chemical
reaction between the molecules).

The number of molecules of type j with target distances in the range from r
to r+dr which will collide in a unit time is j;2wrdr. Let Py(r,v) be the
probability that an elementary event occurs as a result of the collision.
Therefore, the number of elementary events per unit time is j; 27w P;(r,v)rdr.
The total number of elementary events is 27j; [,~ P(r, v)r dr and, therefore,

i =2m /O Py(r,v)rdr. (12.111)

In the case of collisions of hard spheres, the elementary event is the
collision itself which always occurs provided that r <(d; + d,)/2. This
implies that

) - 1, at r§(d1+d2)/2
P(”V)—{o, at > (dy +d)/2

Inserting this result into Eq. (12.111), we find

(di+d2)/2 1/d d 2
o = 277/0 rdr= 27r§ (%)

This result coincides with Eq. (12.110).

_T 2
—4(d1+d2) .

5 In reality, the relative velocities are pointed in all possible directions, however this is not
important for the phenomenon under consideration. This is equivalent to considering first all
pairs with relative velocities in one direction and then integration over all directions—as we
did in the previous section.
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In some processes, the cross-section depends on the velocity v. For
example, active collisions refer to events that only occur if

2

mgv

—~n > E, (12.112)
2

where v, is the projection of the relative velocity onto the line connecting

the centers of mass of the molecules and FE is a critical or threshold energy

for the event to occur. Examination of Fig. 12.5 shows that

Vir\ 2 . ” di +dy) /2= N ey
(—"):coszézl—smzezl— 2:[(1 1)/2] - :

v [(d +d)/2] [(dy + d)/2] Fig. 12.5
The geometry of the collision of two hard
sphere molecules of different sizes.

Inserting this result into Eq. (12.112), we find

my? [(dy + ) /2P
2 [(d+d)/2P

Therefore, an active collision event will occur provided that

2 < d +dy 2 1— 2F
- 2 Wli/'V2 ’

In this case, the cross-section defined in Eq. (12.111) can be rewritten as

ag12 =27

(d\+d2) 27/ T=QE]m;v?) | (d + dy 2 2E
/ rdr:27rf< > (1— )

0 2 2 mv?

or

0= 0 (1 2E2>, (12.113)

N m,-jv
where o7 = (n/4)(d; + d;)’..

We can now find the number of active collisions. By analogy with the
derivation of Eq. (12.103), we obtain®

(&) 2E i 3/2 5
Zj = / miog | 1 — My dre v /2K T 3 .
\/2E/mj; v mg/V2 2nkgT

Evaluation of the integral yields

o, L (2ksTN? [ my P —E/ksT _ 0 .~E/ksT
2 = 1oy 4y (nT) <27rkBT e = e T

Therefore, the number of active collisions per unit time is
Zaj = Zoye FR T, (12.114)
where Z; is determined by Eq. (12.104).

® The collision is not active if n;*/2 < E.
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Example problems

1. The kinetic diameter of a molecule is defined as.

d= /-
m
The kinetic diameter of Ne is d=2.04 A. Find the number of collisions
which one Ne atom suffers during 1 s at 7=600 K and p=1 atm.

2. Experiment shows that for H, at T= 0°C and p =1 atm, the mean free
path is A=128 nm. Find the kinetic diameter of H, molecule under
these conditions.

3. Find the number of molecule collisions per unit volume and unit time in
a gas of density n and temperature T for which the relative velocity of
the molecules is larger than v,.

12.3 Statistical theory of chemical reactions

12.3.1 Calculation of the equilibrium constant from
spectroscopic data

In Chapter 5, we already discussed how to calculate the equilibrium
constant for a chemical reaction from thermodynamic data. This obviously
requires us to first obtain such data from experiment (e.g., from calorimetric
experiment) and this is not always simple. Fortunately, we can also deter-
mine the equilibrium constant from spectroscopic data (i.e. the intensity of
the light emitted from or absorbed by the gas as a function of wavelength).

Consider the following reaction

aA +bB =cC+dD, (12.115)

where all species are gases. In equilibrium the following relation must be
satisfied:

AG = dup + cuc — apa — bug = 0. (12.116)

The Gibbs free energy can be expressed via the partition function as (see
Eq. (12.26))

z
G=—NksTIn . (12.117)

The partition function is proportional to volume (see Eq. (12.37)) since it
includes integration over the three translation degrees of freedom of a
molecule (the translational degrees of freedom are independent of all other
degrees of freedom). Therefore, it is convenient to normalize the partition
function by the volume of the gas

z
P=7. (12.118)

where P is the reduced partition function. Using this definition, we rewrite
Eq. (12.117) as

G = kaBTln<gP>. (12.119)
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Since N/V is the concentration of the molecules in the gas, n, and = G/N
for a pure material, we find
i = —kBTln(P,-/n,-). (12120)
Finally, inserting this expression into Eq. (12.116), we obtain

Pd P¢ d ¢
plc _"pflc _ g (12.121)
a pb a b

PiPy  ning

Note that the concentrations in this equation are expressed in
molecules/m”.

When calculating the partition function of a gas, it is convenient to
choose the zero of an energy to be that of the molecules at 7=0. This is,
of course, an arbitrary choice but since no experimentally measurable
thermodynamics quantities depend on it, we can choose any zero we like.
However, when calculating the equilibrium constant, we must describe the
energy levels of all species consistently. If we have a gas containing many
types of molecules, we must choose the same zero of energy for all of the
species. This introduces additional terms into the energies for each species
i, s{]. This, in turn, leads to additional factors in the partition functions,
e~=0/T It is easy to see that the combination of these factors in
Eq. (12.121) simply gives a composite factor e~ 2Y/%7T where AUj is the
heat of reaction at T=0. Now Eq. (12.121) can be rewritten as

d pc
K, = DoPe -avmr (12.122)
PiPy
Since for an ideal gas H= U+ NkgT, we find that AUy, = AHy. This
enthalpy of reaction can be found in thermodynamic databases from the
heats of formations of all species at 7=0 (AH;{O).

Example problem

1. The vapor over a liquid Na sample consists of Na atoms and dimers
(Na,). Analysis of the spectroscopic data implies that the dimer has a
singlet ground state, an equilibrium interatomic separation at 7=0 of
r=2.18 A and a vibrational wavenumber of # = 159.2 cm. The energy
of dissociation of this molecule is AE4=0.73 eV. Find the molar
fraction of the dimers in the saturated vapor over Na at its boiling
temperature (1163 K).

12.3.2 Theory of active collisions

Consider the bimolecular reaction
A+B=C (12.123)

The theory of active collisions states that molecules A and B react with each
other if their collision energy is larger than the activation energy E for the
reaction. The total angular momentum must be conserved in the collision
of the molecules. In the system of coordinates fixed to molecule A, the total
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angular momentum is equal to m,v(d; + d>)/2 (see Fig. 12.5). If we make
the reasonable approximation that the molecule diameters do not change
during collision, the only part of the translational (kinetic) energy which is
available to aid the reaction is mlzvﬁ/2 (again, see Fig. 12.5). Therefore, the
chemical reaction will occur as a result of the collision of molecules A and B
provided that

2
@2 E. (12.124)

Strictly speaking, this conclusion is valid only in the case where A and B
are atoms. The situation is more complex if A or B are polyatomic mole-
cules. Recall that in addition to translational degrees of freedom, such
molecules also have rotational and vibrational degrees of freedom. The
energy associated with these degrees of freedom can also contribute to
the energy available for the chemical reaction. Therefore, the chemical
reaction could occur even if Eq. (12.124) is not satisfied. On other hand,
part of the energy m;,v2/2 can be transferred from the translational degree
of freedom into the rotational or vibrational degrees of freedom during
collisions. This part of M12V% /2 will not be available to aid the chemical
reaction. If these two effects compensate each other, Eq. (12.124) will still
be reasonable.

Equation (12.114) implies that the number of active collisions between
molecules A and B in a unit time is

=T\ 2 /1 1\ /2
Za:Zoe’E/RT:4UABnAnB(L> <7+7> o—E/RT
2T ma  mp
or
1 1\ /8kgT\'?
Zu=aton e (o) () T 2129

where r;is the radius of molecule i. Recall that in Section 8.1.1, we saw that
formal kinetics suggest that the rate of the elementary bimolecular reac-
tion, w, is

w = knang, (12.126)
where
k = Ae F/RT, (12.127)
Comparison of Eqs (12.125) and (12.127) shows that
A=n(ra+rp)’ (L + i) " (M) 1/2. (12.128)
ma  mp ™

Thus, we were able to show that statistical thermodynamics can be used to
derive the kinetic equation which we simply postulated in our discussion of
formal kinetics. Moreover, statistical thermodynamics provides a means to
determine the rate constant from microscopic characteristics of the
molecules participating in the chemical reaction (this was a necessary input
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parameter in the formal kinetic theory). Note that according to the theory
of active collisions, the pre-exponential factor 4 depends on temperature,
but only very weakly compared with the exponential Arrhenius depend-
ence in the rate constant.

Unfortunately, the pre-exponential factor calculated using Eq. (12.128)
is very seldom in agreement with experimental data. In fact, it commonly
overestimates the experimental value by 3—4 orders of magnitude. In order
to explain this disagreement, we introduce the so-called steric factor as the
ratio of the experimental and theoretical values of the pre-exponential
factor:

Aex
o= _2ep

= . 12.129
Atheory ( )

When this factor is smaller than unity, it can be interpreted as the prob-
ability that the molecules are favorably oriented at the moment of the
collision for the reaction to occur. In order to illustrate this idea, we
examine the results of quantum—mechanical calculations for the energy
surface for the reaction Cl+ HI =HCI 41, shown in Fig. 12.6. This figure
shows that the activation energy for the chemical reaction actually depends
on the angle of attack of the Cl atom. The reaction will occur only if the
angle of attack is within a ~ 30° window centered on the H atom. This is a
reason why the steric factor can be less than unity. However, there are some
reactions for which the steric factor is larger than unity. We cannot, of
course, rely on arguments based on the angle of attack to explain these.
Our theory of active collisions is clearly too simplistic to provide a rigorous
determination of the steric factor.

Example problem

1. The following rate constant data were measured for the gas phase
reaction

C5H5N + CH3I = C5H5NCH3II

T (K) 293.1 323.2
k (10?/[mole (min]) 0.713 5.89

The densities of liquid CsHsN and CH;1 at room temperature are p =0.98
g/em® and p=2.28 g/em?, respectively. Estimate the steric factor.

12.3.3 Theory of the activated complex

As we saw in the previous section, the theory of active collisions gives a
qualitative explanation of the laws of formal kinetics but is not capable of
providing accurate predictions of the rate constant. The main reason why
this theory does not show better agreement with experiment is that it
does not consider what is actually happening during collisions. The theory
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Fig.12.6

Schematic illustration of the impact of a
Cl atom and a HI molecule. The plots
show the energy as a function of
separation for the Cl impacting the HI
moleculeat thelatom and at the H atom.
Note that in the first case the Cl atom

is repelled while the energy versus
separation curve has a minimum in the
second case when the Cl impacts the H
(i.e. the reaction can occur only in the
latter case).
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Fig.12.7.

Energy contours as a function of the
distances between the Br atoms Rp, g,
and between the H atom and the closest
Br atoms Ry g, for the special case in
which the Br, molecule axis and the
direction of the H atom movement are
colinear.
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of the activated complex, developed by Eyring is an attempt to answer this
question. In this section, we first present a qualitative picture of what is
happening during a bimolecular chemical reaction. We will show that the
discussion of such a reaction is greatly simplified by the introduction of the
concept of a reaction path. We will then apply a statistical mechanics
approach to describe the motion of the system along the reaction path.
Finally, we will show how to predict the rate constant from microscopic
characteristics of the molecules participating in the chemical reaction.

12.3.3.1
In analyzing the reaction path, we will again make use of the so-called
adiabatic approximation (see Section 12.2.3). Recall that the main idea of
this approximation is that the electrons move much faster than the nuclei,
such that they are always in equilibrium with the slowly moving nuclei. In
this approximation, the total energy can be written as

E=FE+E" + U,

Reaction path

(12.130)

where Ej is the kinetic energy of the nuclei, £? is the ground state energy
of the electrons and U, is the interaction energy of the nuclei with each
other. The two last terms are functions of the coordinates of the nuclei,
g1, - - > @3u-6(5) (see Section 12.2.6), and hence can be combined into a single
function U(qi, .. ..q3,—¢s))- Figure 12.7 shows an example of such a
function for the reaction

H + Br, = HBr + Br,

in the special case where the hydrogen approaches the Br, molecule along
its axis.

The set of all of the states through which the system passes as it goes from
reactants to products is called the reaction path. Obviously, there could be
many possible reaction paths for the same reaction. The shortest path from
any point on the energy surface to the energy minimum is a line which is
normal to the constant energy contours. Starting from an arbitrary point in
the reaction coordinates (e.g. the coordinates in Fig. 12.7), minimization of
the energy can lead to either the products or the reactants. The groups of
paths that lead to reactants and those that lead to products are separated
from each other by a dividing surface (in the case of Fig. 12.7, this is just a
curve). Any path that takes the system from reactants to products neces-
sarily crosses this dividing surface. If that path intersects the dividing
surface at a right angle, the intersection point corresponds to the maximum
energy along that path. One of these points has a lower energy than all
other points; this point is the saddle point. We refer to the system at the
saddle point as the activated complex. Let x be the coordinate along the
reaction path that crosses the dividing surface at right angle at the saddle
point. The potential energy U as a function of x is shown in Fig. 12.8(a).
In Fig. 12.8(b), we add the energy of the zeroth vibrational mode of the
system to the potential energy to obtain E(x). In this figure, E,, Ej and E(i]
are the total energies of the reactants, products, and the activated complex,
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respectively. E, is the activation energy’ (i.e. the energy that must be
provided in going from reactants to the activated complex) and AU is the
heat of the reaction at 7=0 (i.e. the difference in energy between the
products and reactants).

12.3.3.2 Calculation of the rate constant

In determining the rate of a reaction, we consider the rate at which the
system traverses the reaction path from reactants to products. It is suffi-
cient to simply discuss the rate at which the system crosses the activated
complex. In the classical theory of the activated complex, we make a
number of simplifying assumptions that help us determine the rate at which
the system crosses the saddle point. In so doing, it is convenient to think of
the system as a set of reactants, as a set of products, or as a special molecule
corresponding to the state of the system at the activated complex. This
allows us to ignore the whole reaction path and just focus on these three
states. We now make three specific assumptions:

1. Allreaction paths cross the saddle point on the dividing surface at which
point the system is the activated complex.

2. The concentration of activated complexes can be determined from
Gibbs statistics.

3. The motion of the system along the reaction path is a form of
translational motion.

The first assumption asserts that we can focus on only one reaction path
and, more importantly, one point along that path (rather than the entire
energy surface). The second assumption allows us to determine the con-
centration of activated complexes using the approach developed for
reactions in Section 12.3.1. Finally, the third assumption provides a
method (see Section 12.2.8) for determining how quickly the system moves
along the reaction path.

We will derive the main equations in the theory of the activated complex
by considering the following prototypical reaction

A+ BAC, (12.131)

for which we will assume the following mechanism
A+B:A>A131£c, (12.132)
<—1

where AB'is the activated complex. The rate of the reaction in Eq. (12.131)
can be described as

w = TAB (12.133)
T

where 7 is the average lifetime of the activated complex. Therefore, we need
to derive expressions for the concentration of the activated complexes and
for their average lifetime.

7 In Section 12.3.3.3, we will show that this quantity is not exactly the same as the
activation energy obtained from experiment using the Arrhenius law.
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(@)

Fig.12.8.

(a) The potential energy U along the
reaction path, (b) the energy (potential
plus the energy of the zeroth vibrational
mode) E along the reaction path. E, E,
EY, E,, and AU, are the energy of the
reactants, energy of the products, energy
of the activated complex, activation
energy, and 7'=0 heat of reaction,
respectively.
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In order to address the first issue, we assume that the reactants and
the activated complex are in equilibrium with respect to each other (see
Eq. (12.132)). This equilibrium is described by the following equilibrium
constant

N ani P,y
K= an _ Pagt myrr 12.134
¢ nang PaPp ' ( )

where E, is the activation energy.

In order to derive an expression for the average lifetime of the activated
complex, it is useful to consider the activated state as having four trans-
lational degrees of freedom. These are the three usual translational degrees
of freedom associated with motion in three-dimensional space and one
translational degree of freedom associated with the motion of the system
along the reaction path. Since the total number of degrees of freedom of
molecule containing v atoms is 3v, we conclude the activated complex has
3v — 7 vibrational degrees of freedom (3v — 6 for a linear molecule); that
is, it has one vibrational degree of freedom less than a garden variety
molecule. The average lifetime can be expressed via the width of the
activated state, 6, and the average velocity along the reaction path

N RIS

(12.135)

T =

Of course, 6 is not a well defined quantity. Fortunately, it will cancel
out of the final expressions so its value is irrelevant. Using the molecular
theory of gases, we write the average velocity along the reaction path as

(see Eq. (12.96))
ﬁ:HZkiBT. (12.136)
TN A gt

We can also evaluate the part of partition function associated with the
motion along the reaction path. For one dimensional translational motion,
we can write the partition function as follows:

/ dX/ e v /2/“BTd(mv) Ii ; /2’/TkBT (25\/271'}2’11{BT
m

Therefore, the part of the partition function associated with the motion
along the reaction path takes the following form:

path __ 0 27TWIABthT
T = (12.137)

Combining Eqs (12.133)—(12.137), we obtain

o KﬁnAnB _ P:ABI —E,/RT 5 \/27rmAB1kBT1 2kBT
o o T A gi

T PAPBe ATt h 1
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or

kyT P ;\Bi E,/RT
=———"C ¢ "/ Mpang, 12.138
/1 PAPB ATB ( )
where P’ABI is the partition function of the activated complex excluding the
contribution of the motion along the reaction path. Therefore, the rate
constant is

/
_ kgT PABi e Ea/RT

= 12.1
h PaPg (12.139)

This is the main result of the theory of the activated complex. In some cases,
this theory allows us to calculate the rate constant of a bimolecular reac-
tion in reasonable agreement with experiments. However, as mentioned at
the beginning of this section, this theory is based on some oversimplifi-
cations. We now discuss some of the effects of these oversimplifications.

First, we note the theory of the activated complex does not consider the
fate of the reactants (molecule C in Eq. (12.131)) after the reaction. Since
the potential energy of the product is lower than that of the activated
complex, the product has an excess energy. It can loose this energy either by
emission of light, or by collision with another molecule or the chamber
wall. All of these processes require a finite time. During this time, there is
a chance that the inverse reaction will occur (deactivation). Consider the
mechanism where molecule C transfers excess energy to a molecule M of
an inert gas:

A +BX AB! (activation)

AB A 4B (deactivation)

AB! ﬁ C* (formation of energetic molecule C*)
C*k—ﬂ; AB! (return from C* to the activated complex)
C*+M ¥ + M* (stabilization of the molecule C)

(12.140)

where * indicates a high energy state.

Note that in the derivation of Eq. (12.139), we only considered the first
three stages. Consider now all stages from the point of view of formal
kinetics. The rate of reaction in Eq. (12.131) is

w = ky[C¥][M].

In steady state, the concentrations of AB' and C* should be constant,
therefore, we can write

d[ABH
dr
IO A ki) k(M =0

= ka[A][B] — k4 ABY] — kp[AB] 4 k_,[C*] = 0
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from which we obtain
p[C*] + ks [C*][M]

k_
1 —
[AB ] - k[}

ka[A][B]
(kak—p/kp) + (kaks/ky)M] + ks[M]°

Inserting the last result into the equation for the rate of the reaction in
Eq. (12.131), we obtain

(4=

_ kskpky[A][B][M]
T ek + ks (ka + ) M

(12.141)

Since the theory of the activated complex considered only the first three
stages of the reaction in Eq. (12.140), the rate constant can be determined
from the constants k,, k4, and k, alone. Equation (12.141) shows that when
the concentration of M is very large, this is true:

koka AJ[B]
w=—"— 12.142
ok (12.142)
However, this is a special case. If the concentration of M is small,
Eq. (12.141) reduces to

 kskpky
~ kak_,

w [M][A][B], (12.143)
where the rate constant also depends on ks and k _,. Since the concen-
tration of M is constant in steady state, we can consider Eq. (12.143) as the
kinetic equation for a second order reaction. This agrees with our original
theory of the activated complex result (Eq. (12.138)). However, the rate
constant in our extended theory (Eq. (12.143)) depends on the rate con-
stants for each stage of the reaction in Eq. (12.140) and the concentration
of M (ks, k _ ,, and [M] are absent in the original theory). Therefore, it is not
surprising that the original theory of the activated complex does not
accurately predict experimentally measured rate constants.

In the derivation of Eq. (12.139), we assumed that the probability that a
chemical reaction occurs is unity if the system reaches the activated state
and zero if it does not. Strictly speaking, neither of these assumptions are
valid. Even after reaching the activated state, the system can return to the
original state and a system with energy less than the activation barrier E,
can react through a process known as tunneling. There are even more
complicated cases, such as when there is a quantum mechanical transition
that takes the system from one potential energy surface to another.
Consider the following example reaction

CO + O — COs.

The oxygen atom has two unpaired electrons with parallel spins in its
ground state, while CO and CO, molecules each have zero net spin.
Therefore, the reaction can only occur if one of the spins flip. However, this
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means that the electronic state of the system changes abruptly and the
system jumps from one potential energy surface to another.

We can account for the disagreements between the theory of the acti-
vated complex and experiment by writing the reaction rate as

kT P,
= k—— —AB o~E/RT (12.144)
h PA PB
where we have combined all of these disappointments into a new constant,
the transmission coefficient . Of course, the theory of the activated com-
plex is silent on the value of the transmission coefficient.

Review question

1. The reaction O + CO — CO; has a linear activated complex O—C-O.
How many vibrational degrees of freedom does this activated complex
have?

2. The reaction C,H4 + Cl — C,H4Cl has the following activated complex
CH,-CH,Cl. How many vibrational degrees of freedom does this
activated complex have?

12.3.3.3 Theory of the activated complex versus the Arrhenius law

The rate constant in the theory of the activated complex is expressed in
terms of the partition functions of the reacting molecules and the activated
complex. We can provide a rough estimate of the temperature dependence
of these partition functions at room temperature. The translational par-
tition function is proportional to 737 (see Eq. (12.37)). The rotational
partition function is proportional to 7 in the case of linear molecules (see
Eq. (12.55)) or T°/% in the case of non-linear molecules (see Eq. (12.76)).
Finally, the vibrational partition function is only very weakly temperature
dependent at room temperature, where 7' < 6 (see Eq. (12.67)). Therefore,
Eq. (12.139) can be rewritten as

k= AT™"e E/RT

where A4 is a temperature independent constant and the power, m, depends
on the structure of the reacting molecules and the activated complex. This
result implies that

E, dlnk m E, E, +mRT
1nk:1nA+mlanRT; T:?JFRTZ:T'
On the other hand, the Arrhenius law takes the following form:
dlnk E
AT~ RT*

where E is the experimentally observed activation energy. Comparing this
equation with the previous one, we find

E, = E — mRT. (12.145)

Therefore, the measured activation energy need not be the true activation
energy.
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12.3.3.4 Thermodynamic form of the theory of the activated complex

If we consider the activated complex as a regular molecule, we can write the
expression for the equilibrium constant for the reaction

A+ B— AB (12.146)
as (see Eq. (12.122))
P .
¥ _ " AB' —E,/RT
K} N . (12.147)

Inserting this expression into Eq. (12.139), we find

k:k%TKiC (12.148)
In physics, we commonly express concentrations in molecules/m?,
while in chemistry we commonly express it in mole/l. Equation (12.248)
is unchanged on going from physics to chemistry (as long as we are con-
sistent). In the rest of this chapter, we will be chemists and express
the concentration in mole/l. We will use the state in which the partial
pressures of all species are 1 atm as our standard state. In this case (see
Section 5.2)

Ky, = K(R'T)",
where R’ =0.0821 (1 - atm)/(K mole). Since —RT In K, = AG, we obtain
K, = K(R'T)",

where AG*, AH*, and AS* are the change of the Gibbs free energy,
enthalpy, and entropy at formation of the activated complex. Inserting this
result into Eq. (12.148), we obtain:

- kBTTR,Te,AHé/RTeASi/R’ (12.149)

where the rate constant has the dimension 1/(mole s). This equation can be
transformed as follows

1nk:21nT—ﬁ+Aisi+const~ £:E+ﬁ
RT R ’ RT> T RT?
or
AH' = E—2RT. (12.150)
Inserting this expression into Eq. (12.149), we obtain:
k= %Te%ASWRR'Te*E/RT. (12.151)

Note that both R and R’ are the ideal gas constants, but are in different
units. Recall that in the theory of active collisions

k = cAe F/IRT, (12.152)
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where

12
ngT) (12.153)

A=mn(ra + VB)2 (7T771AB

Comparing Eqs (12.151) and (12.152), we obtain the following
relationship:

oo LKBT 5 piasisr (12.154)
A h
Obviously, the factor 4 has the same order of magnitude for all bimole-
cular reactions. Therefore, the steric factor o is determined by the entropy
of the formation of the activated complex. According to the theory of
active collisions, all bimolecular reactions fall into one of the following
three categories:

o > 1-“fast reactions”;
o=~ 1-“normal reactions”
o> 1-“slow reactions”.

Inserting reasonable numbers into Eq. (12.153), we find that A ~ 10"
1/(mole s). The factor (1/A4)(kgTh)e*R'T is ~ 10* at room temperature.
Ignoring the steric factor in Eq. (12.152) (i.e. o~ 1) is equivalent to
assuming that AS* ~ — 80 J/(K mole). For this value of AS*, the theory of
active collisions should work. We can estimate AS* as follows. At room
temperature, the vibrational degrees of freedom do not make a significant
contribution to the entropy. In the case of bimolecular reactions, the
reacting molecules together have six translational degrees of freedom and
4-6 rotational degrees of freedom. The activated complex has four trans-
lational degrees of freedom and 2-3 rotational degrees of freedom.
Therefore, AS* has contributions from two translational degrees of
freedom (~ 50 J/(K mole) per degree) and 1-3 rotational degrees of free-
dom (~ 20 J/(K mole) per degree) and overall, AS* < — 100 J/(K mole).
This is why most bimolecular reactions are “slow reactions” and the theory
of active collisions overestimates the rate constants.
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Introduction to statistical
thermodynamics of
condensed matter

In this Chapter we apply statistical thermodynamics to condensed matter.
We start with a description of the structure of liquids and the relation
between this structure and its thermodynamic properties. Taking the low
density limit, we derive a general equation of state appropriate for both
liquids and gases. Next, we turn to a statistical thermodynamic description
of solids. Finally, we consider the statistical theory of solutions.

13.1 Introduction to liquid theory
13.1.1 Correlation functions

Recall that interactions between molecules in an ideal gas can be ignored
for the purpose of determining thermodynamic properties. Therefore, we
can assume that the spatial position of a molecule is independent of the
positions of all of the other molecules in the gas. In real gases under high
pressure and, even more so, in condensed matter, the intermolecular
interactions play an important role and the positions of molecules are not
independent. In other words, intermolecular interactions lead to the
formation of correlations in the location of the molecules or, equivalently,
to the development of structure. The energy of the system and the
other thermodynamic properties depend on this structure. Therefore, we
now turn to a discussion of structure. There are two distinct approaches
to this problem. The first approach is designed for crystalline materials
and is based upon a description of crystal symmetry. The description of
this method is outside the scope of this text. The second is based upon
the introduction of probability functions for atom locations and is
applicable to disordered systems such as dense gases, liquids, and
amorphous solids.

Consider, as we are apt to do, the ideal gas. In this case, the probability
of finding s molecules at points ry, ra, .. ., I is simply

1
dw(ry,...,rs) = %drl ... drs.
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In contrast with the ideal gas, the positions of molecules in high density
gases or condensed matter are not independent of each other. Therefore,
we write

1
dw(ry,...,r5) = %Fs(rl, ..., rg)dry ... drg, (13.1)

where Fy(ry, ..., ry) is called the s-particle correlation function. Note three
obvious properties of such functions. First, the system does not change
when we exchange two molecules. This implies that the correlation
functions should be symmetric with respect to their arguments. For
example, two-particle correlation functions are invariant upon switching
indices:

Fy(rg,13) = Fo(rp,19).

The second property is associated with the fact that correlation functions
are probability distributions and, hence, must be normalized:

1
%/Fs(rl,...,rs)drl coodrg =1, (13.2)
Finally, we can find any of the lower order correlation functions from the
any higher order correlation function, for example,

1
Fireon) =3 [ Rt (133)
Below, we primarily focus on homogeneous systems. In this case, the

probability of finding a single molecule at any point is the same. Therefore,

1
dw; = —dr
1= pdn
or
Fi(r)=1. (13.4)
It is often useful to write the conditional probability
AWy, .1y (F1, - - -, T5) that s molecules are at points ry, . . ., Is, while p other
molecules are at points rg_1, ..., Iy . It is obvious that
dw(ry,. .., rs-%—p) =dw(rss1, ..., rs-%—p)dwrsﬂ,.”,rerp (rgy...5Ts).

Inserting Eq. (13.1) into this relation, we obtain:

Vstp Fs+p(r1, ey l‘sﬂ,)dl‘] . dl‘s+p

1
= WFp(rsﬁ»ly ey rs+p)drs+l <. drs+pdwrs+17..4,r5+p(rla R rs)

or

1 Fsﬂ;(l’], cees rs+p)
yeeuslg) = —————————=dry...dr,. 13.5
Tsip (rl rs) Vs Fp(l‘s+1, . l_sﬂ)) I Is ( )

Another approach is to describe the structure of a homogeneous
disordered system through pair correlation functions. If the system is

yorny
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The pair correlation function of liquid
iron at 7=1873 K.
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homogeneous, the probability of finding molecule 2 at a distance r from
molecule 1 does not depend on the position of molecule 1. If the system is an
ideal gas then this probability is simply 47r°dr/V. In the case of condensed
matter, we must introduce a new factor that accounts for the correlation
between the positions of molecules:

47 dr
V

The function g(r) is called the pair correlation function. For an ideal gas,
g(r)=1. However, if the molecules repel each other at short distances (as
quantum mechanics tells us they must), molecule 2 cannot approach too
close to molecule 1. Therefore, at small distances g(r) =0. In disordered
systems (liquids, amorphous solids), there is no correlation between
molecule positions at large r; hence, g(r) = 1 at large distances. Figure 13.1
shows a typical pair correlation function for liquid metals.

We can also describe the probability of finding molecule 2 at a distance r
from molecule 1 using the correlation functions introduced earlier (see
Eq. 13.5):

dw(r) =

g(). (13.6)

) = LT 1 Fa(r.r)
dwr,(rz)—V Fi(r) dl'z—V Fi(ry) d(ry —ry)

47‘["1‘2 — l'1|2d|l'2 — l'1|
% .

Comparing this result with Eq. (13.6) and taking into account that
r=|ry —rq|, we find:

= Fy(ry,12)

Fy(ry,r) = g(|rg — ra)). (13.7)

Therefore, the two-particle correlation function for homogeneous system
only depends on the scalar separation between molecules. We note, with-
out derivation, that this function can be determined from diffraction
experiments.

Review questions

1. Whatis dw(ry,...,rs) = (1/V*)F(ry, ..., rs)dry ... drg?
2. Whatis e,y ., (1, 15) = (1/ 7)) ZE8t=tendry o dry?
3. For which systems is the following relation F(ry,r2) = g(|r1 — r2l)

valid?

13.1.2 Determination of thermodynamic properties

Since our goal is to obtain the thermodynamic properties from a micro-
scopic description of the system, we now consider how to determine such
properties from the correlation functions and molecular interactions (and
external parameters). Since the correlation functions (structure) are
themselves determined by the molecular interactions, our first step is to
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relate the correlation functions to the molecular interactions. The most
natural approach is to use Gibbs statistics. Recall that the partition
function takes the following form:

N
1 / —|:UN(1'|,4..,rx)+2p%/2m JksT
€

ZN:ﬁ =l dr, (13.8)
where Un(ry, . . ., ry) is the interaction energy of the molecules (atoms) and
dry...d e
ar = drr---dondp - dpy (13.9)

(2nh)

The integration over momenta in Eq. (13.8) can be separated from the
integration over molecule positions. This allows us to rewrite Eq. (13.8) as

mkyT 3N/2QN
Iy = <Th2) N (13.10)
where the quantity
Oy = /e—Usv("w-W/kBTdrl...drN, (13.11)

is called the configuration integral or configurational partition function.

In the case of an ideal gas Uy =0 and, therefore, Q= VN Thus, we can
rewrite the partition function for an arbitrary system in terms of that for an
ideal gas ZJ and the configuration integral:

0 On

ZN:ZNW. (13.12)
Since
A= —kBT II'IZN
we can rewrite Eq. (13.12) as
9
A:Ao—kBTan%, (13.13)

where A is the Helmholtz free energy of an ideal gas of N molecules at the
same temperature and volume.
The probability that N molecules are at points ry, ..., In is

1
dwy(ry,....1N) = ae’Uf"(r"“"'N)/kBTdrl ...drw. (13.14)

Comparing this result with Eq. (13.1), we find:
VN
FN(1'1, e rN) _ Qie—UN(l'l,.“,n\)/kBT (1315)
N

Other correlation functions can be found using Eq. (13.3) and will be
discussed in Section 13.1.4.

Now imagine that we know the correlation functions. How can we use
this information to determine thermodynamic functions? We recall that
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any measurable thermodynamic property is, by definition, an averaged
quantity. Any quantity that is a function of atomic coordinates can be
written as a sum over the s-body interactions

N—1 N-2 N—s
My .om) = > Y [ ). (13.16)
=1 h=i+1 f=ig_1+1

In principle s = N, but in many cases it is sufficient to describe the inter-
actions as simply two-body (pairwise) or three-body (bond bending)
interactions. The average of this quantity M, (i.e. the thermodynamic
quantity) is simply a weighted average of all possible molecular positions:

Inserting Eqgs (13.15) and (13.16) into this relation, yields
— N! 1 Uy )k
M, = sl(Nfs)'a/f(rb crg)e” Ve kT qe -y
N! N
:m/f(n,...,rs)FN(rl,...,rs)V dry...dry

—LL/}"(r rs) Fy(r rg)dr dr
_S‘!(N—AS‘)! VAS . 15"'7 S S 1""5 S 1"' S

Since we usually work with s < N, this equation reduces to

M, = (g)l'/f(rl,...,rs)FS(rl,...,rs)drl ... dr. (13.17)
s!

As an example, consider a system in which the molecules only interact
through a pairwise potential (r), that is a potential that only depends on
the distance between molecules. In this case, the instantaneous potential
energy is

Un(r. ..oty = Y (=) (13.18)

1<i< ... <j<N
Equation (13.17) implies that the mean potential energy is

N

2
— 1
UN = (T/> E/Lp(‘l'l — l'2|)F2(l'1,l'2)dl'1dl'2.

If the system is homogeneous, this reduces to

2 2
Uy = (%) % / ¢(r)g(r)drdr, :%(IE/) vV / o(r)g(r)dmridr

and, finally,

Uy = sz% / o(r)g(r)dr. (13.19)
0
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This example relates a thermodynamic function to the molecular interac-
tions, the structure and an external parameter, the density.
Review questions

1. What approximations were used to derive the following expression:

— NY'1
M,=|— —/f(rl,...,rS)FX(rl,...,rs)drl...drs
V)s!

for the average value of a quantity
N—1 ¢\N— N-
Mi(ry, ... oe8) =0 SN2 L S )?
2. What approximations were used to derive the following expression
for the average value of the potential energy,

Uy =27N(N/V) [, e(r)g(r)rdr?

13.1.3  Equation of state of non-crystalline matter

The equation of state can be obtained from the following thermodynamic

relation:
B 0A
P="\av),

Inserting Eq. (13.13) into this relation, we obtain
04y 9ln Oy oln VN
=—|—= kgT —kgT .
P (8V>T I ( o )T ? v

The first term is the equation of state of an ideal gas (p = NkgT/V') and is
exactly canceled by the last term. Therefore,

P = kBT<aln QN> .
T

5 (13.20)

For simplicity, in the remainder of this section, we consider the special case
in which the molecular interactions are strictly pairwise. In this case, we
can express the potential energy as

Un(ry,...,1N) = Z o (|ri — ).

1<i<...<j<N

It is convenient to scale all of the atomic coordinates by a parameter, A,
such that

VN = MV
Differentiating both sides of this expression, we find:

dV(\) = 3X2dAV = % |14

or
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Introduction of this scaling parameter also leads to the following changes
in the potential energy and the configuration integral:

N-1 N N
UN()\I‘l, “en ,)\I'N) = Z Z (p()\|l'i - l‘j‘) = Z(p()\|l'i — l‘jD

i=1 j=it1 i<j

Inserting these results into Eq. (13.10), we obtain:

- kBT(@ln QN(»)

oV

- 1{A aQNm}
A=1 30N OX |\

kBT 1 3N- 1/ —Un(Arq,..., Arn) /k
3N N(Arg,..., rN)/kBTd .d
% QN{ -GN
Ap(Alr; —rj]) [ri — r\ _
3N i LD T Uy, ) ks T,
-\ ;/ ol — x| kBT dry...dry
i<j A=1
kgT 1
BV
kT 1 1 Op(|ri — l'J| —Un(r1,...x8)/ks T
L QNkBTZ/ el dry ... dry
N a L — T
_ NksT 1 ZM!n—nl ‘
V.o 3W\4 On—rl

The average in the final expression can be evaluated using Eq. (13.17):

2
_ NkgT 1 (N) % M |r1 — r2|F2(r17r2)drldr2

V IV\V dlr1 — ra|
_ NkgT 1 (NY1 &p() 3
and finally
_ NkgT 27 (NY [ ;
== —?(I—/)/go(r)g(r)r dr, (13.21)

where the prime indicates that a derivative is taken with respect to r. This is
the equation of state for non-crystalline matter in which the molecules
interact via a pairwise potential, ¢. The first term corresponds to an ideal
gas and the second is determined by the molecular interactions. In the low
density limit, this equation reduces to the equation of state of an ideal gas.
We return to this equation in Section 13.2.1.
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Review questions

1. Under what conditions does the equation
p=NkpgT/V)— (2m/3)x (N/ V)zf ¢'(rg(r)ridr reduce to the equation
of state of an ideal gas?

2. Isit possible to derive an equation of state for a non-ideal gas from the
following equation p = (NkgT/V') — (27r/3)(N/V)2f ¢ (Ng(r)ridr?

13.1.4 Born—Green—Bogoliubov equation

We have already derived expressions for the potential energy (Eq. 13.19)
and the pressure (Eq. 13.21) in non-crystalline matter. Both expressions
require the knowledge of the molecular interactions and the pair correla-
tion function (assuming that the interactions are strictly pairwise). The
intermolecular potential can be fitted to either quantum-mechanical results
and/or experimentally measurable quantities. While a large corpus of
intermolecular potentials exists, a discussion of this issue is outside the
scope of this text. If the intermolecular potential is known, the pair cor-
relation function can easily be determined using atomistic computer
simulation—unfortunately, this is also outside the scope of this text. While
such an approach has clear advantages, it does not yield pair correlation
functions in an analytical form. On the other hand, the modern theory of
liquids, while producing analytical results, does not predict accurate pair
correlation functions. Nonetheless, such theories are useful both con-
ceptually and in practice in some special cases. The remainder of this
section will be devoted to the theory of liquids. This theory will play a
pivotal role in our discussion of non-ideal gases in the next section.

We will again limit our discussion to the case in which the interactions
between molecules is pairwise. In order to derive the relation between the
pair potential and pair correlation function, we start from the general
relation between the correlation functions (see Eq. 13.3):

1
Fy(ry,...,r5) = I—//Fsﬂ(r], e e, Tap)drg g,

This relation allows us to express the correlation function of any order
through the N-particle correlation function:

1
Fs(l'l,. . .,l's) :W/FN(I'I,., ,,l‘N)dl'5+1 .. .dl'N.

Note that we have an exact expression only for the N-particle correlation
function (Eq. 13.15):

VN
Fy(ry,...,IN) = ~ e~ Unrin) [k T
Inserting this expression into the preceding equation, we obtain
V\'
Fy(ry,... x5 = on / e Unmm/keTqr o dry. (13.22)

This, in principle, provides an exact expression for any correlation func-
tion. In practice, however, this expression is not particularly useful.
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For example, in order to calculate the two-particle correlation function, we
must perform integration over N — 2 coordinates. Since N can be very
large, this would be tedious. We can obtain a more practical relation by
taking derivatives of both sides of Eq. (13.22) with respect to the position of
molecule 1:

__ 7 ViUy e~ Un/ksT
v]Fs = QN kBT dl‘ dl’N

=—— —r “Un/kaTdrg ... d

kBTQNZV1<P(|r1 1'1\)/9 Tsi1 N
- /Vlgo(\rl —ri|)e” Un/ksTqrg ... drn

kBTQ i=s+1

_ |4 —Un/ksT,

=TT 2 QN/C drg.q...drn

sl ’
k T /V1¢(|r1 Ty 1])drs On /er‘”//”BTdrsu---drN,

where V| implies the derivative with respect to the position of molecule 1,
that is, 9/0r;. We can replace the integrals on the right hand side of this
expression using the correlation functions F; and F,, ; (Eq. 13.22):

l s
VIFY(rI’ ... 5rS) = - kBi]—VFY(rl’ D) rS) Z vl(p(|r1 - l'i|)

1 N—

k T v /V](ﬂ(h’] - l‘s+1|)F5+1(r1, oo Teyp)drg g

or

kpTV1Fy(ry,....x) = —F(ri,....x) Y _ Vig(ry — ril)

N-—s
A [ Vietin - naDFatradra. (1323)

This is the Born—Green—Bogoliubov equation. For s =2, it reduces to

ksTViiIng(ry — ra|) = =Vip(|r; —r2|)
N F3(ry,ra, 1
*?/VI‘P(FI ,hDM

g(ry —r2))

This expression gives the relationship between the pair potential, the pair
correlation function, and the three-body correlation function. This equa-
tion is exact. Unfortunately, Eq. (13.24) cannot be solved unless we know
the three-body correlation function. To make it useful, we need another
equation that express the three-particle correlation function in terms of
the pair correlation function. Unfortunately, at present, no such exact
expression is known. The simplest approximate form can be found using
the superposition approximation. In this approximation, we assert

F3(r1,x2,13) = Fo(r1, 12)Fa(ry, 13) Fa(rz, r3). (13.25)

dry.  (13.24)
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Inserting this into Eq. (13.24), we obtain
kg TVilng(jr —r2|) = —Vig(|ry — r2f)

- IE// Vie(re —r3]) g(Jry — r3))g(|rz — r3|)drs. (13.26)

In order to evaluate the pair correlation function from this expression, it
is convenient to introduce a new function:

E(x) = / (Dg(n)dr. (13.27)

0
Taking derivatives of both sides of this equation, we obtain:

ViE(|r1 —13)) = Vig(|r — r3))g(|rr — r3).
Inserting this relation into Eq. (13.26) yields

N
kpTV1iIng(|ry —r2]) = —Vip(jrr —r2|) —17/ ViE(|r —r3))g(|rz — r3)drs.
Integrating this equation shows
kgTlng(r) = —p(r) — %/ E(Ir — ¥'|)g(+")dr’ + const. (13.28)

We can determine the value of the integration constant by considering
what happens at large r. In this limit, In g(r) — 0and () — 0. This implies

const = IE// E(Jr — r'|)g(+")dr’. (13.29)

Since E(x) is non-zero at small x, E(|r — r'|) at r — oo is only non-zero near
r' =~ r. We now use the fact that g(+') = 1 at large r’ to write

const:g/E(\r—r’Ddrﬁ

Inserting this result into Eq. (13.28), we find:
N J J
kgT Ing(r) = —p(r) — I7/ E(lr — ¥ ))[g() — 1]dr'. (13.30)

In order to simplify the volume integral, we rewrite this expression in
spherical coordinates:

T Ing) = ~o() = 2 [ lg) ~ 1)y

X / E(\/r2 + 72 = 2rr cos@) sin 6 dé.
0

This can be further simplified by switching the integration variable from 6
to t = V2 + 1" — 2rr' cos b:

00 r+r'
kaT Ing(r) = —o(r) —2”7]\[%/ [e() — 1}r’dr’/ Eoyede. (13.31)
0 [r—r|
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This expression is an implicit equation for the pair correlation function in
terms of only the pair potential, temperature, and density. It yields accu-
rate results at low density but is poor at high densities.

13.2 Theory of non-ideal gases

To this point, when we worked with gases, we mainly focused on ideal gases.
At room temperature and atmosphere pressure, most real gases behave as if
they are ideal. However, at high pressure, this is not the case. Moreover, as
we mentioned in Section 2.1, there is no difference between gases and liquids
above the critical point. Obviously, the equation of state (pV'= NRT) and
other thermodynamic properties derived for ideal gases should not be
applied under these conditions. In this section, we derive more general
equations for gases and consider the critical point in more detail.

13.2.1 Van der Waals equation of state

We start by deriving the equation of state for a non-ideal gas. Since the case
of simultaneous collision of three molecules in a gas (even a dense one) is
rare, we can justifiably limit our consideration to pairwise interactions of
gas molecules. As discussed in the previous sections, we can write the pair
correlation function in the Born—-Green—Bogoliubov formalism as

kT Ing(r) = —() + 3. F(),

where F(r) is a function that only weakly depends on 7 and N/V (via the
pair correlation function). We will consider only the low density (small
N/V') limit. In this case, the previous equation can be rewritten as:

. , , N
2(r) = e~ AV TN DO T e—goo)/ksr(l b F(r)) _

Inserting this expression into the exact equation of state (Eq. (13.21)),

_ NkgT 27 (NY [, S
p="0 2 (0) [T emenren

we find

2 roo
p= NkBT_ 21 (d) / (p/(r)e_wo(’)/kT]ﬁdV
0

Vv 3\V
20 (N 1 ™
— ?7( (17) kB—T/O &' (F)e ?OT FGyRdr.

The first term on the right-hand side of this equation gives the equation of
state of an ideal gas. The next two terms represent the first two corrections
as we expand in powers of the density. Keeping only the first of these
(i.e. that proportional to the square of the density), we obtain:

Nk T 27r<N>2 /” (YD kBT 3
p= —— = O (r)e P dr,
v 3 \v/) )
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Integration by parts gives

NkgT 27 (NN, o ..
— =2 T3 (e=W/ksT _
p 7% + 3 (V> kgTr’(e )

o _ 273k TN?
0 312

V2

o] 2 00
X / (e e0iaT _ )2y — NheT_ 2nN kT / (e 0/ T 1)y,
Vv
0 0

Introducing a new constant

B = 4n / (e~ #O/ksT _ 1)2dr, (13.32)
0
we obtain the equation of state in the following form:
NkgT N%kgT
== By. (13.33)

The parameter (3, in this equation does not depend on density but does
depend on temperature and the pair potential. We now attempt to simplify
this equation by making some generic assumptions about the interatomic
potential. For example, at very small r, o(r)> kgT (see Fig. 13.2) such
that e #"/kT ~ 0. At very large r, |o(r)| < kgT such that e #")/ksT
1 — ¢(r)/kgT. We now assume that for any r, we are in either one or the
other of these limits. In this way, we can rewrite Eq. (13.32) as

¢ > dnd®  Am [
=4 2dr — 4 P o P _7/ 2 4
B 7r/0 rodr 7r/d kBTr dr 3 kT ), w(r)r-dr,

where dis the intermolecular separation where we divide between these two
limits. Clearly, d is a measure of the molecule diameter. It is convenient to
introduce two new constants

00 3
a=-2n / o(rdr, b= 2”;1 — 4oy, (13.34)
d
such that
2a
— _opg L 13.35
B + T’ ( )

where vy is a measure of the volume of a molecule. The constants a and b
depend only on inherent molecule properties and do not depend on the
external parameters (7 and 7). The first constant characterizes the inter-
molecular interaction: —N(N/V )a is the potential energy of a gas in which
the molecules are in random locations but interact through the pair
potential ¢(r). Since the potential energy of a non-ideal gas is lower than
the potential energy of an ideal gas under the same conditions (our refer-
ence state), we conclude that a > 0. The second constant simply tells us the
size of the molecules and hence b > 0. Inserting Eq. (13.35) into Eq. (13.33),
we obtain the famous van der Waals equation of state:
NkgT NZ%kgT, N?

V b= (13.36)
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The first term on the right side of this equation corresponds to an ideal gas;
itis proportional to the gas density. The next two terms are corrections that
are proportional to the square of the gas density. The first correction is
associated with the fact that molecules have a finite volume; this decreases
the volume in which the molecules are free to move and therefore, increases
the pressure. This explains why this correction is always positive. The
second correction is associated with the interaction between the gas
molecules; this interaction provides some degree of bonding between
gas molecules. Since any bonding between the molecules decreases the
fraction of the time the molecules can move through the volume, this leads
to a decrease in pressure (i.e. a > 0).

Review question

1. Whatis the physical meaning of parameters ¢ and b in the van der Waals
equation p = (NkgT/V) + (N*kgT/V?)b — (N?/V?)a?

Example problem

1. Construct an expression for the Gibbs free energy of 1 mole of O, using
the following handbook data: interatomic separation in O is
r=1.20735A; the vibrational wavenumber is 7=1579.78 cm; the
van der Waals parameters are a=0.138 J m?*mole’ and b=
3.258 10> m’/mole.

13.2.2  Critical point

We have already discussed the phase diagram of a one-component system
(see Fig. 2.1 in Section 2.1) and derived the Clausius—Clapeyron equation,
which describes the two-phase coexistence lines in the phase diagram,
except for the gas-liquid line near the critical point. We now focus on the
critical point. Since there is no difference between a gas and a liquid above
the critical point, they must have the same equation of state there.
Unfortunately, we have not yet found an equation of state for a liquid. On
the other hand, the van der Waals equation,

(13.37)

NkBT< Nb> N2a
p= l+— | ——5

V V v’

describes a non-ideal gas at high pressure. This expression does not
account for the well-known fact that the pressure in a liquid gets extremely
large when it is compressed by only a few percent from its equilibrium
density (in this equation, p — oo only when the density goes to infinity).
We can correct this problem by using a mathematical slight of hand.
Recall that in our derivation of the van der Waals equation, we performed
an expansion in small values of the density, N/V, only retaining the
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leading order term. To the same level of approximation, we can rewrite
Eq. (13.37) as

 MeT N4
PEYa =NV v

since both Eqs (13.37) and (13.38) are exactly identical to leading order in
the density. This new version of the van der Waals equation of state has the
feature that p — oo as V/N — b. Thus, Eq (13.38) reduces to the van der
Waals equation at low density and exhibits small compressibility at large
densities. Therefore, we will use this equation to describe fluids in general,
that is, both gases and liquids.

Figure 13.3 shows the isotherms predicted by Eq. (13.38) at several
temperatures. At high temperature, the isotherms are monotonically
decreasing functions of volume and at low temperature, the isotherms
exhibit two extrema. The interesting feature is that at low temperature,
there are conditions for which (9p/dV ) > 0 (segment BCD in Fig. 13.3).
(Op/OV')r> 0 is indicative of a thermodynamic instability. Therefore, we
are forced to conclude that at low temperatures, the isotherms must each
split into two separate parts: the high density branch 4B corresponds to a
liquid and the low density branch DE corresponds to a gas. This means that
if we construct a system with an intermediate volume in the range BD, the
system will phase separate into a liquid and a gas.

The critical temperature is the temperature at which the liquid and gas
are indistinguishable. This occurs when the extrema in Fig. 13.3 disappear
upon heating the system. At any temperature below T¢, we can find the two
extrema (V,V5) by setting Op/0V =0. The critical temperature is the
temperature for which V; = V> = V.. At this point, 8’p/dV*=0. Inserting
Eq. (13.38) into these relations implies

(13.38)

dp _ NkgT, +2N2a _o.  Op_ 2NkeT. 6N’a_
OV (Ve-Nb?: Ve T OVE (v.-Nb VE T
Solving these equations for T, and V., we find:
8 a
=—— 13.
¢ 27bkg (13.39)
and
V.= 3Nb. (13.40)
Inserting these values back into Eq. (13.38), demonstrates that
1 a
Pe=>5513¢ (13.41)

All three quantities, T, V¢, and p. can be obtained from experiment. Any
two of these can be used to determine ¢ and b from the van der Waals
equation. The third parameter provides a consistency check on the validity
of the van der Waals equation of state. Usually, the agreement is within
an order of magnitude. This shows that the van der Waals equation is
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reasonable, although not quantitatively accurate. This comes as no
surprise given all of the assumptions we made to get here.

Example problem

1. For oxygen, V,=97.74 cm®/mole and T, = — 118.82°C. Find p..

13.2.3  Principle of corresponding states

Since the critical point parameters (7, p., V) can be determined from
experiment, it is convenient to recast the van der Waals equation in a form
where the external parameters are scaled by these quantities. First, we
introduce the following dimensionless variables:

p T V
T=—; T=—}; w=—. 13.42
Pc T, Ve ( )
The state parameters can be written as (see Eqs (13.39)—(13.41)):
1 a
P = TPc 7
8 «a (13.43)
e T 2T kb

V=wlV.=3Nbw.

Using these relations, we can rewrite Eq. (13.38) as
3
81 = (7r+—2) Bw-—1). (13.44)
w

This result is fascinating because it contains no materials parameters.
It implies that all fluids can be described using the same universal equation
of state. The fact that all fluids at the same dimensionless volume and
temperature have the same dimensionless pressure is a statement of the
principle of corresponding states. While we derived this result based upon
the van der Waals equation of state, the same statement can be made on the
basis of more sophisticated equations of state. Although this principle
is not a mathematically exact statement, it is found to work surprisingly
well for a very large variety of gases. In the next section, we will use this
principle to solve a practical problem.

13.2.4 Fugacity

When we considered the thermodynamics of gas phase reactions in
Section 5.2, we derived the van’t Hoff isotherm from the following form
of the chemical potential

p=pu"+ RT Inp, (13.45)
which was in turn obtained from the equation of state of ideal gases
pV = NRT, (13.46)
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Table 13.1 Experimental data for the reaction in Eq. (13.47)

p(atm) 1 10 30 50 100 300 600 1000
P /Pipne) 421 429 450 4701 518 763 1638 5198

(see Section 1.5.1). Since we already know that this equation is not valid at
high pressure, all equations based upon it are suspect at high pressures. As
an example, consider the following reaction

N, + 3H; — 2NH;. (13.47)
If all species were ideal gases, the equilibrium constant of this reaction

would take the following form:

2 2
k0= P _ 1 T, (13.48)

P 3 T 23 >
szpNz V4 tzxNz

where the superscript 0 implies that we are only confident in the validity of
this expression at low pressure. Experimental values of the p%\IH} /( p%lszz)
at equilibrium at 7=450°C are shown in Table 13.1. These data show that
p,quﬁ/(p%{ZpNz) is nearly independent of the total pressure for p < 10 atm,
but varies strongly with pressure at large total pressure. Hence, we cannot

determine the equilibrium constant as in Eq. (13.48) at high pressure.
In order to adopt the thermodynamic equations to the high pressures, we
introduce a new thermodynamic function, the fugacity f, as

p=p’+RTInf (13.49)

This equation must reduce to Eq. (13.45) in the p — 0 limit, where all gases
are ideal. Therefore, f— p in this limit. Now, consider a mixture of two
gases. In spite of the fact that the gases are not ideal, we will assume that
they form an ideal solution, that is,

A}Imix = 0; AVmix = 0;

ASmix = —(nl + nz)RT(X] In X1+ x3 In )Cz), (1350)

where n; and x; are number of moles and molar fraction of component i in
the gas. The Gibbs free energy of this mixture is

G=m(p) +RTIn f) +ny(ud + RT In £3)
+ (n; + m)RT(x; In x| + x2 Inxy).

Differentiating this expression with respect to n; at constant n;_.; we
obtain:

pi=p) + RTInf) + RT Inx; = pi) + RT In f; (13.51)
where
fi=xif?, (13.52)

and f? is the fugacity of pure i at the pressure which is equal to the total
pressure in the mixture. Comparison of Eqgs (13.45) and (13.51) suggests
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that the only change in going from ideal to non-ideal gases is to replace the
partial pressure with the fugacity.

By analogy with the activity coefficient in solutions (see Eq. (3.68)), we
can also define the fugacity coefficient as

v = fi/ pi- (13.53)

Using this new variable, we can write the equilibrium constant of the
reaction in Eq. (13.47) as

2 2
_ PNm; N (13.54)

T PPN YNy

Note that this expression reduces to Eq. (13.48) when p — 0.

Although we now have a more robust thermodynamic description of
reactions in gases at high pressures, it is of little practical consequence until
we learn how to determine the fugacity. As always, phenomenological
thermodynamics provides no guidance in such situations, so we will have
to resort to other means to determine the fugacity. We discuss two such
approaches below: a method based upon the van der Waals equation of
state and a more practical method based upon the principle of corres-
ponding states.

The van der Waals equation of state for 1 mole of a gas takes the fol-
lowing form (cf. Eq. (13.38)):

p=— (13.55)

where ¥ and b are expressed in m*/mole and « in (J m®)/mole®. In order to
find the fugacity, we start from the following general thermodynamic

relation:
04y _
av), 7

aAideal = p
v . ideal»

where pjqeqr 18 the pressure in an ideal gas at the same 7 and 7. Subtracting
the second relation from the first, we find

a(A - Aideal)
av

For an ideal gas

> = *(P 7pideal)‘
T

Integrating both sides of this equation, we obtain
A—Aigeal 4
| au= st = [ —prav
0 00

Vv _a
V—b V°

4 R1 R1 a
A —A-d,1+/ <———+—I,>dV = Aidea + RT In
1aea. - b 2 1aea.
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where we used the fact that (4 — Ajqea1) — 0 as V' — oo. Since we calculated
the Helmholtz free energy per mole of a pure substance, the Gibbs free
energy and chemical potential (these are identical since we are working
with 1 mole of a pure substance) can be obtained by adding pV-

a
——=+pV.

/L:A—FPV:Aidcal—FRTan_b 7

For an ideal gas, pV'= RT, hence,
Hideal = Aideal +PV = Aideal + RT
RT
Aigeal = plidgeal — RT ="+ RTIn p— RT =’ + RT 1n7 — RT.

Inserting this result into the expression for p yields

RT 14 a RTV a
0
="+ RT In~— — RT+ RT1 _4 _a
p=p HII/_{T + anEb AR
0 a
— W+ RTIn—2 4 RT—2 =%
e S P A 7

Finally, comparing this result with Eq. (13.49) leads to the conclusion that

RT n b 2a
V—b V—-b VRT

In f=In (13.56)
Since this expression is based upon the van der Waals equation of state, it
too must be viewed as approximate. We could, however, apply the same
approach for any equation of state.

Another approach to determining the fugacity uses the principle of
corresponding states. An obvious extension of this principle leads to
the conclusion that if two gases have the same values of = and 7, they
also have the same fugacities. Many handbooks tabulate the coeffi-
cients of fugacity obtained from experimental data in this manner. In
order to illustrate this method we return to the reaction in Eq. (13.47).
Table 13.2 provides the requisite data for all species participating in
this reaction. m and 7 are calculated for T=450°C and p=300 atm.
Assuming that K, =42.1 (the value at the smallest pressure in Table 13.1),
we obtain:

n Yo ) 1.13-1.122
T = K[ | =420 =807
PPN 0.91

This value is close to that in Table 13.1 for p =300 atm.

Table 13.2 Handbook data for the species participating in the reaction in Eq. (13.47)

Species Pe (atm) T. (K) s T 5
N» 33.6 126.3 8.9 5.73 1.13
H, 12.7 33.0 23.6 21.9 1.12

NH; 111.4 405.5 2.7 1.78 0.91
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Review question
1. Consider the following reaction
CO + H, — HCOH.
At small pressures, its equilibrium constant takes the following form:

K, = PHcoH
PcoPH,

and at high pressure the equilibrium constant is

K_ifHCOH

T feofm

What is the relation between these two quantities?

13.3 Statistical thermodynamics of solids
13.3.1 Lattice vibrations

In contrast with liquids and gases, the most important contribution of the
motion of atoms in crystals to the thermodynamic functions is associated
with their vibrations around their equilibrium lattice sites. The same
applies to amorphous materials, except that the equilibrium sites are not
arranged in a periodic manner. Therefore, we can consider any solid
consisting of N atoms as a set of 3N independent oscillators.' Therefore, we
can express the Helmholtz free energy of a solid as (cf. Eq. 12.68)):

A= Neog+kgT»_ In(l —e /bl (13.57)

where Ne, is the energy of the atoms sitting still on their equilibrium
positions and the summation is performed over all 3V vibrational degrees
of freedom. All of the other thermodynamic functions can be obtained
from this expression provided that we know the vibrational spectrum (the
set of w,,). However, this spectrum depends on the symmetry of the crystal
lattice (or the structure of an amorphous material) and the interatomic
bonding. The determination of this spectrum is a topic in condensed
matter physics and is, to our great sadness, beyond the scope of this text.
Our goal here is much more modest. We will examine the low and high
temperature limiting cases and then interpolate between them, as suggested
by Debye (1912).

13.3.2 Low temperature limit

At low temperatures, the only vibrational frequencies that make a sig-
nificant contribution to the free energy are those for which w, ~ kgT/h or

! Strictly speaking the number of oscillators is 3N — 6. The six missing degrees of freedom
are associated with translation and rotation of the whole crystal. Since N> 6, it is often
neglected relative to 3N. Although the vibrations of an atom and its neighbors are not
independent, there are 3N — 6 independent collective vibrational modes.
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less (see Eq. (13.57)). These low frequencies correspond to sound waves
with the wavelength A ~ c/w, where ¢ is the speed of sound. Therefore, in
this approach, we define low temperatures as
hiw _ he he
kB - kB)\ < kBa ’
where a is a typical nearest neighbor separation. For simplicity, we will
assume that the solid is isotropic (this applies to amorphous materials, but
rarely to crystals). In the isotropic case, there is one longitudinal sound
wave (velocity ¢;) and two transverse sound waves (¢,).” The corresponding
vibrational frequencies are w;=ck and w;=ck, where k is the wave
vector. In our analysis, we ignore the discrete atomic structure of the
solid and view it as a continuous medium. It is important to remember
that this is reasonable for the long wavelengths (A > a)/low frequencies
discussed here.

Consider a solid sample in the form of a parallelepiped with edges 4, B,
and C. If the system is a perfect crystal, we assume that this sample is
periodically repeated through all of space (i.e. we use periodic boundary
conditions).? This is reasonable also for an amorphous material provided
that these edge lengths are very much larger than the typical intermolecular
spacing. A plane wave e must satisfy the following periodicity
requirement:

T~ (13.58)

eier — ka" (,\‘+A)‘

Therefore,
Cik'\A =1

and

27Ny
x = -, 13.
k== (13.59)

where 7, is an integer. This equation demonstrates that the number of
possible values of k. in the interval dk, is not infinite but equal to dn, =
(A/2m)dk,. The number of possible wave vectors between k to k + dk is

AB
dn = dn.dn,dn. = —C;dkxdkl,dk_,.
(2m) '

Rewriting this expression in spherical coordinates yields
dn= lkzdk, (13.60)
272
where A BC = V. Since there are one longitudinal and two transverse sound
waves corresponding to each wave vector in the interval, the total number
of vibrational states in this range is

dl’l_L aﬁdw+27wzd7w
_27T2 2 2 ¢ .

(47 Cy Cy
2 Elastic theory of vibrations in crystals is not explicitly considered herein.
3 The atoms on the top of the parallelepiped interact with atoms on its bottom, atoms on
the right edge interact with atoms on the left edge, etc., as in a torus.
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Introducing the average sound velocity

301 2
.t (13.61)

373
g

we obtain the following phonon (vibrational) spectrum

dn = %ofdw. (13.62)
Note that this formula is also valid for crystals even though the averaging
must be performed differently because of anisotropy.

As discussed above, at low temperatures, only the low frequency end
of the vibrational spectrum is important in determining thermodyna-
mic properties. This is given by Eq. (13.62). Inserting Eq. (13.62) into
Eq. (13.57) and replacing the summation by an integration, we find

3V

A= N&()—‘rsz 53

Wmax
/ In(1 — e ™/k8T)2dw. (13.63)

Since the integral converges quickly, we need not be concerned about the
value of wyax and can set it to infinity. We can integrate the second term on
the right in Eq. (13.63) by parts to obtain

00 3 o
/ In(1 — e /kaTy 2y, — %m(l - e*ﬁw/kﬂ)‘
0

0
#i o0 efhw/knT 3
_SkBT/O T ol dw.

The first term on the right side is zero. The second term is
00 effw/kT 5 00 W3
/0 | — o—hw/kTs ¥ dw = /0 ke — 9%

kpT 4/00 ¥ kpT\*m*
7 , e —1 no)1s

Inserting this into Eq. (13.63), we finally find

w2k
A = Neg — By (13.64)
30(7u)
Other thermodynamic functions can be determined as
214
S=— (@) _2r k'33 v (13.65)
oT) , 15(hir)
2k4
U=A+TS=Ne+—2LvT1* (13.66)
10(hir)’*
oS 27k}
eov=T|— ) ==—=23vr" 13.67
Y <8T> v S0’ (en

That ¢y ~ T? is a well-known result seen in experiments at low temperatures.
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13.3.3  High temperature limit
By analogy with Eq. (13.58), the high temperature limit applies when
kgT > hw. (13.68)

Expanding the exponential in Eq. (13.57) and retaining only the leading
order term, we find:

hiw,
A _Nso+sza:1nkBT. (13.69)
Introducing the mean frequency as
_ 1
Inw= 37\]%:111%, (13.70)
we can rewrite Eq. (13.69) as
A= Neg+kgT ZlniHNlna
= Neg + kB T
= Neg + 3NkgT lnkl — 3NkgT In T+ 3NkgT Inw
B
or
Tiw
A= Neyg —3NkgT InT + 3NkBTlnk—. (13.71)
B
The other thermodynamic functions can be obtained from this:
04 fiw
=—|==] = 1+1 — In—
S (8T>V 3Nkg(l1 +1InT) — 3Nkg nkB
or
-
S = 3NkgIn T — 3Nkg In—- (13.72)
kB(Z
U=A+ TS = Ney+ 3NkgT (13.73)
oS
v=T|==]| = 3Nks. 13.74
Cy <8T>V 3 kB (37)

The last expression is exactly the classical result: each vibrational degree of
freedom contributes kg to the heat capacity.

13.3.4 Debye's interpolation

Now that we have derived expressions for the contributions to the
thermodynamic properties of solids at high and low temperatures, it is
of interest to determine these properties at intermediate temperatures.
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While this requires the determination of the entire vibrational spectrum of
the solid (which is not discussed in this text), we will employ a simpler,
interpolation method proposed by Debye. We start by recalling that the
low temperature results follow simply from the form of the phonon spec-
trum in Eq. (13.62). At high temperatures, the only important point is that
the total number of oscillators is 3N. The simplest way to retain both
of these features is to describe the phonon spectrum using Eq. (13.62) but
to cut it off at a maximum frequency wy,.x, Which is determined from the

condition that the total number of vibrational modes is 3N. This
takes the following form:

=L /u}med _ 3V
271'26'3 0

" 2m2e3 3
or
62N\
Wmax = (T) c.

Introducing the Debye temperature, O, as

Hwmax
o= ks

we can rewrite Eq. (13.57):

Wmax 3V
A= NE() + kBT/ ﬁln(l — Ciﬁw/kBT) wzdw.
0 ™ C

condition

(13.75)

(13.76)

Using Eq. (13.75), we can then make the following substitution:

3V ON

223 .3 "
2me Woax

Next, we switch integration variables from w to

hiw
zZ=—
kg T’

such that the Helmholtz free energy becomes

3 rO/T
A= Neg + kBTz—N <kB—T) / In(1 —e7) 2%dz
W 0

max h

™3 e/r
= N60 —+ 9NkBT<6> / hl(l — efz) zde.
0

Integration by parts yields

/T 1/9/T 23
0 3 0 ez —1

T 3 z3 .
A:Nso+9NkT(6) gln(l —e™7)

dz) |
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In order to write this expression in a simpler form, we introduce the Debye
function

3 RS Z3
D(x) == - dz. (13.77a)
x3Jy e —1
Its derivative is
9 [ 3 305 3 3
Dix) = — = dz+——>  —_ZD —_—. 13.77b
) x“/o 1t ae X (x)+ex—1 ( )

Replacing the remaining integral in the Helmholtz free energy using the
Debye function yields

A :N50+NkBT{31n(1 —e*@/T)—D@)}. (13.78)

From this, we obtain the energy:

d4/T 30 S)
_ 72T — _ 2) 2 M _plXZ
U= T < oT )V NE() NkBT { e@/T—sz D(T)}.

The derivative in this expression can be rewritten using

9 9 do/T O 9
T aO/T) dT ~  T?0O/T)

This identity, together with Eq. (13.77b) allows us to write

DY LTI T B T

3
U:N50+Nk39 5
€

/-1 Q/T 9T 2

or
S}
U= Ney + 3NkBTD<?>. (13.79)

Finally,

oU S} o (O

= (7),= vl 2(3) < 7372 (7))
or
®e\ © /6

Figure 13.4 shows the heat capacity as a function of temperature. The
Debye temperature is a materials property and is given in Table 13.3 for

Table 13.3 The Debye temperature for several solids

Substance Pb Ag KBr NaCl Diamond H,O
0 (K) 90 210 180 280 2000 192

253

0.0 4+
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T/0

Fig.13.4
The heat capacity in the Debye model.
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several materials. Examination of this table shows that the Debye tem-
perature for most condensed systems is below room temperature (although
there are notable exceptions) and therefore, the high temperature limit is
widely applicable. This is in agreement with the empirical rule proposed by
Dulong and Petit: the heat capacity of 1 mole of atoms of any condensed
substance is approximately 3R =24.9 J/(mole K) (see also Section 1.4.2).

13.4 Statistical thermodynamics of solutions

In this section, we consider several statistical theories for the thermo-
dynamic properties of solutions. Some of these theories were already
discussed in Chapter 3. In such cases, our goal is to derive some of the
fundamental equations that we simply postulated above. This should
provide new insight into the physical nature of solutions. We then discuss
some (hopefully) interesting extensions to these theories.

13.4.1 Ideal dilute solutions

Recall that the main idea underlying the theory of ideal dilute solutions
is that the probability two solute molecules come in contact with one
another is sufficiently small that it can be ignored, such that solute mole-
cules only have solvent molecule nearby. This means that the change in
energy a( p,T,N;) associated with the addition of a single solute molecule to
the solution does not depend on the number of solute molecules already
present. In order to construct an expression for the Gibbs free energy, we
must be cognizant of the fact that solute molecules are indistinguishable.
This decreases the number of physically distinguishable states by a factor
of N,! and, therefore, decreases the partition function by a factor of N,!.
Since 4 =—kgT In Z, indistinguishability increases the free energy of the
solution by k7 In N,!. Therefore, the Gibbs free energy of the solution can
be written as:

G = Nipj(p, T) + Naoa p, T,N1) + kg Tln N5, (13.81)

where p{(p,T) is the chemical potential of the pure solvent (recall that the
Gibbs free energy of a one-component system is always the product of the
chemical potential and the number of atoms (of moles)—see Section 1.5.1).
Applying Stirling’s approximation, In N!l=NInN—- N=N In(N/e), we
obtain:

G=N ,u?(p, T) + N>kg Tln{%e“(ﬁ‘TNl)/kBT} .
In order to find the corresponding chemical potentials, the Gibbs free
energy should be written as an explicit function of the number of atoms. To
this end, we note that as with any extensive property, the Gibbs free energy
must be a homogeneous function of the numbers of moles of all of its
components (see Section 3.1). We can satisfy this requirement, if and only if

P TNV/kT — 3 T)/Ny,
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where 3(p,T) is a function that depends on the properties of the solvent
and solute but not on the solute concentration. Therefore,

N-
G=Nul(p.T)+ NngTlnﬁ + NokgTIn B(p, T).
1

Introducing a new function
Y(p, T)=kgT InB(p,T), (13.82)

we obtain:
N
G = N2 (p, T)+N2kBT1nﬁ+N2w(p, 7). (13.83)
1

We can now, write the chemical potential of the solvent as

oG N.
= <87Nl> :,u?—kBTﬁTxp?—kBszzu?—}—kBTln(l —X7)
p,T,N>

or
= p) + kg T Inx (13.84)

In the equation preceding Eq. (13.84), we replaced —x, with In(1 — x,) to
get the result into a form that is widely seen in phenomenological thermo-
dynamics (this substitution works because x, is small). For the chemical
potential of the solute, we obtain:

oG N, N,
— (= — kpTIn —> 4 kpT+1hp = b+ kpT In —
K2 (azv)mrwl BN N, TRB tU =1tk Y

or
o =+ kg T Inx». (13.85)

These chemical potentials are exactly those obtained in Section 3.2.1,
except that these are expressed per atom rather than per mole. In
Section 3.2.1 these results were a consequence of the Henry law, which was
postulated based upon a wide range of experimental observations. Recall
that all remaining properties of ideal dilute solutions can be obtained from
these expressions for the chemical potentials (see Section 3.2).

Review question

1. What is the meaning of the term kg7 InN,! in the expression for the
Gibbs free energy for ideal dilute solutions
G = Ni(p, T)+ Naalp, T, Ny) + kg Tln Np!?

13.4.2 Substitutional solutions

In this section, we focus on substitutional solutions. Such solutions usually
form in systems in which the solute and solvent atoms (molecules) have
approximately the same size. In our discussion of such solutions, we will
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follow the theory of substitutional solutions described by Guggenheim.
First, we will describe a general model of substitutional solutions that in
well-defined limits yields the ideal and regular solution models. Then, we
will consider an extension of the regular solution model. While in our
analysis we will assume that the material is a crystalline solid solution, the
results will be equally applicable to amorphous materials and liquids.

13.4.2.1 Basic assumptions

We assume that the energy of the system can be written as the sum of terms
associated with the internal degrees of freedom of the molecules and that
with the positions of the molecules. Therefore, the partition function takes
the following form:

Z = Qinternal Quranslational (13.86)

The second term can, in turn, be divided into two parts: an acoustic part
associated with the vibration of molecules near their equilibrium sites and a
configurational part associated with the occupancy of these sites by
molecules of different types, (2:

Qtranslational = Qacousticﬂ~ (1 387)
We will further assume that the internal and acoustic partition functions do
not change upon adding the solute to the solvent. In this case, the change in

the Helmholtz free energy associated with the formation of 1 mole of the
solution from its pure components is

Adpix = —RT(InQ — xo InQ} — xpIn Q}), (13.88)

where ! is the configurational partition function of 1 mole of component .
By definition, the configurational partition function is

Q=> e UbT, (13.89)

where the configurational energy U is the potential energy of the system
when all molecules are sitting still at their equilibrium positions (their
vibrations are taken into account in Qucousic)- We will assume that the
molecular interactions are pairwise and only extend over nearest neighbor
lattice sites. The number of nearest neighbors of a site (coordination
number) is z, which we will assume to be the same for both pure compon-
ents and the solution. The configurational energy of pure component i is
proportional to the number of molecules, that is, —N;x; (since the con-
figurational energy is set to zero when the molecules are infinitely separated
and the condensed phase is stable, x; > 0). The energy per bond in pure
component i is (there are N;iz/2 nearest neighbor bonds)
—ViXi 7@
Niz/2 oz’
Consider now two pure components, A and B. We take 1 molecule from
A and 1 molecule from B and exchange them. We denote the change in the
configurational energy associated with this exchange as

AU = 2uw. (13.90)
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On other hand, this change in the energy can be expressed in terms of the
number of A—A, B-B and A-B bonds:

-2 -2
AU = zeaB + z€AB — (zﬁ—l— zﬁ)
z z
where eap is the A—B bond energy and, of course, the A—A and B-B bond
energies are eap = —2xa/z and egg = —2x/z, respectively. Inserting this
result into Eq. (13.90), we obtain:
2w =2zeaB + 2xA + 2xB

or

_ XA —XBtw

EAB = (13.91)
z

Finally, we note that since p} is small for condensed phases in typical
laboratory situations (see Section 1.1.4), we neglect the difference between
U and H and between 4 and G.

13.4.2.2 Ideal solutions
By definition, ideal solutions are formed from pure components without
absorbing or emitting heat, that is, w = 0 for such solutions. Therefore, for
an ideal solution, the A—B bond energy is (see Eq. (13.91)):
_ —xa—xs 1 (—2XA _2XB>
= == + :

z 2 z z
This is the arithmetic mean of the A—A and B-B bond energies. The key
feature of ideal solutions is that if we exchange two arbitrary molecules A
and B, there will be no change in the energy of the solution. If you remain
unconvinced of this statement, we can prove it as follows. Assume an
A molecule has zﬁ neighbors of type A and zﬁ neighbors of type B and a
B molecule has z5 and 2§ like and unlike neighbors, respectively. Since the
total number of neighbors is always z,

zﬁJrzé :ZR+ZE.
The change in the solution energy associated with exchange two arbitrary
A and B molecules is

EAB

2XA XA XB 2XB XA XB
B B A A

ZXA XA XB 2XB XA XB
A A B B
— (_Z =y =

1
== (—2xazh — xAZh — XBZh — 2XBZB — XAZA — XBZA

+2xaZh + XAZB + XBZ5 + 2XBZR + XAZA + XBZR)
L
Tz
+ xB(—2p — 228 — z + 75 + 223 + 24|
1

z

[XA(—2ZR Ly T zﬁ)

[Xa(—2R —zp + 22 +23) + xB(—23 — 22 + 23 +24)] = 0.
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Since an ideal solution is formed from its pure components with no
change in energy, its configurational energy is simply the sum of the
energies of its pure components:

U= —Nxaxa — Nxpxs- (13.92)
There are
N!
(Nxa)!(Nxg)!”
physically distinguishable ways to arrange the molecules in this solution

and all of these configurations have exactly the same energy. Therefore, the
partition function of this solution can be represented as:

N! .
0= ~U/kT _ (Nxaxa+Nxpxs)/kpT
Ze N‘CA) (NXB) ¢

and its Helmholtz free energy is:
A=—kgTInQ = —kgT InN!+ kgT In(Nxa)! + kgT In(Nxp)!
— Nxaxa — Nxpxs
= —NkgT In N + NkgT + NxakpT In Nxo — NxakgT
+ NxgkgT In Nxg — NxgkT — Nxaxa — NxgXxB
= —Nxaxa — Nxpxs + NkpT(xa Inxa + xpInxp).

In a pure component, there is just one physically distinguishable config-
uration, therefore, its partition function takes the following form:

QO — eNx,xi/kBT
and its Helmholtz free energy is
A? = —NX,'X,'.

Thus, the change of the Helmholtz free energy upon the formation of an
ideal solution from its pure components is

AAmix = NkpT(xa Inxa + xpIn xp). (13.93)
The chemical potential is, therefore,
pi = 1) + kT In x;. (13.94)

This expression is the definition of ideal solutions that we postulated in
Section 3.3.

13.4.2.3 Regular solutions

In the previous section, we developed the theory of ideal solutions based on
the fact that in such solutions w = 0. In contrast with ideal solutions, w # 0
in regular solutions. In this section, we derive general (albeit difficult to
apply) relations for such solutions. In the next two sections, we will con-
sider two approximations that simplify the regular solution theory. As
usually in statistical thermodynamics, we start by deriving an expression
for the partition function. Consider a configuration of the solution with zX
A-B pairs. The total number of neighbors of all A molecules is zN4.
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Table 13.4 The number of bonds, the energy per bond, and the total energy associated
with different bond types in a regular solution

Bond Number of bonds Energy per bond Energy of all bonds
A-A Z(Na—X)/2 —2xa/z —(Na=X)xa

A-B X (=Xxa —xB+w)/z X(=xa—xB+w)
B-B z(Np—X)/2 —2xp/z —(Ng—X)xs

All zZ(Na + Np)/2 — —Naxa — Npxs + Xw

Therefore, there are z(Nx — X)/2 A—A bonds (the factor of 2 arises from
the fact that two A atoms share an A—A bond). By analogy, we can cal-
culate the number of all other pairs and the energy associated with these
pairs. The results are presented in Table 13.4.

The configurational partition function is:

0= eNAXA/kBTeNBXB/I"BTZe_XW/kBT, (13.95)

where the summation is performed over the N!/(Na!Ng!) physically dis-
tinguigshable configurations. Introducing an unconventional average value
of X (Y) as follows:

N e
—Xw/kpT __ —Xw/kgT
E e B _7NA!NB!6 L (13.96)
we can rewrite Eq. (13.95) as:
N! <
0= eNAXA/kBTeNBXB/kBTNA!NB! e AXw/ksT (13.97)

The configurational part of the Helmholtz free energy is

N
A=—kgTInQ =—Naxa — Ngxs — kT In——— + Xw.

Na!Ng!
If we expand the logarithm using Stirling’s equation,
N!
In———=NInN—N—NaInNy + Np — NglnNg + Np
Na!Ng!

= —NA lnXA — NB lan,
we can express the Helmholtz free energy as:

A = —Naxa — Npxs + NkpgT(xa Inxa + xpIn xp) —l—?w. (13.98)

Note that if w =0, this expression reduces to the Helmholtz free energy of
an ideal solution (see the previous section).

The experimentally observed configurational energy of a regular solu-
tion can be written as (see Table 13.4)

U= —Naxa — Npxs + Xw, (13.99)

where zX is the usual statistical average of the number of A-B bonds.
In order to find the relation between X and X, we use the Gibbs—Helmholtz
equation:

04

U=4-T—.
oT
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Inserting Eqgs (13.98) and (13.99) into this expression, we find:

—Naxa — NpxB + Xw = —Naxa — Npxp + NkpT(xa Inxa + xp In xp)

+ Xw— NkpT(xalnxa + xglnxg) — ng—;{
or
B oT aT oty dr  a(1/T)"’

Integration of this equation yields

YT (¥ YT 4
o(2) - [ w(l).
[)-17G
where we took into account that ?/T — 0 at T— oo (the number of A-B
bonds must always be finite). Evaluation of the left side of this equation,

shows that
_ l/Ti 1
X = T/ Xd<f>. (13.100)
0 T

This is the central equation of the theory of regular solutions. While we are
not interested in X per se, if we know ):(, we can determine the Helmholtz
free energy (through Eq. (13.98)). Of course, if we know A, we then know
all thermodynamic properties.

13.4.2.4 Theory of regular solutions: Oth approximation

In the Oth approximation, we assume that the molecules of type A or B
randomly occupy the crystal lattice sites, despite the fact that w # 0. In this
case, A molecules will have, on average, zNg/(Na + Ng) B neighbors.
Therefore, the total number of A-B bonds is

_ Ng
X=Npz—2
: A*Na + Np
and
— NaNg
X=—"—. 13.101
Na + Ny ( )

Note that in this approximation, the average number of A—B bonds is
independent of temperature. Inserting Eq. (13.101) into (13.100), we find:
NaNp

= X=-_27
NaA + Np

>l

(13.102)

Inserting this result into Eq. (13.98) yields
A = —Naxa — Npxs + NkgT(xaInxa + xpInxg) + Nwxaxp.
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The other thermodynamic functions are, therefore,

AApix = NkgT(xp Inxp + xplnxg) + Nwxaxp (13.103)

04
ASpix = 7= —NkpT(xalnxs + xpInxp) (13.104)
AI-Imix = AUmix = Amix + T'Smix = Nwxpxp (13105)
0A
pa = (= :MngkBTlnxAerx% (13.106)
ONA) x,
A = e(uA—u(A—kBTlnxA)/kBT _ ewxé//cT. (13.107)

These thermodynamic properties exactly coincide with those obtained in
our phenomenological thermodynamic theory of regular solutions in
Section 3.5. In other words, the regular solution theory we referred to
previously, is simply the Oth approximation to the statistical thermo-
dynamic regular solution theory. This is not surprising since both deriva-
tions are based on the assumption that A and B molecules randomly
occupy the lattice sites.

13.4.2.5 Theory of regular solutions: 1st approximation

The regular solution theory in the Oth approximation is not self-consistent.
On one hand, we explicitly use the fact that w# 0. This implies that the
energies of different configurations are not the same. On the other hand, we
assume that A and B molecules occupy the lattice sites at random. Clearly,
we could lower the energy of the system by imposing some type of ordering
on the configuration of the molecules. However, this will invariably
decrease the entropy of the system. Hence, this ordering makes two com-
peting contributions to the free energy of the system. Therefore, it is not
clear whether such ordering is favorable. Further, if ordering is favorable,
how does it modify the thermodynamic properties of the solution? These
questions are the subject of this section.

Again, consider the impact of exchanging a molecule of type A and a
molecule of type B. Originally the A molecule has z4 neighbors of type A
and zf neighbors of type B, that is, it has z4 A—A bonds and zj A-B bonds
(similarly for the B molecule). After the exchange, the A molecule will have
z8 A-B bonds and z8 A—A bonds. Therefore, this exchange can be written,
by analogy with chemical reactions, as follows:

ZA(A - A)+z5(A—-B)+z8(A -B)+z5B - B)
— (A -B)+z3B—-B)+z5A-A)+z3A - B).
We can formally rewrite this equation as follows:
(ZA —ZB)A - A)+ (2§ — z8)(B—B) — (z4 +z5 — z5 — z5)(A — B).
Since

A B __ A B _ _B A
IN T ZINTZ—ZIg —ZINTZIZIg—Zp,
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we can divide both sides of the previous expression by (z4 —z%) to find a
simplified chemical reaction equation for this exchange process

(A-—A)+(B-B)—2A-B) (13.108)
The equilibrium constant for this reaction takes the form (see Table 13.4

in Section 13.4.2.3)
2

K= 7)( — (13.109)
(Na — X)(Ng — X)
and the van’t Hoff isobar is
dlnK 2w
dr zkgT?"
Integrating this equation yields
2w
an:C_W’ (13.110)

where Cis an integration constant. When w/kgT — 0, the molecules will be
randomly occupy the lattice sites. This is the Oth approximation, for which
we found

NaNp
Na + Ng’
(see Eq. (13.101)). We can transform this relation as follows:
NaNg — X(Na + Np) =0
X =X + NaNg — X(Na + Np)

X =

and finally,
X7 = (X = Na) (X — Ng). (13.111)

Comparing this result with Eq. (13.109), we find that when w/kgT — 0 (the
condition for which Eq. (13.111)isvalid), K — 1. Therefore, C = 0. Inserting
this value into Eq. (13.110) and combining it with Eq. (13.109) yields:

X7 = (N — X) (Ng — X)e /T, (13.112)

This equation differs from Eq. (13.111) by the factor e=2/*sT.

Equation (13.112) is an implicit expression for the average site occu-
pancy. In order to determine X, the average number of A-B bonds, it is
convenient to write it in the form:

NaNg 2
Npo+NgB+1°
where (3 is a parameter to be determined. Inserting Eq. (13.113) into
Eq. (13.112) yields:

N/2\N]23 4 :< A_ML)< B_M>672W/Z/CBT.
(Na+Ng)*(B+1) Na+Npf+1 Na+NpB+1

XY= (13.113)
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Solving this equation for [ gives:
F=1 +4xAxB(ez‘“'/"kBTf 1) (13.114)

or

8= /1 + dxpxp(e/aT — 1), (13.115)

Equations (13.113) and (13.115) show how interactions between A and B
atoms modify the average number of A-B bonds, X.

Our next goal is to determine the free energy of the solution from
Eq. (13.98). To this end, we must obtain X. Equation (13.100) provides a
means of determining X from X. First, we should express d(1/7") in terms of
dg. Recall that Eq. (13.100) was derived from the Gibbs—Helmholtz
equation at constant x;. Using Eq. (13.114), we find:

2w (1) _ B4 2848
zkg \T) 4xAXp T2 —144xaxp

Inserting this into Eq. (13.100), we obtain:

- yr_ s zkgT (7 45dgs
X=T Xd(=)=N .
/0 <T> AT /1 (7 — 1+ dxpxp)(B+ 1)

The lower limit in the last integral was obtained by realizing that 1/7=0
(lower limit in the intermediate integral) implies infinite temperature and
w/kT=0. This is the case where the Oth approximation is valid. Comparing
Eqs (13.115) and (13.113) demonstrates that 5=1 in the Oth approxima-
tion. Evaluating the integral in the previous expression yields:

NZkBT{x 1nﬁ+1—2xB+x lnﬁ—l—l—ZxA}
PR N e R CE N
Inserting this result into Eq. (13.98), we are able to write the change in the

Helmholtz free energy upon formation of the solution from the pure
components as:

X =

(13.116)

AApix = NkgT(xa Inxp + xpln xp)

1 B+1—2xp 6+172xA}
+ = NzkgT InN————+ xgln———%. 13.117
27 {“ w@+n P Gy o G
The corresponding chemical potential and the activity coefficient are:
aA i 1 ﬂ + 1 — 2XB
0 mix 0
= pa + = pr + kT Inxp +=zkT In————,
o (8NA>T,NB “A AT LG
(13.118)

z/2
— elua—pi—kT Inxa)/ksT _ {75 t1- 2XB} (13.119)

A xa(B+1)
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Equations (13.117)—(13.119) describe the influence of the interaction
between A and B atoms on the thermodynamic properties of the solution
(i.e. the 1st approximation). Unfortunately, these equations are not par-
ticularly transparent.

In order to simplify these equations, we recall that the theory of regular
solutions in the 1st approximation reduces to the theory of regular solu-
tions in the Oth approximation when w/kgT — 0. Therefore, it is reasonable
to consider w/kgT as a small parameter. Expansion of the Helmholtz free
energy with respect to w/kgT yields:

AApix = NkgT(xa Inxa + xpInxp) + Nwxaxg — N%xix% .
ZKB
(13.120)

The first term on the right side of this equation corresponds to an ideal
solution, which forms from the pure components with no change in energy.
The second term gives the regular solution in the Oth approximation that
forms from the pure components with a finite change in energy for the case
that the molecules are randomly located on the lattice sites. Finally, the
third term is the leading order correction to the free energy of mixing that
accounts for ordering in the solution. Whether the deviation from ideality
is positive (w>0) or negative (w<0), this ordering always lowers the
Helmholtz free energy.

The leading order corrections to the entropy and enthalpy of mixing can
be obtained from Eq. (13.120) as follows:

O0Anix Nuw?x3x3
ASmix = —( T NA.’NB: —Nkp(xaInxa + xplnxp) — T
(13.121)
and
INwW2x2 X2
AI'Imix = AAmix + TASmix = Nwxaxp — % (13122)
ZKB

The first term on the right side of Eq. (13.121) corresponds to the change of
entropy upon formation of an ideal solution from its pure components.
The change of the entropy in the theory of regular solutions in the
Oth approximation is the same as in ideal solutions, therefore, this theory
does not provide any corrections to the entropy of mixing. The last term in
Eq. (13.121) is a correction from the theory of regular solutions in the
1st approximation. It is associated with ordering and is always negative.
Recall that ideal solutions form from their pure components with no
change in energy. This implies that for ideal solutions, A H,,;x = 0. The first
term in Eq. (13.122) is from the theory of regular solutions in the
Oth approximation. It can be either negative or positive depending on the
sign of w. The second term is associated with ordering (1st approximation)
and always lowers the energy of mixing. Comparing Eqs (13.121) and
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(13.122) with Eq. (13.120), we find the following relations for the correc-
tions associated with the ordering:

Aa0 =L ag0)

mix 2 mix

1
TASI'(nli)X = EAHr(nli)x’
where the superscript (1) indicates that this is the leading order term in the
correction associated with ordering in the regular solution model in the 1st
approximation. These relations demonstrate that half of the decrease in the
enthalpy of mixing associated with ordering is compensated in the free
energy by a decrease in the entropy associated with the same ordering.

Review questions

1. What is the difference between the Oth and 1st approximations of the
theory of regular solutions?

2. Which regular solution approximation predicts lower solution
enthalpy?

3. Which regular solution approximation predicts lower solution entropy?

13.4.3 Interstitial solutions

In this section, we briefly discuss a statistical model for interstitial solu-
tions. In particular, we focus on the well-known case of carbon in face-
centered cubic () iron (see Fig. 13.5). In this model, proposed by
Schwartsman and Temkin, the carbon can occupy any of the octahedral
interstitial sites, but carbon atoms cannot occupy neighboring octahedral
sites simultaneously. Examination of the central octahedral site in Fig. 13.5
will convince you that carbon can occupy at most one site per cubic unit
cell. Since there are four Fe atoms per unit cell, this implies that the
maximum number of carbon atoms in this structure is a quarter of the
number of Fe atoms, Ng./4. Alternatively, we can state that the number of
sites accessible to the carbon atoms is Ng./4. Assuming that all interstitial
sites are energetically equivalent, we obtain the following expression for
the configurational energy of the solid solution:

U = NrcUs + NcUc, (13.123)

where U, is the configurational energy of pure iron per atom and Uc is the
change of energy of the system upon addition of one carbon atom. Recall
from Section 3.2 that the dot implies that Uc is independent of the carbon
concentration.

Taking into account the number of physically distinguishable states, we
obtain the following expression for the partition function:

_ (Ne/) Cvr
NNk /A =N (13.124)
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®-Fe O-C X -interstitial site

Figure 13.5

The Schwartsman—Temkin model of
carbon in y-Fe, where the filled circles
are the positions of the Fe atoms, the
open circle is an octahedral interstitial
site occupied by carbon and the xs are
unoccupied interstitial sites.
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The configurational part of the Helmholtz free energy can be deter-
mined as:

. N
A=—kpT InQ = Ng.Uy + NcUc — kBT{ln< 4Fe>!

—lnNcl — ln(j\;l.:e — Nc)'}

. N; N, N,
= NreUy + NcUc — kgT :ell’l :e—l—kBT :e+kBTNclnNc
N N N,
— ks TNc +kBT< 4Fe - NC) ln(%_ NC> —kBT<%_ NC).

The chemical potential of carbon takes the following form:

. Nie
pe = Uc + kgT(1 +1nNC)—kBT—kBT<1n< : —Nc) — 1> + kgT

N, . 4
¢ — Uc + kgT In—2€

=Uc+kgTIn————— _
¢ B (Npe/4) —NC xFe_4xC

or
Xc

pic = ¢ + kT In (13.125)

1- SXC ’
If we choose the standard state of carbon to be the standard solution with

unit carbon concentration (see Section 3.4.1), we find the following
expression for the carbon activity coefficient:

—

N
This result is in good agreement with experiment.
Analogously, the chemical potential and activity coefficient for iron are:

HFe = UokaTO +lnNFe) +kLT+kT(l+lln<NFe—Nc)>—kLT

(13.126)

4 4 4 474"\ g )

=0 +IQ?TTIHNF%F64NC: U0+kl?TT1n%
HFe :M%ﬁ-k]?TT In 11:5;:(:’ (13.127)
ke ZW~ (13.128)

13.4.4 Dilute ionic solutions

We previously considered the thermodynamics of ionic solutions in
Section 3.7. We stated that the reason why ionic solutions show deviations
from ideality is the existence of long-range Coulombic interactions
between solute ions. We then derived a very important relation between the
activity coefficient and the freezing temperature, based upon the general
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experimental observation that the logarithm of the activity coefficient is
proportional to the square root of the solute concentration in the solvent

In f; = L;\/cs,
where L; is a constant (independent of the solute concentration) for ion i.
Note that the value of this constant is sensitive to the charge on the ion. In
this section, we discuss the Debye—Hiickel theory, which provides a the-
oretical explanation for this relation and a method to calculate L;.

Since the reason for the deviation from ideality in ionic solution is the
Coulombic interactions between ions, we first determine the contribution
to the Gibbs free energy from these interactions. Then, we will use this
Gibbs free energy to derive expressions for the chemical potentials and the
activity coefficients.

The Coulombic interaction energy is simply the product of the charge on
the ions and the electrostatic potential into which they are embedded.
Therefore, the first step is to determine the electrostatic potential field
associated with the distribution of ions. The distribution of ions in the
solution establishes an electrostatic potential field given by the Poisson
equation:

Ap =Vip = —— D cab(r o),

«

where the sum is over all ions, «, in the solution, e, is the charge on ion «,
and ¢ is the dielectric constant of the solution. Averaging this equation over
all ions of type i we can rewrite this expression in terms of the density of
ions of type j, measured with respect to the position of anion of type i, ;; (r):

47
Apj = —— ii(re;. 13.129
i =—— ijn_,me_, (13.129)

If the ion concentration is small, we can write n;(r) using the
Born—-Green—Bogoliubov equation (see Section 13.2.1) as:
nij(”) — n/,efé‘/w(")/ksT,

where #; is the average density of ions of type j. Assuming that ep < kgT,
we expand the exponential to first order to find:

) =my(1-9280). (13.130)

Inserting this expression into Eq. (13.129), we obtain:
k k
i = —4m Z nej/e + 4n Z njefgai/skg T.
= =

The first term is zero in electrically neutral solution. Introducing

2 &
= TZn,j, (13.131)
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Eq. (13.129) reduces to
Ap; = ;. (13.132)

Assuming that the potential is, on average, symmetric around ion i, the
Laplacian can be written explicitly to yield

10 2850;’ 2
p&o 8r)_ﬁ(p"

The general form of the solution of this differential equation is

Ae=rr A/em‘
+ .
r

wi(r) =

Since ¢; — 0 in the r — oo limit, 4’ must be zero. Therefore, the electro-
static potential as a function of distance away from an ion of type i, on
average, is

Ae*f{r

wi(r) = (13.133)

The potential in Eq. (13.129) contains contributions from each ion
and all its neighbors. Let ¢f be the value of this electrostatic potential at the
position of an ion of type i (from Eq. (13.129)) minus the contribution from
the ion itself (and averaged over all ions of type /). Then, the energy
associated with the Coulombic interactions is

1
gy Coulomb _ VEZ nieiof. (13.134)

We now find the relationship between ¢; (Eq. (13.133)) to ¢} by assuming
that each ion is a conducting ball of radius a, with dielectric constant € and
charge ¢; located at its center. Then the potential inside the ion is:

oilr) = S 4 o, (13.135)
Er

where the first term is the Coulomb potential of the point charge and the
second term is the Coulomb potential at r = a, associated with the other
ions in the system. The two expressions for ¢; (Eqs (13.133 and 13.135))
and their first derivatives must be identical at r =a. From these two con-
ditions, we find:

—k(r—a)

e e
W(r) = — , 13.1
#ilr) er 1+ ka (13.136)
% e; K
P =—— . 13.137
Pi 1+ ra ( )

Inserting this result into Eq. (13.134), we obtain an expression for the
Coulombic contribution to the internal energy:

v
UCoulomb — _TEHLWZ"’?'Z’ (13138)

i
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In order to find the corresponding part of the Helmholtz free energy, we
use the Gibbs—Helmholtz equation:
a(ACOulomb/T) UCoulomb
oT T
Integration of this expression yields:

UCoulomb
T2
where the constant is temperature independent.

The only quantity that depends upon 7T in Eq. (13.138) is «. It is con-
venient to rewrite Eqs (13.131) and (13.138) as:

ACoulomd — congt . T — T/ dT, (13.139)

UCoulomb = A - BT_1/2,

1+ ra

where 4 and B do not depend on 7. Now, we can rewrite the integral in
Eq. (13.139) as:

UCoulomb K
———dT =4 ———dT.
T/ T a7 T/ T (1 —&-f-ca)dT

Since T=(B/k)?, we find that dT= — (2B*/x’)dk. Therefore, the integral
can be evaluated as:

UCoulomb K k\42B2
T | ——dT=—-AT | —— (7) ——d
/ T? / l+ka\B/ K3 .

AT [ K2 2AT [ 1 (ka)’—1+1

— d/{: _— —7d/€
B2 1+ ka B2 a? 1+ ka
241 (1 K2a

= *?2(51“(”““”7*“>

2 3 (ka)*
_gAK)W (ln(l + ka) +T_ /-ca).

Inserting this result into Eq. (13.139) and introducing the function:
3 X2
() == ({In(d+x)+5-x|, (13.140)
X 2
we obtain:

) 2V
ACoulomb _ et T4 §A/”(Ha) =const- 7T — 52—52 n,-e?/ﬂ(l-w)

kV
=const- T — 3 ©(ka) Z n,-ef.

When T — oo, the ion arrangement becomes random, and Aueomb i¢ no
longer a function of temperature. This implies that the integration constant

is zero and we finally obtain:

v
ACoulomb — —%T(fia)znie% (13141)
i
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Note that combination of Eqs (13.138) and (13.141) yields:
TSCoulomb UCoulomb A Coulomb

1 1
_ _%/Znief<m—§r(ma)>. (13.142)

It is easy to show that the function in the brackets is always positive and,
therefore, the Coulombic interaction contribution to the entropy
§Coulomb - This is not surprising, since the Coulombic interactions
between ions should lead to some form of ion ordering.

Since we consider a condensed phase, we can use the approximation
that HCoulomb UCoulomb and, therefore, GCoulomb:ACoulomb. Using
Eq. (13.141), we find:

vV
GCoulomb — —%t(/‘i[l)znie?- (13.143)

Now we can obtain an expression for the chemical potential. For the
solvent (water), we find:

MCoulomb _ <8GC0ulomb> _ <8GC0ulomb> <ﬁ>
! ONy )y, Ok )y, \ON1 )y,

aGCoulomb Ok ov
= (=) (=) (=) . 13.144
(5), 7). w), (13149

In order to evaluate the first derivative on the right, we rewrite Eq. (13.143)
in an explicit form as:

1
GCoulomb 362]\76 <ln(1 + /ia) 4 ( )Zi/ﬁ;a) .

Differentiating this expression with respect to «, we find:

Coulomb
(%7) :—i N,-e%%(—Zln(l—i—rm)—&-rm—l—l— ! )
Ok N 3e & (ka) 1+ ka

or, introducing the function

1
o(x) = <1 +x—1 —2In(1 +x)>, (13.145)
we obtain:
aGC()ulomb 1 5
(aﬁ>N,_ —EZN,@, o(ka). (13.146)

The second derivative on the right in Eq. (13.144) can be found from
Eq. (13.131) (which can be written as x = AV ~'/?) and, therefore,

ok 1
MY - qyd2
(7).~ 2
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or

ok K
<8V>M ~5p (13.147)

Finally, the third derivative on the right in Eq. (13.144) is simply the partial
molar volume of the solvent. Combining all of these results, we obtain the
following correction to the chemical potential of the solvent associated
with the Coulombic interaction between ions in the solution:

1 K &
MlCoulomb — gz]: Nielzg(,m) ﬁ/ V. (13 148)

This equation implies that x$°%°m > 0, that is we find that the deviation
from ideality for the solvent should be positive.
For the chemical potential of the ions of type i, we obtain:

Coulomb
Coulomb __ aG
i ==
Ny,N;

ON;
<8GCoulomb> <8G Coulomb) < Ok )
= (— +(———
ON; N1, Nk Ok Ni,N; ON; NiLN;
aGCoulomb
= (= 13.14
< ON; )NI,N/,H (1319

N <8GCoulomb> <@) <g)
0K N, OV Jn, n; \ON; NLN,

N <8GCoulomb> (8&)
Ok NN ON; NI,N,-,V.

The first term on the right in the final expression can be evaluated using

Eq. (13.143):
Coulomb 2
(Wi) _ _ 8 yr(ka).
BNZ» NNk 38

The second term looks like the right side of Eq. (13.144). Therefore, we
can obtain this term from the right side of Eq. (13.148) by replacing
V| with V. Finally, in order to evaluate the third term, we rewrite
Eq. (13.131) as:

1 47 )
Ink —E (lnEkTV,‘FIHZN,'QI-).

Differentiating this with respect to N;, we obtain:

( Ok ) (8 In /i) Ke;
= K =
ONi)y, NV ON; Ni,N,V 221' Nje_;g'
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Table 13.5 The activity coefficient of
NaCl at T=298 K

cM) f; fi
(Experiment) (Calculation)

0.001 0.98 0.96

0.01 0.92 0.89

0.1 0.77 0.67

Statistical thermodynamics of condensed matter

Now combining the first and third terms on the right side of Eq. (13.149),
we obtain:

<8G Coulomb) (aG Coulomb> ( Ok )
- e
ONi )Ny Oy \ONY w, nv

2

e; 1 5 Kke? e 1
=— 3 kt(ka) — 3z ; N,-ej o(ka) TSNS Z,- N_/ejz =— 3 k| t(ka) + Ea(/-ca) .

Combination of Eqs (13.140) and (13.145) yields:

3 x2 1 x
(x) + = O’(’C) (ln(l—i-x)—&-f +2+§—2(1+ 9 1n(l+x))
3
T 2(1+x)]
Using all of these results, Eq. (13.149) reduces to:
2
Coulomb _ ei K 1 K %
N; — V. 13.150
Hi 2e 1 + ka 352 eama)zV ( )
Recall that the activity coefficient can be determined as:
ezﬁ
RT In f; = pCovlomb — ZNe cr(rm) V,-. (13.151)

2¢ l—l—ma

If the solute concentration is small, the second term on the right side of
Eq. (13.150) can be neglected. In a case in which the solution contains only
one type of salt, Eqs (13.151) and (13.131) imply that the logarithm of the
activity coefficient of the solute is proportional to the square root of the
solute concentration. This is in good agreement with experimental obser-
vations. Moreover, now we can obtain a numerical value for the parameter
L,. For example, in a salt in which each ion carries one elementary charge
(e.g. NaCl) at T=298 K, Eqs (13.131) and (13.151) imply:

Inf; = —1.18V/¢. (13.152)

Table 13.5 shows a comparison of the activity coefficients of NaCl
obtained from experiment and calculated using Eq. (13.152). Overall, the
theory provides reasonable agreement with experiment.

If the solution contains more than one type of solute, the situation is
more complex. In this case, it is convenient to introduce the so-called ionic
strength of the solution:

1
= izc,«zf, (13.153)
i

where z;is the charge on the ion of type i (in units of the elementary charge)
and ¢, is its molarity. Equation (13.132) can then be rewritten as:

8me?N, [ 1
—. 13.154
1000kg V eT (13.134)
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Inserting this result into Eq. (13.152) demonstrates that the activity
coefficient of ions of a given type depends on the ionic strength of the
entire solution rather than just on the concentration of that ion. This is a
surprising result. For example, consider a solution containing two salts
consisting of different ions (e.g. KCI and NaNQOs). The theory described
above predicts that if we keep the concentration of one of the salts fixed
and decrease concentration of the second, the activity coefficients of the
second solute ions will go to some finite limit, determined by the first solute
concentration.
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Appendices

The appendices below provide a brief discussion of some of the important
mathematical points employed within this book. Since this is not a math-
ematics text, rather than providing rigorous mathematical derivations, the
presentation is guided by the need for transparency and simplicity.

Appendix I. Working with partial derivatives

We frequently deal with partial derivatives in thermodynamics. Therefore,
we often need to relate different partial derivatives of thermodynamic
functions. The most convenient approach is through the Jacobian.

The Jacobian O(u, v)/0(x, y) is given by the following determinant:

el D@6 @0, e
o,y | (%), (g) S \ox) \ay), \ay) \ox) ) .

where u and v are two functions of the variables x and y. The Jacobian has
the following obvious properties:'

ou,v)  Ov,u)

ax,y)  ax.y)’ -
Nu,y) _ (Ou

ax.y) <6x)y’ e

Au,v)  Au,v) 8(s, 1) (AL4)

Ax.y)  Os,1) O(x,y)’

Consider three physical variables x, y, and z which are related through
f(x,y,2)=0, where f'is some, as of now, unspecified function. Using the
previous three equations, we can write:

<@> _0(x,z) _ 0(x,2) 0(x,y) _ O(z,x) O(x, )
). 0,2 Ax,») 0,2 A,x) Iz,y)

! It is a useful exercise to derive these for yourself.
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ox 0z ox
(3)--().3); 19

For example, using the equation of state f(p,V,T) =0, we can show that:

op\ or 1)/
(W) o (av),, (87) y (ALG)

This is valid for any system and any equation of state.

As a second example, we derive the relation between the isochoric and
isobaric heat capacities. First, from the definition of the isochoric heat
capacity (Eq. (1.49)) and formal mathematical transformations we find:

_ (95 _ 79S8 _ 9 W) AT, p)
v <<’TT> y AT, V) AT, p AT, V)

(.66, 3),
1) . (3) 13,9, (8,

Using the definition of the isobaric heat capacity (Eq. (1.49)) and the
relationship (9S/0p)r= —(0V/0T), (see Eq. (1.74)), we obtain:

v\ [V [op
= 1(ar) (a7), (o)
or ) \or ) \ov ),

o\ ?
R 7T<87T)
P
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or

or

dp
(87) . (AL7)

Some physical variables (e.g. the mass or the free energy) are characterized
only by their magnitude. Such variables are called scalars. Other variables
(e.g. force or velocity) must be characterized by both a magnitude and a
direction. Such values are called vectors. In three dimension, a vector can
be described by three components. Note that the components of a vector are
numbers but not scalars. This is related to the fact that rotation of the
coordinate system has no effect on scalars or the magnitude and direction
of a vector (these are physical variables), but does change the representa-
tion or components of a vector. For example, the radius-vector r, drawn
from the origin of the coordinate system to a specified point, has com-
ponents x, y, and z. If we rotate the coordinate system about the z-axis,
as shown in Fig. AIl.1, the vector r, of course, will not change, but its
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Fig. AlL1
Rotation of the coordinate system
around the z-axis.
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components will:

x' = xcos 0+ ysin 6
Y =ycos § — xsin 6
Z, =7z
Consider an equation describing some physical phenomenon that con-
tains both scalars and vectors, for example, Newton’s second law:

F = ma.

We can explicitly write the components of the vector force as:

Fx = mady
F, = ma,
F. =ma,.

Clearly, the physics cannot change if we choose to translate or rotate the
coordinate system. Since m is a scalar, it does not change upon rotation
of the coordinate system. Therefore, the components of the vectors F and a
must transform in exactly the same way. This is true for any vector,
including the radius vector we discussed above. Hence, we can define a
vector (in three dimensions) as a set of three values which changes upon
rotation of the coordinate system in exactly the same way as the compo-
nents of the radius-vector.

A tensor of rank 7 in three dimensions is defined as a set of 3" compo-
nents which change upon rotation of the coordinate system in the same
way as products of n the same components of the radius vector. For
example, consider the component ¢, of the second-rank tensor ¢;. If we
rotate the coordinate system, the value of €, changes by the same factor as
does the product xy. According to this definition, scalars and vectors are
tensors of rank zero and one, respectively.

A widely used convention for describing sums of components of a tensor
is known as the Einstein summation rule: if in an expression containing
tensors, an index is repeated in the same term, we sum over all values of this
index. Consider the following examples,

3
Q_/' = a,-b[,- = Z Cl,’bg/' = axbx_, + ayby,- + a:sz

i=1

3

Rmn = Emn + Eim€in = Emn + Z Eim€in = Emn + ExmExn + LL:ym{‘:yn + EzmEzn-
i=1
The dot product of two vectors can be written as:
ab = a;b; = a,b. + a,b, + a:b-. (AIL1)

It is also convenient to introduce two special tensors:

1 ifi=j
6i,~—{0 i (AIL.2)
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and
Eijk = —&jiks Eijk = —Ekjis Eijk = —Eikj
| } {0 if i=jori=korj=k (AIL3)
Eir| =
i 1 if i#jandi#kandj# k.

0;7is known as the Kronecker delta and € is the Levi—Civita epsilon. It can
be shown that the components of these two tensors do not change upon
rotation of the coordinate system. Manipulation of these definitions shows
that:

Ekij€kim = 6[/6_/'/11 - 6[}116j17 (AII4)

where, of course, we sum over k.
The dot and vector products of two vectors can be defined in terms of
these tensors as follows:

a-b= a,»b,- = 6,’]61,‘[)_/', (AIIS)

(a X b)k = Ek,:/(l,‘bj, (AII6)

where the index k in the last equation implies the kth component of the
vector. Note that the dot product of two vectors is a scalar and does not
depend upon the orientation of the coordinate system. While a;b;is a tensor
of second rank and, hence, depends on the orientation of the coordinate
system, its trace a;b;, is identical to the dot product a - b and is independent
of the orientation of the coordinate system. This conclusion is valid for the
trace of any second-rank tensor.

In Chapters 7 and 9, we encounter the gradient operator, V. We can
consider this operator as a vector with components 9/9x, 9/dy, and 0/0z.
We can then write the following definitions:

o
(erad /), = (V) = 5 (AILT)
Xk
diva—v.a= 2% (AILS)
8xi
(9a,-
(curla), = (V x a), = g =, (AIL9)
. 5’x,~
o*f 9%
_v2p_ _ _ o7
Af=Vf=(VV)f= i o (AIL.10)
2 2
(Aa), = (Va), = (VV)ag = 0 070k - (Apppy)

COxi0x; Ox3

where f'is a scalar and a is a vector.
In order to demonstrate how to work with these operators, we derive
several useful expressions used in this book:
da; _O(fa))  Of

f@xi: 8)(; _aiaxi
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or
fV-a=V-(fa)-a-Vf, (AIL.12)
2 (L) (o)
Ox; \0x;0x; Ox;0x; \Ox;
or
V- (Aa) = A(V - a), (AII.13)
and

0 aa 82 a am
(V X (v X a))/& - €klj8 Ejlm a = Ejki€jlm 3 A Ox (9 = (6k/61m 6km 11)8 8

) (aam> _ P =(V-(V-a), — A

X/

- Oxy \Ox,, 0x;0x;
or
V-(V-a)=Aa+V x (V x a). (AIL.14)
Finally, we recall the statement of the Gauss theorem:
(%;dV j{bnj da, (AIL.15)

where b is a vector, V' is a volume, and A is the surface surrounding this
volume.

Appendix lll. Continuity equation

There are several extensive quantities, such as the number of atoms or the
total electrical charge in the system that typically remains constant during
any process. The conservation law for such quantities can be expressed
through continuity equations. In this appendix, we derive such an equation
for the number of atoms of component i.

Consider an arbitrary volume Vinside a system. The number of atoms of
component i in this volume is

Nl‘: / C,‘dV,
vV

where ¢; is the concentration expressed in mole/m>. The number of atoms
of component i, which leave volume V' through its surface element da in
unit time is j; - nda, where j; is the flux of atoms of component i and n is the
normal to the surface element da. Therefore, the number of atoms of
component i, which leaves the entire volume ¥ in unit time is:

7{ jinda.
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The number of atoms leaving the unit volume per unit time can also be
expressed as — ON;/0t. Equating these two expressions, we find:

ad .
—E/Vcidefgjlnda.

Using the Gauss theorem (Eq. (AIl.15)) to evaluate the integral on the
right, we can rewrite this equation as:

Jc; . _
/[;EdVJr/VtideO.

Since this equality is valid for any arbitrary volume V, we obtain:
C?Cf

ot
This relation is known as the continuity equation.

+V-ji=0. (AIIL1)

Appendix IV. Functions erf(z) and F(z)

In this appendix, we describe several functions, which frequently occur in
the solution of the diffusion equation. The first is called the error function:

erf(z) = % /0 h e vde. (AIV.1)

It is tabulated in Table AIV.1 for convenience. erf(z) has the following
properties:

erf(0) = 0; erf(oo) = 1 (AIV.2)
erf(—z) = —erf(z) (AIV.3)
lerf(z)] = 2 2 (AIV.4)
=5 .
The complimentary error function, erfc(z) is defined as:
erfe(z) = 1 — erf(2). (AIV.5)

Both of these functions are plotted in Fig. AIV.1.
Another important function that occurs in solutions of diffusion
equations is:

F(z) = /7z - exp (Y)erf(2). (AIV.6)
For z < 1, F(z) ~22°. The function is also tabulated in Table AIV.1.

Appendix V. Integrals that frequently occur
in statistical mechanics

Two types of integrals appear frequently in statistical mechanics problems:

+00 5
/ x2ne—a.\ dx
—o0

279
erfc(z) 7]
) erf(z)
0
3 2 -1 1 2 3°%
—14
Fig. AIV.1

A plot of the functions erf(z) and erfc(z).

Table AIV.1 The functions erf(z) and
K(z)

z erf(z) F(z) = /aze erf(2)
0.00 0.000 0.000
0.05 0.056 0.006
0.10 0.112 0.020
0.15 0.168 0.044
0.20 0.223 0.082
0.25 0.276 0.13
0.30 0.329 0.19
0.35 0.379 0.26
0.40 0.428 0.36
0.45 0.475 0.47
0.50 0.520 0.59
0.60 0.604 0.92
0.70 0.678 1.36
0.80 0.742 2.00
0.90 0.797 2.82
1.00 0.843 4.06
1.20 0.910 8.19
1.40 0.952 16.65
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and

o0 2
/ x2n+lefru dx,
0

where 7 is integer. The first of these can be evaluated using the Poisson
formula:

+00 . p
e Wdx=4/— (AV.1)
oo e
Taking derivatives of both sides of this equation with respect to « yields:
“+00 ) 1
/ e dx =~ [~ (AV.2)
J 2Vao?

Repeating this procedure gives:

+00 N 3 T
4 —ax* _
/fOC x'eTdx = 7\ /—a5, (AV.3)
and so forth.

In order to evaluate the second type of integral, we note that

/0 xe ' dx = i (AV.4)

Then, taking derivatives of both sides of this equation with respect to a, we
obtain:

) 2 1
3 ,—ax
X=—. AV.
A X€ d > ( 5)



Example problem solutions

Before providing the solutions to the Example problems in the text, a few
remarks are in order. Solving the Example problems will serve as a good
test to ensure that you understand the material in the section containing the
problem. It is strongly recommended that you follow the problem all of the
way through until you have obtained a numerical answer. A numerical
answer has no meaning unless the units are fully specified. Before checking
your answer, you should apply the reasonableness test. That is, determine
whether your answer is plausible. Note that the examples in the text con-
tain either real experimental data or reasonable estimates of the requisite
quantities.

Chapter 1

1.1.2.1. Tt is obvious that the equilibrium temperature must be between
273.2 K and 373.2 K (initial temperatures of the ice and water,
respectively). Since the system is in an adiabatic container, it does
not exchange heat with its surrounding, therefore AH=0. The
following three processes occur:

(1) the ice melts;

(2) the water produced from the melting ice warms up to the
equilibrium temperature 7y;

(3) the 100°C water that was initially part of the system cools
down to the equilibrium temperature 7.

In order to find the equilibrium state, it does not matter in
which order these processes proceed. Rather, we simply sum
the change in enthalpy for each of the processes and insist
that the change in the total enthalpy is zero. In this way, we

obtain:
m m
0=AH= A;e AH e + ﬁcp(re — Teit)
My,
+ %tercp(’re - Tboil)a

where M is the molecular weight of water, m;.. and my, e are the
initial masses of ice and water, respectively. Solving this equation
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for the equilibrium temperature yields:

T, = Cp (mice Tinelt + Myater Tboil) - miceAHmelt
Cp (mice + mwater)
_75.3(1-273.2410-373.2) — 1 - 6010
N 75.3(1 + 10)

= 3569 K.

1.1.3.1. Since the gas is heated at constant pressure, it will expand and,
therefore, perform work. Hence, the answer must be positive.
The ideal gas law and Eq. (1.20) can then be used to obtain the
work performed by the gas:

W:nRAT:prlRAT:plmAT
RT T1p1

.105 .2
1.013-10°-2-1 05751,

~273.2-0.00129 - 10°

1.1.3.2.  Since the gas expands, it performs (positive) work. The internal
energy of an ideal gas does not change during an isothermal
process. Therefore, all of the heat added to the gas is converted
into work, thatis, Q = W > 0. Applying Eq. (1.19) to the present
situation yields

4! )41

=W=nRT In—=p; V] In—

Q P2 P P2
=5-1.013-10°-2-10 ln§ =1630 J.

1.1.3.3. Since the gas contracts, the work performed by the gas must be
negative. Application of Eqs (1.23), (1.22), and (1.21) shows:

m
W = —ncyAT = —MC\/AT

pV7 = const
pV =nRT

(! i\
I : T =T (-
T, Vs Vs

_ci_cv+R_z

} = TV ! = const

= =14
Ccy cy 5
3 1.4—1
P :290(5) =350 K
W= £2 5-8.314-(350 —290) = —445 1]
o 28.027 ' B '

1.1.3.4. Since the internal energy is a state function, it does not change
when we go around a complete circuit. Therefore, the first law of
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thermodynamics reduces to Q = W. Writing expressions for the
work associated with each process, we find:

O = W=nR(T> — T) + nRT> n2X 4 nR(T) — T>)
P2
+nRTy 22 = nR(T> — T1) 2L
P1 P2
Equation (1.31) implies:
T
AH) = AHY, + / Ac,dT
298
where
Acy=Aa+Ab- 10T+ Ac-10°T 2.
Performing the integration, we obtain:

AH) = AH3g + Aa(T — 298) + %- 1073(T% — 298%)

1 1
— . 5 R —
Ac- 10 (T 298)’

Using the data provided in the problem, we find:

AHSy =2-(—241.81)+3-0—2-(—110.53)

— (—74.60) = —187.96 kJ/mole
Aa=2-3000+3-16.86—2-28.41 —42.06 =11.7
Ab=2-1071+3-477—2-4.10—31.50 = —3.97
Ac=2-033+3-(—8.54) —2-(—0.46)

—(=17.29) = —6.75
AHY 0 = —182.45 kJ/mole.

Note that the value of the standard enthalpy at T=1100 K
is not very different from that at 7=298 K. Is this always
true? We can analyze how strongly AHY depends on tem-
perature as follows. The heat capacity of inorganic substances
per mole usually does not exceed 20R. Therefore, for a reac-
tion involving inorganic substances Ac,~ 10R and the change
of AHY) is ~10R(T—298). At high temperatures (~1000 K),
this gives approximately 50 kJ/mole (note, this is an upper
bound—usually, Ac, <10R). Therefore, the heat of reaction
changes with temperatures by only 10 kJ/mole. Since the heat
of reaction is typically 100 kJ/mole, its value at T=298 K is a
good approximation for the heat of reaction at other tem-
peratures (of course, if you know the heat capacities of all of
the species you need not make this assumption). If in solving a
problem you found that the heat of reaction changes by
>100 kJ/mole with temperature, you probably made a
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1.1.4.2.

1.2.1.1.

1.2.6.1.

mistake—in any case, this is a hint that you had better check
your calculations one more time.

The heat of a reaction occurring at constant volume is AUY. For
the reaction under consideration AUY = AHY + RT. The heat
of this reaction, if it occurred at constant pressure, can be
found from the data provided, as in Example problem 1.1.4.1.
You should obtain AHY, = —910 kJ/mole and AUY, =
—904 kJ/mole. Note, that even for reactions involving gases, the
difference between the heats of reaction at constant pressure and
at constant volume is small in comparison with the values of the
heat of reaction.

The processes prohibited by Thomson’s and Clausius’s
postulates are called Thomson’s and Clausius’s processes
(surprising but true), respectively. We must prove that the
impossibility of one process follows from the impossibility of
the other process.

1. Assume that Clausius’s process is possible. Let a medium
receive heat |Qy| from a heater, give up heat |Q.| to a cooler and
performs work W= |Qy| — |Qc|- Using Clausius’s process we can
take heat |Q| from the cooler and give it to the heater (no other
changes will happen during this process!). As a result, we obtain a
circuit in which the state of the cooler was not changed, the heater
gave up heat |Qy| — | Q.| in order for the medium to perform work
W =|0n| — |Q.| and there are no other changes in the universe.
However, this is Thomson’s process! Therefore in order to
prohibit Thomson’s process we must also prohibit Clausius’s
process.

2. Now assume that Thomson’s process is possible. Let a
medium take heat from the cooler and perform a circuit in
which a weight is lifted. No other change occurs in the uni-
verse. The potential energy of the lifted weight can be easily
converted in heat, for example via friction. We can return the
weight to its initial state and give up the resulting heat to the
heater. The only change in the universe as a result of the entire
process was the transfer of heat from the cooler to the heater.
However, this is Clausius’s process. Therefore in order to
prohibit Clausius’s process we must also prohibit Thomson’s
process.

We now continue considering Example problem 1.1.2.1 and
find the change of entropy associated with the equilibration
of the system. Since equilibration is a spontaneous process and
the system is adiabatic, the entropy should increase and
therefore its change should be positive. We need not worry
about how the system actually reaches the equilibrium state,
since the entropy is a state function and its change does not
depend on path. As in Example problem 1.1.2.1, we consider
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the change of the entropy of the system as a sum of con-
tributions from the three processes:

Mice Mice T, Myater

T
AS = —SAS | In—2
7 VIR S P v

:L m; AHme“—&—m 1 lni—i—m C lnL
M 1ce Tmell ice+p Tmeh water p TbOll

=0.471 J/K.

Since 1 mole of any ideal gas has a volume of 22.4 /under normal
conditions (7=0°C and p = | atm), 2 moles of a gas at T} = 25°C
and p; =1 atm takes approximately 50 1. Hence, as a result of the
process under consideration in this example problem, the gas
expands and gets hotter. The entropy increases as a result of this
expansion and heating and, therefore, overall the change in
entropy must be positive.

The change in entropy depends only on the initial and final
states of a system and does not depend on path. Therefore, we
can consider any process that leads from the initial state to the
final one described in the problem. Of course, we should choose a
path for which we can calculate the change in entropy at each
step. The figure shows four examples of such processes.

p=const T=const

Here we calculate the change in entropy using the uppermost
path. Application of Eqgs (1.48) and (1.52) yields:

7 .

AS = AS, + AST :n/ AT+ R L

T D2
T piVa
- In=2+RI
n{cp nT1—|—R nnRTz}
473.2 1.013-10°-100- 1073
*2{3‘5'8‘314ln298.2+mn 2-8314-4732 }

=31.06 J/K.

In order to test your skills, calculate the change in entropy
associated with the remaining paths and convince yourself that
all paths give the same change in entropy.
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1.2.6.3. This problem can be solved using Eq. (1.53):

ASmix = 1R ln v +I/12R IHK
Vs
However, when deriving this equation, we assumed that the
temperatures and pressures of both gases are the same before and
after mixing. Therefore, first we should calculate the change
of entropy associated with changing the pressure of the oxygen
to 1 atm. If the oxygen pressure is decreased at constant
temperature to 1 atm, its volume will be V] = Va(p2/p1) =4 L
The change of entropy associated with this process is ASt =
R In(V}/V>). The change of entropy as a result of entire pro-
cess (including mixing) is, therefore,

/
Vi
AS = AST + ASpix = mR ln—— R{an In VT

V/
Rln—2
o nV1+V£}
:Plelanﬁ_PlVlln Vi _PlVﬁln v,
T v, T vVl T Vit

D Vi + Vi+V3

T{V21 7z —|—V11 7[/1

1.013-10° 1+4 1+4
=104 In—+1In—7 = 1. K.

2082 1 { 2 F 1 } P

1.2.6.4. Using Eq. (1.48), we can write:

T
ASY = AShe + Aalnsge+Ab- 107 3(T - 298)

Ac-10° 1
2 T2 2982 )°

Applying this expression to the reaction under consideration
yields:

ASYe = —186.70 J/(moleK);  AS?,,, = —178.13 J/(mole K)

1.3.2.1. The entropy increases with increasing temperature (the heat
capacity is always positive) and also during the o — [ trans-
formation (since AH,_ 3 >0). Using Eqs (1.48) and (1.51),
we find:

Toop ’
S (9 Fe)=Shy(a—Fo+ [ Rary S
w g T Top
1041
=2715+ 173 In——
* 298
1530
. 1072 155U
2671021041 = 298) 4+ 1

= 70.10 J/(mole K).
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In order to determine the pressure, we must first derive the
equation of state. This equation can be obtained using Eq. (1.70):

- <3£> _IRT o
op)r p RT
or

nRT
V —nb+ (an/RT)’

p:

For the conditions specified in the example problem, we find
p=23.9 atm.

Note, that for these conditions, bn/V' =0.03 and an/RTV =
0.06. Expanding the equation of state in a series in these two
small parameters and retaining only the first-order terms, we
obtain:

V= nRT ~nrr(142) 9
Py =T b V) + (an/RTV) " v) v

This is the van der Waals equation (see Example problems
13.2.1.1 and 13.2.2.1). According to the molecular theory of
gases, b/4 is the volume of a molecule and the coefficient « is
associated with the interaction between molecules. If 5 =0 (the
molecule volume is negligible) and @ =0 (there is no interaction
between molecules) the van der Waals equation reduces to the
ideal gas law pV"=nRT. Note that the expression for the Gibbs
free energy given in the example problem corresponds to oxygen
in the van der Waals approximation.
In order to find the entropy, we use Eq. (1.69):

S=- <g?)p— 3.5nR(1 +1n T) —nR In p+ 12.73nR — %
nap
= nR(35(1+In T) —In p+ 12.73] - 222

Since the deviations from ideality are related to non-zero
values of the coefficients a and b, we conclude that the first term
in this expression is the entropy of the ideal gas and the second
term represents the deviations from ideality. For the given con-
ditions: §=178.50 — 0.45=178.05 J/(mole K).

Inordertocalculate theisobaric heat capacity, we use Eq. (1.49):

oS 2nap

= T<6T>p: 3.5nR+ 225 =29.10+0.91 =30.00 J/(moleK).

In order to calculate the isothermal compressibility we note that:

<87V) B 7nRT
ap )¢ P?
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1.4.2.2.

and therefore,

1 /oV nRT
= (X)) === =423-1077 Pa".
XT V(BP)T PV ‘

For the coefficient of thermal expansion, we obtain:

1 /oV 1 /nR an
= ()= (L ) =362 103 K.
@ V(BT)p V(p +RT2)

Finally, for the isochoric heat capacity, we use Eq. (1.75):

TVa?
XT

oy =c¢p— = 30.00 — 9.23 = 20.77 J/(mole K).

From this example problem, we see that if we have the Gibbs
free energy as a function of p and T (or the Helmholtz free energy
as function of V' and T'), we can calculate any thermodynamic
property of the system under consideration. Further, we will see
that in the case of a solution we also need to know the depend-
ence of the free energy on the concentrations of the components.
This example problem demonstrates the most common approach
for developing a thermodynamic description of any homogen-
eous system. First, we construct an expression for the Gibbs free
energy (or the Helmholtz free energy) using some theoretical
ideas or experimental observation. Then, we derive all other
thermodynamic properties of the system using this function.
Equation (1.46) implies

AU:/Tde/pdV.

In order to calculate the first term on the right side of this
expression (the heat absorbed by the system as a result of a
reversible process), we use Eq. (1.74)

oV
dS), = —<—) dp.
d ot/

Integration of this equation gives:

oV
TdS:f/ T(—) dp
Jras=- [ 7(5)

P2
= —/ T(4.5-107° + 1.4 - 10" %p)dp
P1

~—T(4.5-107py + 1.4 107°p3) = —1550 cm’atm
=—1550-107%-1.013-10° J = —157.0J

(we neglected the pressure p; in comparison with pressure p;).
Calculation of the second term (work performed by the
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system) gives:

P2 P2
/ pdV = / p(al> dp
P P or)r

P2

=/ (=715-10*p+9.2- 10*pHdp
P1
7.15-107% , 9.2.107% |

- ) P>+ 3 7

= —327 ecm®atm = —33.1 J.

Finally, for the change of the internal energy, we obtain:

AU = —157.0+33.1 =-1239J.

Chapter 2
2.2.1. From Eq. (2.7), we obtain:
dp _ AH e
ATwmet  Tme(VL — Vs)
or

T, —
/dTmelt :/ meliZIL | VS) dp
melt

Since the properties of condensed phases that appear in the integ-
rand only weakly depend on pressure, we can assume that they are
constant and take them outside of the integral. We obtain:

Tinett(Ve — VS)Ap _ TinereM((1/d1) = (1/ds)) Ap

el = AHpelt AHpelt
~ (231.9+273.2)-118.7- 1076((1/6.988) — (1/7.184))-99-1.013 - 10°
7070
=0.33K.

This result supports our assumption that large increases in pressure
produce only small changes in the melting temperature.

2.2.2. Since the saturated vapor pressure monotonically increases with
increasing temperature and is equal to 1 atm at the boiling tem-
perature, the pressure must be less than 1 atm. Equation (2.9) can

be rewritten as:
Inp T AH
dlnp = ——_LYC

(we used the fact that p=1 atm at Ty.;—that is, normal condi-
tions). Performing the integration, we obtain:

0 boil

1 1 1 333

Therefore, p =0.62 atm.
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2.23.

If we neglect the temperature dependence of AHy,y,, integration of
Eq. (2.10) yields:

A[_Isubl 1 1
Inp =1 — ).
np =inp; + R T

Therefore, in order to calculate the saturated vapor pressure over a
solid at a given temperature 7 we need to know the saturated vapor
pressure p; at some other temperature 7 and AHg,,. The only
temperature in the input data related to the solid is the melting
temperature. At this temperature, the solid argon is in equilibrium
with liquid argon:

AI"(S) = AI'(L) .

Since, by definition, the saturated vapor is a vapor which is in
equilibrium with its corresponding condensed phase, this equation
implies that at the melting temperature the saturated vapors over
the solid and liquid phases must be in equilibrium with each other.
This means that the vapor pressure above the two condensed
phases at the melting temperature must be the same. Therefore,
now we should find the saturated vapor pressure over the liquid
phase at the melting temperature. We can do this using the fact that
the saturated vapor pressure over a liquid at the normal boiling
temperature is 1 atm. Analogously to the previous example prob-
lem we obtain:

Do (11
melt R Tboil Tmelt '

Therefore, the saturated vapor pressure over the solid phase is:

AHqy ( 1 1) AHeyap ( o )
In p = —27subl o) g Bfeer (0 :
R Tmelt T R Tboil Tmelt

We now estimate the heat of sublimation A Hyp, from AH,,,, and
AH ... These three quantities are equal to the heats of the fol-
lowing reactions:

(D AT(S):AT(V), AHgyp,

(2) Ar(L):Ar(V)a AI'Ievap
(3) Arsy=Arw), AHpen

The first reaction can be written as the sum of the second and third
reactions (recall, that we assumed that the heats do not depend on
temperature), therefore,

AI—Isubl = AI—Ievap + AI'Imelt-

Using the handbook data, we obtain: AHg,, = 7.69 kJ/mole and
p=4.0-10"*atm.

The experimental value for the saturated vapor pressure over
solid argon at T=50 K is p=3.4- 10~ * atm. This is in reasonable
agreement with our estimate.
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Chapter 3
3.1.1. The relation between weight and molar fractions can be found as
follows:
oM q/Mi (/M [%i]/M;

Siam S a/M S M S %M
The inverse relation can be obtained analogously:

. XM,

il ==——
21 XiM;
Note that from these relations, it follows that the molar fraction of
the component with the smallest molecular (atomic) weight is
always larger than its weight fraction and the molar fraction of the
component with the largest molecular weight is always smaller
than its weight fraction.

For the molar fractions of the components of the alloy con-

sidered in the example problem, we obtain:

70/58.7
= =0.536
N 50/58.7 + 25/27.0 + 5/47.9
25/27.0
- — 0.4
YN = 76/58.7 +25/27.0 + 5479 047
X1y = 5/479 =0.047.

70/58.7 + 25/27.0 + 5/47.9

Of course, we could calculate the final molar fraction from the
fact that xn;+ xa;+ x15=1. However, if we made a numerical
error in the calculation of the first two molar fractions, we would
probably not see it. It is better to use this relation to check the
results, rather than obtain them. Indeed, the sum of the above three
values is 1.

3.1.2.  From the Gibbs—Duhem equation, we obtain:

V=mV v, =y —V
mbvy+mb, = M, 1+M

g ([%l]- [%2}
_100<M1 v s )

Simple transformations yield:

1 1<[%1]V1 [%2] 5, )

p 100 M,
_ 100  [%l]—, \ M, ;
V= — 27 =39. le.
5 (p ) 1> %) 39.85 cm”/mole

3.1.3. In order to solve this problem, we use the Gibbs—Duhem equation

(Eq. (3.16)):
(), (D)
! 8)61 »T 2 8)62 p,T.
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Since this equation is expressed in terms of molar fraction we
should re-express it in terms of molarity:

np _ np _ 1000 X2 _ 1000 X2

q1 - I’llMl/lOOO - M1 X1 a M] 1 —le

mp =

Now, integrating the Gibbs—Duhem equation, we find:
vy v, 10006 1

xla—XI:xza—xz:szlm
v a7 (100001 —x
P 1 M, \?
_Vglzoz(\)zbﬁi?ﬂ_wlgz?zbﬁ_ 172]2)4010[)”1%.

3.2.1.1. The Raoult law implies that the saturated vapor pressure over the
glass of pure water is larger than the saturated vapor pressure over
the glass containing a solution of urea. Therefore, the water vapor
will diffuse from the glass with pure water toward the glass with
the solution. This will lead to a water vapor pressure above the
glass of the solution that is in excess of its saturated vapor pres-
sure; therefore, some of this water vapor will condense. Analo-
gously, some water will evaporate from the glass of pure water.
The same result can be obtained without consideration of the
evaporation—condensation mechanism. Consider the following
process:

HZO(pure) e HZO(solution) .

The change of the Gibbs free energy associated with this
process is:

__ . solution 0
AG = 0" = a0 <0,

(the chemical potential of any pure solvent is larger than the

chemical potential of the solvent in a solution). Therefore, the

process under consideration will go in the forward direction.
3.2.3.1. The molar fraction of sulfur in this solution is

ns _ qs/Ms My 55.8
Xg R — = = =———1=0.017.
XS e T are M 10005 T 100321 1 = 0017
Using Eq. (3.47), we obtain:
314 -1813%2.0.01
ATfl‘eeze - 83 813~ -0.017 =324 K.

262.5-55.8
The experimental value is 32 K.
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3.2.4.1. Themass ofiodine which can be extracted from the water is equal
to the mass of iodine dissolved at equilibrium in CCly. From the
partition law, we obtain:

CCli  CCl 0 CCL 0 ccly O
‘L np VT2 q, V™ qr, yre

cHgO nHZO JCCly qHZO JCCly H,0 init ccl, JCCly
I, I, I, I —qlz

L

00 init
ccls _ L(qhz ) _ 85101
= L+ VH:0/pCCl 7 851 4 500/80

3.3.1. The molar fraction of the saturated vapor of component i over a
solution is:

=0.0932 g.

pi P?x[i]
k =Y
Z,‘:l Dj Z/:l p_})x[ Jl

where xp; is the molar fraction of component i in solution. For
the molar fraction of CH3OH in the solution we find:

X; =

s

X[CH;O0H]
N[CH;0H|

- N[cH;0H] T M[C,H;OH]
qicHson)/ Mcn,on
gicnson)/ Mcnson + qic,ns0m)/ Mc,nson

picH;on] VicH;on)/ Mcnson

 piewson Vienson)/Mcn,on + picsnson) Vicsuson)/ Mc,usom
B picHsoH)/ Mcnson
 piemson)/Mcnson + 200,101/ Mc,ns0m
0.9715/32.04
= 0.9715/32.04 + 2 - 0.7894/46.07

=0.4189.

Finally, the molar fraction of CH3OH in the saturated vapor is

i 96 - 0.4189 ol
CHOH = 96.0.4189 + 44- (1 — 0.4189)

Note that the fraction of the more volatile component (i.e. the
pure component which has the larger saturated vapor pressure)
in the gas phase is larger than its fraction in the solution. In other
words, the gas phase is enriched in the more volatile component.

3.3.2. In order to solve this problem, we shall use Eq. (3.39):

0
In X = AHCV‘dp ( 1 _ L) = —ALSOHATbOiI'
R Tooit  Thy R(T, l())oil)z

However, this equation was obtained for ideal dilute solutions.
Can we use this equation for ideal solutions? In order to answer
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3.4.1.1.

this question, recall the assumptions which were used to derive
Eq. (3.55). First, we used the fact that the chemical potential of
the first component can be written as p; = ) + RTIn x;. This
expression is also valid for ideal solutions. Second, we assumed
that the saturated vapor pressure of the second component
is negligible in comparison with that of the first component.
This is obviously true for dilute solutions where x, — 0. How-
ever, this is not the case for ideal solutions where all components
have comparable concentrations. Since we were unable to make
any general statement, we must consider our specific case more
carefully. Note that the Clausius—Clapeyron equation implies
that the saturated vapor pressure increases monotonically with
increasing temperature, as shown in the figure. At the normal
melting temperature, the saturated vapor pressure is 1 atm. Since
Toyi(He) < T, (Pb), we conclude that pfy, > pf, at 79 (Hg).
If the boiling temperature for the solution is not very different
from that of pure mercury (as will be supported by the calcula-
tion below), p%g > ph, at the boiling temperature of the solution.
Since the gas phase over the solution is enriched in mercury
(see the previous example problem), we can conclude that
Pug > ppo. Therefore, we can use Eq. (3.39).

0
0
Phig PPb

1
Thu(Hg) ThouPb) T

We calculate the molar fraction of mercury in the solution
(see Example problem 3.1.1) as:

[%oHg]|/ My,

ATppy = — - ol 20/ In xpe = 10.4 K,

and Thoi =357+ 10.4=367.4°C.
We solve this problem, using the Gibbs—Duhem equation:

In g, 1
i (?7979‘) = xpb <597975b7> = xpp1010-0.64 - (1 — xpp).
».T »T
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We can integrate this equation using the fact that dxp, = — dxgp;
(since Xpp + XBi = l)

In ;i Xpb
/ dIn YBi = — In 10 - 0.64/ bedeb
0 0

Inygi =—1n 10-0.32 - xlz,b

In g = —0.32(1 — xg;)*.

For xp;=0.4, we obtain g; =0.77.
Equation (3.6) implies:

AGuix =G = > mG) => mpi — > _mp) = > i — puf)
i i i i
= Zni(,u? + RTIna; — ,LL?) = RTZn,-lna,v
i i

= nRTZ x;Ina;.

For the equi-molar solution, we obtain:

q 1
AGpix = RT—(1 1
mix (MSnCl4 + MCC14)/2 2 ( N dsncCl, +In aCCl4)

(Msnci, + Mcci,)
qRT
(260.5 + 153.8)
W00 H153:9) g0 10052 = —0.747
500.8.314 500 020 ~In0 0

accy, = 0.474; ~Yecl, = 0.947.

Inaccy, = AGnix — Inasycy,

Itis not difficult to show that the relative partial molar quantities
are related to each other by the same relations as the corres-
ponding extensive quantities. Since G = H — T'S, we can write:

M —M =M
MMg = HMg - TSMg
or

Swig = lT (P — 13, )-

Since pure Mg is considered as the standard state here, we can
write:

Mg = ,U,OMg + RTIn amg
or

M%g = RTIn ayg.
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Thus,
—M
—M 1 /—m H
Swie = 7 (Pt — RTInay ) = —E — R In (xmg )

= 0.64 J/(mole K).

3.4.1.4. Since pure silicon is chosen as the standard state for both solu-
tions, Eq. (3.51) implies that the partition coefficient is L= 1.
Therefore, akf = ag® and
xhe
e =548 = 0.0040.
Xsi
Chapter 4
4.2.1. In order to calculate the temperature and concentration at the
eutectic point, both equations (4.4) should be solved simultan-
eously. The numerical solution gives Teytectic =408 K and
v‘;;l‘zectlc = 0.448. Experiment shows that T.,ecic=417K and
xgitectie = 0.45. .
4.8.1. The phases in each of the fields of the diagram (and for each
compound) are shown in the figure below.
T(°C)
L
1400

L+Mn,Si;,  L+MnSi

L+MnSi, L+Si

MnSi+

€+Mn,Si; Mn.Si
573

MnSi+MnSi,

Si+MnSi,

30 40 50 60 70 8 90 100
Si (% at) Si

4.8.2 There is only one phase, the (-solid solution, in the alloy at

T=1000°C and 10% Si. The composition of this solid solution
coincides with the alloy composition. There are two phases, a
liquid and the chemical compound Mn;Sis in the alloy at
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T=1200°C and 35% Si. The composition of the liquid is 29% Si
and 71% Mn, the composition of the chemical compound is 37.5%
Si and 62.5% Mn (percents are atomic).
The cooling curves are shown in the figure.

The cooling curve for the alloy with 17% Si consists of several
segments characterized by:

1. no phase transformations;
II. the formation of the 3 solid solution from the liquid;
II1. the eutectic reaction L — 3+ ¢;
IV. the ¢ solid solution is formed from the (3 solid solution;
V. the peritectic reaction 5+ ¢ — a;
VI. the « solid solution is formed from the ( solid solution;
VII. no phase transformations (only a single phase is present, «);
VIII. the ¢ solid solution forms from the « solid solution.

T (°C) T(°C)

17%Si T 80% Si T

The cooling curve for the alloy with 80% Si consists of four seg-
ments characterized by:

I. no phase transformations;
II. crystals of pure Si form from the liquid;
III. the eutectic reaction L — MnSi, + Si proceeds;
IV. no phase transformations.

There is only a §-phase in the alloy at 7= 1000°C and 10% Si with
the same composition and weight as the alloy.

Both 3 and ¢ phases are present in the alloy at 7=950°C and
20% Si. Since the present diagram provides only atomic fraction
we should calculate the weight fraction. The results are shown in
the figure below.

Alloy
B i ¢
14 20 23
Si(% at)
Alloy
B | ¢
7.7 11.3 13.2

Si(% w)
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Using the lever rule we find:

13.2-11.3

O =T3577 0= 1
11.3-17.7
100 — 7.7

o -

0% g 091=638¢
13.2

5 =-—-130.9 =173

S =700 £
100 —

& —

= 100 21309 = 1136 &

4.8.5. There are two phases (MnSi and MnSi,) in the 60% Si alloy at
T=1200°C. If we add more Si, the alloy will have only one phase
when its composition corresponds to MnSi,. Using the lever rule

(see figure) we find:
Alloy
MnSi ¢ { MnSi,
50 60 62
Si(%at)
Alloy
MnSi + { MnSi,
33.8 434 45.5
Si(% w)
300 0.434 + Q4

300 + Qi

add _ 300(0.455 — 0.434)
S 1—0.455
In order to obtain the compound MnSi, we should add more Mn:

300 - (1 — 0.434) 4 Q3dd
300 + Ofis

add _ 300(0.434 — 0.338)

Mn 0.338

=1l6¢g

1-0.338 =

=852¢g
Chapter 5

5.2.1 The degree of dissociation at constant pressure does not depend
on the total number of moles. Therefore, for simplicity, we assume
that at the initial moment, the system consisted of 1 mole of PCls
and 0 moles of PCl; and Cl,. According to the definition of the
degree of dissociation, a moles of PCls will be consumed before



5.2.2.

5.2.3.
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the system reaches the equilibrium. The number of moles of each of
the species in the system at the initial moment and at equilibrium
can be written as:

Species PCl; PCl; Cl,
Initial 1 0 0
Equilibrium -« @ a
>oini l-at+at+a=1+a

Using Eq. (5.15), we find:

p o« pa?

Tltal-a 1-a2

1
=4 /——=10.32.
@ V 1+p/K,

If the system initially contained 1 mole of PCl; and 1 mole of Cl,
and z moles of PCls were produced during the equilibration of the
system, we can indicate the number of moles of each species as:

K,

Species PCl; PCl; Cl,
Initial 0 1 1
Equilibrium z l—z 11—z
>oin z+1l—z41—-2z=2—-2

The total pressure in equilibrium is:

= PPCls
XPCls

_ Prai 2—z

The equilibrium constant can be written as:

2—-z 1 (I-2(1—2) (1—z)?
22—z z = Prais 72

K, = prai;
and, therefore,
_ 1
Ty (K, /peci)'?
Using pV'=nRT, we find:

2
po__ <2 or po=4.29 atm.
p 22—z

=0.414.

In this example problem, we consider the following reactions:
(a) Hy + Cl, = 2HCI

1
(b) H0 = Hy +50,
(¢) 4HCl + 0y = 2H,0 + 2Cl,.
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524

5.2.5

Since ¢= — (2 xa)—(2xb), we find AGY = —2AGY — 2AGY
and, therefore,
B 1
720 (K;K[E))z :

C

For the first reaction, K, = K. The equilibrium constant of the
second reaction can be expressed through the total pressure and the
degree of dissociation. Analogously to Example problem (5.2.1) we
obatin:

Species H,O H, 0,
Initial 1 0 0
Equilibrium l—« «@ 0.5«
o l—a+a+050=1+0.5a
12 -(0.5a)!/? V0.5pa’?
I S UL P _307.10°"
(14050 1-a (1—a)(140.5q)"
K; =1.014.

For this reaction, the van’t Hoff isotherm takes the following
form:

2
PNH,
=

AGr=—RTInK,+ RT In
szpNg

Using the data given in the example problem, we find
AG7r=11.43kJ/mole. Therefore, the reaction will proceed in the
backward direction.

By analogy with Example problem 5.2.1, we obtain the following
table:

Species H, 1, HI
Initial 1 1 0
Equilibrium 11—z l—z 2z
o l—z+1-2z +2z=2

The variable z can be found from the expression for the equilibrium
constant:

(22)° (22)°

P 0—o(—-2 (-2

z:¢:0.78.
2+ VK
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Now we can find the partial pressures as follows:

1 —zRT
PH, =PI, = P 7 = 6.5 atm
2z RT

We use results of Example problems 1.1.4.1 and 1.2.6.4 in order
to calculate AGY:

AGY = AHY — TASY = 13.46 kJ/mole.

Note that at standard conditions, this reaction proceeds in
the backward direction. Using the van’t Hoff isotherm, we obtain:

AGr = AGY+ RT In|-—
P XcoXCH,

1 2
tzo] — _8.28 kJ/mole.

Therefore, at the conditions specified in the example problem, this
reaction proceeds in the forward direction.

Since only two gases participate in the present reaction, there is no
need to create a table as we did in Example problem 5.2.1. The
point is that in this case the equilibrium composition of the gas
phase does not depend on its initial composition. This conclusion
follows from the expression for the equilibrium constant:

2 2 2
K. — P X X1
=l = =p—H
PH,S XH,S 1 — xmr

Using this expression, we find xp;=1.15-1072.

Note the fact that the equilibrium composition of the gas phase
is independent of its initial composition can be also derived from
the Gibbs phase rule. Indeed, in this case, the number of com-
ponent is C=4—1=3 (four species and one chemical reaction
relating them). The number of phases is P =3 (two solid phases
and one gas phase). The number of degrees of freedom is
F=(C+2)—P=(3+2)—3=2. Therefore, if we specify two
parameters (temperature and total pressure), we uniquely deter-
mine the equilibrium composition of the gas phase.

In this example problem we deal with the following reaction:

The van’t Hoff isotherm for this reaction takes the following form:

%N 2
AGT:—RTanp—i—RTlnM) ] .
PN,
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5.4.2.

5.4.3.

5.4.4.

Since, by definition, the solubility is the equilibrium concentration
of solute at the specified solute partial pressure in the gas phase, we
can find the equilibrium constant as follows:

~0.06
7001

The change of the Gibbs free energy at the conditions specified
in the example problem is

=0.36.

0.5?

AGr=—RTIn0.36 + RT lnﬁ = 2.38 kJ/mole.
Therefore, at these conditions, nitrogen will be extracted from
cobalt.

The following reaction proceeds in a water vapor atmosphere:

[Ni] + H,0 = NiO + H,.

The standard change of the Gibbs free energy for this reaction
can be calculated from the standard change of the Gibbs free
energy for the two reactions given in the example problem:

AGY = AGY — AGY = 43.65 kI /mole

Therefore, the equilibrium constant for the reaction in the example
problem is K,=5.25- 103 The equilibrium constant relates the
equilibrium concentrations as follows:

XH
K,=—""72—.

XH,O0XNi] V[Ni]

Using this expression, we find ynij=6.7.
Equation (5.23) implies

dlnh _ ﬁAg - Hgg((;l _ ﬁAg o H/gg(L) + HR%(L) - H‘gg((i)
dr RT2 RT?
—M
_ HAg A[-I(e)vapAg
RT? RT?

Using the Clausius—Clapeyron equation (Eq. (2.9)), we find:

_ dlnpl, dinh
M A,
Hy, = RT2< T £ a7 | = —12:06 ki/mole.

In this example problem, we have the following reaction:
[C] + 2H, = CHy.
The equilibrium constant for this reaction is:

pcu, 1
K, =2 :
P, X[C17[C]
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Using this expression, we find:

_ (0227107531107
97 \0233-102) 410-102 7
Chapter 6
6.1.1.1. The solution of this example problem differs from the derivation

6.1.2.1.

of the Langmuir isotherm in Section 6.1.1 in two important
ways. First, in order for a gas molecule to adsorb, there must be
two empty nearest neighbor sites on the adsorbent surface. The
probability of this event is proportional to (1 — ). Second, two
adsorbate atoms must be nearest neighbors in order for them to
desorb as a molecule. The probability of this event is propor-
tional to 6% Therefore, Eqs (6.1) and (6.2) should be rewritten as
follows:

wy =kp(l =07 w =k
w| = wi; kip(1 — 6)* = k16>,

Introducing b= ky/k;, we obtain:

L/
1+byp

Note that at small adsorbate pressures, this equation reduces
to I' = Zb,/p. This is the analog of the Sieverts law for adsorp-
tion (recall that the Sieverts law for dissolving a diatomic gas was
derived assuming that the gas molecules dissociate before pen-
etrating into a metal).

Introducing x=p/p; and inserting I'=2 in Eq. (6.20), we
obtain:

1= &
(I+gx—x)(1—-x)

Using this equation, we find that if g=1, x=1/2, and if g= 100,
x=1/11. Equation (6.16) implies that the fraction of unoccupied
sites on the adsorbent surface is:

1 —x

0p=——.
0 l+gx—x

If g =1, the fraction of unoccupied sites is 0.5. In other words,
in spite of the fact that the number of adsorbed molecules is equal
to the number of sites on the adsorbent surface, half of these
sites are still not occupied. At g =100, the fraction of such sites
1s 0.082. In other words, for the same conditions 92% of the sites
are occupied.
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6.1.2.2.

First, we determine if it is appropriate to describe these data
within the framework of the Langmuir theory. In order to check,
we plot the data in the coordinates p/V versus p. The figure
shows that data do not fall on a straight line. Moreover, if we
determine 1/Z as the average slope of this curve, we would find
that Z <0.

plv
T=250K

0.0002004 o
0.000192 A
0.000184 o
0.000176
0.000168

0.000160
o

0.000152 T T T T T T T 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

p

We now try to describe these data with the BET isotherm:

v Vinaxbp
(1 +bp—p/p)(1 = p/ps)

In order to do this, we should plot the data in
p/(V(1 — p/ps)) versus p coordinates. Since this requires know-
ledge of the saturated vapor pressure, we estimate this quantity
using the Clausius—Clapeyron equation:

In _AHcvap 1 _l
Ps=7R Toor T)

At T=250 K and T=350 K, we obtain 0.140 atm and 4.07 atm,
respectively. The two plots show that the data fall on straight
lines at both temperatures. Therefore, these data can indeed be
described in the BET theory framework. From these plots, we
find that at 7=250 K, 5=20 cm3/atm, and Viax =270 cm?® and
at T=350K,5=0.77 cm3/atm, and V., =273 cm’. Note that in
the BET theory Vi.x does not depend on temperature. We
can attribute the small discrepancy in V., to experimental
errors (when in doubt, blame the experimentalist—everyone
else does).
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p!V (1-plpy) 7 ,

0.00036 L

0.00034 o

0.00032 ,

0.00030 s

0.00028 1 S tan a=0.00231

0.00026 /

0.00024 /7

0‘00022 T T T T T T T 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

p

p/V(1-plpy) 7
T=350K ,

0.0096 7
0.0088 s

0.0080 y

0.0072 y

0.0064 4

00056 T T T T T 1
0.3 0.6 0.9 1.2 1.5 1.8 2.1

p

The surface area of 12 g of the adsorbent can be estimated from
Vmax as follows:

1.013-10°-271-107°
=12 19.4-107%.6.02-10%
s 8.314-273.2 9:4-1077-6.02-10

=16.9-10° m?

The heat of adsorption can be calculated from the temperature
dependence of b as follows:

R In (bz/bl) _

AHygy = —— 220
ST 1T,

—23.7 kJ/mole.
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6.2.1.

The Gibbs adsorption equation implies:
A
_ 290 BT 4161075 mole/m’
RT8C2 RT C

=4.16- 1078 mole/I.
Assuming that the surface layer is a homogeneous plate, we obtain:

4.16-1078
10-8

T, =

d=c+Ty/6=0.1+ =4.26 mole/1.

Chapter 7

7.3.2.1

In order to express Cyy; in terms of p and B, we compare the
versions of Hooke’s law for anisotropic and isotropic solids.
For o.,, we obtain from Eqs (7.24) and (7.28):

Oxx =

+2Cxyz6yz + Crxzz€iz

Oxx = 2pt]Exx — 3 (Exx + €4y + €22)] + Blexx + &9y + £22)
= (B+3m)en + (B—3n)en + (B—3u)e.
For an isotropic system, these equations must be equivalent for
any set of strains ¢;. This is true if and only if:
Cii = Crxex = B+4p/3
C12 = Cxxyy =B- 2#/3
Ci3=Crx: = B—-2u/3

Cuy= Cxxyz =0
Cis=Cxxx: =0
Cis = Cx,\‘xy =0.

Since the x, y, and z-directions are equivalent in an isotropic
solid, expressions for components C,; and Cj; are equal to Cj;.
Therefore, we need only obtain Cy;, Cs;, and Ce;. To this end, we
compare expressions for o,

Oxy = CypxxExx + 2CypExy + 2C 6z + Cipppeyy
+ 2nyy:5 yz + nyzzgzz

Oyy = 2UUExy.

These equations are valid for arbitrary ¢ if and only if:

Ce1 = Cypny =0
Cer = nyyy =0
Cs3 = Cyp: =0
Ces = nyyz =0
Ces = Cyyn: =0

C66 = nyxy = M.



Example problem solutions

Since the x, y, and z-directions are equivalent in an isotropic
solid, Cgs= Cs5= Cyq4. Using these relations, we see that in an
isotropic solid

Cys = (C11 — C2)/2.

We can collect all of these results in the following form:

Bdu/3 B—2u/3 B—2u/3 0 0 0
B—2u/3 B+4u/3 B—2u/3 0 0 0
B—2u/3 B—2u/3 B+4u/3 0 0 0

i 0 0 0 L 0 0
0 0 0 0 u 0

0 0 0 00 u

There is also another, more elegant method to derive the
expression for Cyy,. First, we note that in an isotropic solid,
the components of Cyi; cannot change upon rotation of the
coordinate system. The only second-rank tensor that does not
change upon rotation of the coordinate axes is the tensor 46y,
where 4 is a scalar and 6;; is the Kronecker delta (see Appendix
IIT). Second, examination of Eq. (7.23) shows that the symmetry
condition is only satisfied by the tensors 6;;6x;and (66,1 + 06 ;).
Therefore, C;, must have the following form:

Cij1 = abiors + b(6ikbj + 6ibjic),

where a and b are scalars. Inserting this expression into Hooke’s
law (Eq. (7.24)), we find:

0jj = adbriers + b(Oidy + 6ubj)er = adyew + 2bey;
= ([1 + 2b/3)6i/5kk + 2])(6@/ — 61/5kk/3)

Comparing this equation with Hooke’s law for isotropic solids
(Eq. (7.28)) we find:

a=B-2u/3; b=upu
and
Cijtr = (B — 241/3)63i611 + 11(6ix 61 + 8ubjrc).-

You should demonstrate to yourself that this expression is
consistent with that found above, where we explicitly wrote
the C;; tensor.

7.3.2.2.  We can rewrite the new expression for Hooke’s law as

T T\ T3 ) T 3T T =2 O
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Comparing this with Eq. (7.28), we find:
2 — E . — E .
R T30 -2)
Solving these equations for p and B, we find:
9Bu 3B—2u
= ; V=
3B+ 1 2(3B+ )
Chapter 8
8.1.2.1. Equation (8.12) implies:
0 0
k= llnc— = llnc— = 11n4 =0.14 min~".
t ¢ ot A/4 1

8.1.2.2.

8.1.2.3.

Equation (8.11) implies:

1 1 I
L
ca & A 1+ kit

The fraction of A which will react during time 7 is

ket
100% (1 —%A) =100% (1 —%) —100% LA
Ca 14 ktcy 1 +ktcly

—86.6%.

Since the reactants were taken in the stoichiometric ratio, the
kinetic equation takes the following form:

2

dr PA

(an analogous equation can be written for B). Therefore, in order
to determine the order of the reaction, we should calculate the
pressure of A as a function of time. We notice that the pressures
of A and B will be the same during the reaction. Therefore, the
total pressure is p =2pa + pc. On the other hand, at =0, the
total pressure was p”=2p2. From the stoichiometry of the
reaction, we find pc = pA — pa. Using these relations, we obtain:

P =2pa+pc=2pa+P\ —Pr=Pa+DX =pa+p"/2

pa=p—p"/2.

The corresponding numerical results are given in the table:

{(min) 0 5 10 15 21 30
palatm) 0477 0412 0342 0293 0250  0.186

The figures show these data in coordinates appropriate for
first- and second-order reactions. On the basis of these plots, we
conclude that the reaction is first-order.
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Inpy °,
1/ s
0.7 4 Pa L
—08 1 481 s
094 R o] ,/
~1.0 4 N ) o
> 7
L N 36 - /
-1.2 1 \0\ L °
-1.31 AN 3.0 1 ’
—1.4 4 R //6
-1.5 1 AN 244 8
-1.6 1 \\\ 7
-1.7 . . : —®—— 18 : : : : : :
0 6 12 18 24 30 36 0 6 12 18 24 30 36
#(min) #(min)
8.1.4.1. The half-life of a first order reaction (see Eq. (8.14)) is:
o In2
V2=
Using this equation, we find that at 7= 260 K, ko = 0.0010/min.
Using the Arrhenius equation:
E/1 1
Inky, =Ink; +- | = — =~
ngy =lInk + R <T1 T2> )
we find that k350 =0.64/min. Finally, using the kinetic equation
for a first-order reaction
Ine=Inc® — iz,
we obtain ¢ = (1/k)In[c?/(c°/3)] = 1.7 min.
8.2.2.1. The concentration of N, can be described using the following

kinetic equation:

den,
27(*11;" = klcNo.

The kinetic equation describing the evolution of the concentra-
tion of nitric oxide is:

-—--= —kicno — kaeno

or

CNO = C%qoei(kl )t

Inserting this expression into the kinetic equation for N,, we find:

d(JN7 1
"4 =2k

1 k
lco

e~ (kitka)t

Oef(kmLkz)I’

309



310

Example problem solutions

where A is a constant. At =0, ¢, = 0. Therefore,
1 Kk 0
=————0c
2k + ko NO
and

1k
N 72k1+k26

Qo(l — e ®rHkrty — 1,04 mole/1.

Analogously, we find

1k
2k +ky

eN>0 Aol —e TRy = 0.74 mole/1.

8.2.2.2. If this reaction was elementary, the kinetic equation would take
the following form:

1 dCHI k c
———=kec .
2 dr Ha L
For the second mechanism, we obtain:

1 dCH]
3 = e

1 dCI

N T kicr, — kzc% — k3c%cH2 =0

1 = ( klclz )1/2
: ks + ke,

dCHI N 2k3k1 e
dr - ko +k3CH2 LoH,

If k3cn, < ko, the last equation reduces to:

ldewr _ ksky
27dr |k R

This equation coincides with the kinetic equation describing the
first mechanism.

8.2.3.1. The kinetic equation for the formation of C,Clg takes the
following form:

deg,cl,
dt
Since the chain length (i.e. number of reactions in a chain) is
large, we can neglect the rate of chain termination (the second
term on the right-hand side of the kinetic equation) and the
equation reduces to:

) X 2
= k2£CgCISCClg + k3°C3C15'

dec,ar
2416
4 kacc,ciscct, -
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At steady-state, the rate at which we form new chains is equal to
the rate of chain termination, therefore,

. _ 2
kO‘Clg = k3CC2C15'

Inserting this result into the previous equation, we find:

decyarg ko 352
T = kz ECClz .

8.2.3.2. It was established in Section 8.2.3 that:
me_To @ n
ng B Wst  Hst

Combining these equations, we obtain:

Nt t
w (- @)
Chapter 10
10.1.1.1. The pressure of the gas inside the shell is equal to:
RT
p=—n
Differentiating this equation we find:
dp RTdn
de Vv de

In order for the gas to pass through the metallic shell, it must
first dissolve into it and then diffuse through it. The loss of the
gas inside the shell is determined by its flux through the shell:

According to Fick’s first law:

) Jdc

J=-b or’
The concentrations of the gas on the inner and outer surfaces
of the shell are equal to its solubilities in the metal corres-
ponding to the gas pressures inside and outside of the shell,
respectively. Since the shell is thin, we can replace the derivative
Oc/Or in Fick’s law with its finite difference approximation
— (¢in — Cour)/d (the minus sign takes into account the fact that
the concentration decreases from the inner to outside surfaces),
where d is the thickness of the shell. The gas solubility obeys
Henry’s law ¢ = p/h. Thus,

dp _RTdn _ RT . RT  0c_RT o pin—Pou
- vda v Ty % hd
= 7A(pin 7p0ut)»
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where A is a constant which does not depend on pressure.
The solution of this equation takes the following form:

Din = Pout + (Do — poul)eiA/'
Using this formula we find:

1

A= ——InPL=P 00057 1/h
1 pPo— Pout
1

fy= —— 222 LM a0,
A Do — Pout

10.1.1.2. The solution of this example problem is analogous to the
previous one with the exception that instead of Henry’s law
we must use Sieverts’s law ¢ = y/p/s:

\/ \/pout 1
in — + out N————=— Bt
VP VPo + VPout \/— Nz 5

e

=0.00235 atm'/?/h

w3 i v E e,

10.1.3.1. The solution of the diffusion equation in this case takes the
following form:

q —x2/4Dt —bx?
c(x,t) = —¢ =ae .
) VDt
Using this expression, we find:
d*c

g = —2ab(1 - 2bx3)e % = 0

1
Xo =1/~ = 2Du.
Y=\

10.1.3.2. The solution of the diffusion equation in this case takes the
following form:

q —x2 /4Dt
c(x, ) = ——¢ .
7Dt
Using this expression, we find:
2 _ .2
X3 —X
__ % L _ 10712 m?/s.

- 4tln(11/12) h
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10.1.3.5.

10.1.3.6.

Example problem solutions

Since ¢p=c(x, 0)=0.1% and ¢;=¢(0, t) = 1%, the solution of
the diffusion equation takes the following form:

c—0.1 = (cs — 1)[1 _ erf(z%/mﬂ

and we find:

X x
erf( ——) = 0.61; =0.61,
<2\/Dz> 2v/Dt
(see Appendix IV). At the temperature of the experiment
D=22-10""cm?/s, therefore,

o 25104
C4.(0.61)%2.2-10°7

If we assume that D does not depend on concentration and,
therefore, on position, the solution of the diffusion equation
takes the following form:

c(x, 1) = %0 {1 - erf(%\/ﬁ)} .

Since ¢=0.3¢y, we obtain erf(x/(2v/D1)) = 0.4, x/(2v/Dt) =
0.38 (see Appendix IV) and D; =4.7- 10~ 13 m?/s.

Since 90% of the hydrogen which was originally in the
plate came out, we conclude that the diffusion path has the
same order as the plate thickness L. Assuming that
t > 0.05(L?/D) = 1255, we find that the amount of hydrogen
remaining is ¢ =0.1go = (8/7)qoe P/ and, therefore,
t=1527s. This is consistent with our assumption that > 125s.
The solution of the diffusion equation takes the following form:

=7.6-10s=2.1 h.

x
c(x, 1) —cop = (¢cs — colerfe| —=|.
( ) 0 ( S 0) <2\/D_[)

In order to apply this solution, we need to know the carbon
concentration on the surface of the steel. It is controlled by
equilibrium of the following reaction:

[C] + 2H, = CH,.
Since the standard state for carbon is graphite, the value of AGY
for this reaction coincides with that for reaction

C(graphile) + 2H2 = CI_14-
At T=1173 K, we obtain

K, = e A%m/11T3R — 0 022,

On the other hand, we can express the equilibrium constant in
terms of equilibrium concentrations:

k. L xcu,
P 2
pactz
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10.2.1.

10.2.2.

10.3.2.1.

10.6.1.

10.7.1.

We find a. = 0.113. Using the plot of the carbon activity versus its
atomic fraction, we determine that the carbon atomic fraction is
0.010. The weight fraction of carbon can be obtained as follows:
Mcxc

“ Mcxc + MreXre
Finally, using the solution of the diffusion equation and the value
of the carbon diffusivity at T=1173K (Dc=1.63-107"cm?/s),
we find that ¢=0.45% at a depth of 600 um.
The distance between nearest neighbor sites in an fcc lattice is
A =a/\/2. If the hop frequency is I'=1s, D=(1/6)A’T =
(@® /12)l =2-10"*cm?/s. Using the temperature dependence
of the diffusivity specified in the example problem, we find
T=675K.
Using xqir = V2D1, we obtain the following estimations:

(1) at T=300K xq;r=2.6-10"""cm
(2) at T=1200K xgiy=1.9-107> cm
(3) at Tt = 1355K  x4ir=6.0-1073 cm.

100% = 0.22%.

The vacancy formation enthalpy can be estimated as
AH! 2~ 10RT e = 113 kJ/mole. The diffusivity can be
expressed in term of the hop frequency as D =a’T/12 (see
Example problem 10.2.1). At Tper =25-10"s"" and at
T=300K,I'=10""s.

Equation (10.36) implies

& =2b\/Dgt.
Using the following equation:
s —Cga _50—40
F(b) - Cha — Caf - 40 — 35 -
and Appendix IV, we find »=0.8 and £ =81.6 pm.

Inserting Eq. (10.43) into the second expression in Eq. (10.42),
we find:

2

_ LeoVT VT (Lg vr
—ppe ety VT (Eee .
-]Qsle‘ddy—slz\te oC LCC T 00 T (LCC 00 T

Taking into account that:
L C * DCcC
=0, Lee =
Lcc RT

we can rewrite this equation as:

. 0”Dccc , \VT Q" Dcec
JOueaty swne = (T —HT )= === VT

and LQQ = /1() T,

Therefore,

*2
0 “Dcec
;Lstezldy—state =/lo— RT2 > K
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10.7.2.  Combining the first expression in Eq. (10.42) and the following

relations:
Lon « Dycy
— = and Lpy = R
Lom 2 HH = "RT
we obtain:

. vT o*
ju=—LuuVrug— LHQiz —Dycy V(ln CH) —&——V(ln T) .
T RT
The concentration should be expressed in atom/cm? (in accord-
ance with the dimensionality of the flux):

_ Nu _ Nanu _ xuNange _ xuNampe _ xupNa

N 7 MpV ~ Mre
=8.5-10" atom/cm’.

CH

Now, using the previous equation, we obtain Q* =210 kJ/mole.

Chapter 12

12.2.4.1. The number of molecules with an energy corresponding to the
Jth level is

2J + e~ (Te/T)II+1)
N[ =N ( + )e .
3% 0 2 4+ De~T/DIUT+Y

At T> T, this equation reduces to (see the derivation of
Eq. (12.55))

T, -
Ny = N%(ZJ—F e Te/TIHD,

The most populated level is the value of J for which N, is a
maximum with respect to J:

dny N% |:2e—(TC/T)J(J+l) ey 1)%(2J+ 1)e(Te/ T+

dJ
1 2T,
Jmax_2< TC1>

=0
12.2.5.1. The partition function of the anharmonic oscillator takes the
following form:

7 / oo ef((ax2 J2)—yxd —6x*) /kBT 4
—00
“+00

or

/ - 3 c 4
_ / efaﬂ/szTe(wx +6x )/kBde‘
—00
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12.2.5.2.

Expanding the second exponent in the last integral and
performing the integration, we find:

+00 R 3 5)64 2x6
Z~ c:“’-“'/z"BT(lJrW +—+77>dx
/m kgT = kT = 2(kgT)>

- 27rkBT+ 63 7r(2kBT)5+ 71 7kgT)’
- B kyT4 3 2(kgT)* 8 B
o 2’1TkBT ISVZkBT 35kBT

=\ 5 (H w )

The average potential energy of the anharmonic oscillator
can be found using Eq. (12.34), which in this case takes the
following form:

olnZz
oT
Expanding the logarithm of the partition function, we find:

U=kpT?

1. 27kgT 15v%kg T 36kgT
lnzziln +1n<]+27ﬂ3+ 62
1, 2mkg 1 15v2kg T 36kgT

~ -1 —InT+ ——— .
2 Tt T 3

Inserting this result into the expression for the internal energy
yields:
_ kT  15y*(ksT)*  36(ksT)’
D) 253 52 :
Finally, the heat capacity is:
2
~_0U ks 2 (157 66) T

U

Coar—2 T\ E TR

The first term on the right side of this equation is similar to the
high temperature limit of the heat capacity of the quantum-
mechanical oscillator. In fact, this term is one half that found in
Eq. (12.73) because the present derivation only includes the
contribution from the potential energy (the kinetic energy gives
an equal contribution). Note that this first term does not depend
on temperature. The second term is a linear function of temper-
ature and is the correction associated with anharmonicity.

The average deviation of the interatomic distance from its 7=0
equilibrium value is:

S22 ye ((Bx* /D=2 —6x*) ke T 4

T [0 e~ ((Bx*/D=rx*=6x*) /knT( x
—0o0

f+oo xe_ﬁXZ/sz Te(fyx3+(§x4)/k3 Tdx

fj;o e—Bx2/2kpTa (v +6x) ks Ty




12.2.5.3.
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Expanding the second exponential in both integrals on the right
side, we obtain
Jo3 xe P PIT(L 4 (0 [k T) + (6x* /kp T))dx

X~
[ e 2k T (] 4 (7x3 [k T) + (6x* /kp T))dx

(/M /kpT)\/7(2ks T/ B)’ _3ksT

 QrksT/B)(1 + (1572ksT/26%) + (oks /) 40
The linear coefficient of thermal expansion is:

o= LOX _ 3ks
T ay 0T 4dayB

Note that the linear coefficient of thermal expansion is zero
in the case of an harmonic oscillator (= 0). Therefore, we must
conclude that thermal expansion is associated with anharmo-
nicity.

The contributions of the translational and rotational degrees
of freedom to the molar heat capacities are (see Eqs (12.41)
and (12.59))

3
CVtran = E R
and
Cvrot = R.

The characteristic temperature for the vibrational degree of
freedom (see Eq. (12.66)) is:

0 hev 6.63 - 1073.3.10% . 2215 - 107

" ks 1381023 = 3187 K.

The vibrational contributions to the molar heat capacity (see
Eq. (12.72)) are cyyi,=0.03 J/(Kmole) at T=298 K and
cyvib =2.57 J/(Kmole) at T=2800K. Summing all three con-
tributions, we obtain the molar isochoric heat capacity of CO
is ¢y =20.82 J/(K mole) at T=298 K and ¢y =23.36 J/(K mole)
at T=800K. The isobaric heat capacities can be obtained by
adding R to these values: ¢, =29.13J/(Kmole) at T=298 K
and ¢, =31.67 J/(Kmole) at 7'=800 K. Experiment yields
cp=29.11 J/(Kmole) at T=298 K and ¢, =31.62 J/(Kmole)
at T=3800 K. This is excellent agreement between experiment
and theory.

The contribution to the entropy associated with translational
motion of molecules can be calculated as (see Eqs (12.37) and
(12.40))

3 e
Stran == ER + Ran[ran + Rlnﬁ
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Using Eq. (12.37), we find:
3 5 Qm)2K)?
In Zyan = ElnM+§ln T—Inp+ IHW
A

= %ln(28 1079 +§ln298 —1In(1.013-10%)
2m)**(1.38 - 1072/
(6.63 - 10-34)3(6.02 - 1023)1/2

=70.33,

and Si.n = 150.3 J/(K mole). The rotational part of the entropy
can be calculated as (see Eqgs (12.55), (12.57), and (12.58))

U.
Srot = 7?1 + Rln Zrot
where
Urot = RT»
871'sz
InZiyy=InJ+InT—1Ino+In 7
and

_ my -ny . M] -Mz 5
J= Ny, = s
my + my Na(My + M3)

Inserting the handbook data in these equations yields
J=1450-10"% kgm? InZ,=4.674, and S, =
47.2 J/(Kmole). Equation (12.69) implies that the contri-
bution of the vibrational degree of freedom to the molar
entropy is less than 0.01 J/(Kmole). Therefore, we find
that S=197.4 J/(Kmole) at T=298 K. Experiment yields
S=197.5 J)(Kmole). This is in excellent agreement with this
theoretical prediction.
12.2.7.1. Equation (12.83) implies:

_ 8Ael
0T

Ngl(A/T)e—A//cBT
go + gre~A/ksT

Sel = Nkgln {go + glefA/k“T] +

The electronic contribution to the molar heat capacity is:

9Sa AN 8081
o =T % = Nk~ .
« aor b <kB T ) (g0 + gie=2/ksT) (g 4- goe=2/knT)

Since, go=g1=2 for NO, this equation yields c¢qq=
2.82J/(Kmole)at T=50K and ¢y = 0.26 J/(K mole) at T= 500 K.

12.2.9.1.  The mass of the Cs sample changes during the annealing process
because some of the Cs vapor escapes through the hole and
more Cs evaporates to keep the vapor saturated; hence,

Aw =m A St,
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12.2.11.2.

12.2.11.3.
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where m is the mass of the Cs atom, S'is the area of the hole in
the chamber wall, and A is the number of Cs atoms which cross
through a unit area of the hole in a unit time (i.e. the Cs flux).
The flux can be determined from Eq. (12.98), such that the
change in mass is:

 mpyn(d/2)*t
N \/2ﬂ'kaT '

Therefore, the pressure of the saturated vapor is:

Aw

_4Aw/2mkgT 4-604- 10-v/2-1.38-10-23.773-6.02- 102

PET @M T 80.0.7-103) /r 132.9-10 3

=1.08-10*Pa=0.107 atm.

Note that this type of experiment is commonly used to deter-
mine the saturated vapor pressure (the Knudsen method).
Using Eq. (12.103), we obtain:

KT\ /2 L p (ke 12 ) r \12
2*40’1(E> 747TdkBiT m —4dp mkpT

7-6.02-10%
20.18-10-3-1.38-10-23-600

=4-(2.04-10719)2. 1.013-105\/
=1.44-10°.
Using Eq. (12.106), we obtain:

1 kT

A= = .
V2on  \2rd?p

Therefore,

g [ kT 1.38-10-23.273
V2rp V2m-1.28-1079-1.013 - 105

=2510"m=25A

The process cross-section in this case is:

o — 00ij at v >
Y 0 at v<y

Analogously to the derivation of Eq. (12.103), we obtain:

3/2 o0
U L 4 efm,-,vv,%/2kBT 3dv:
Z =M\ o) T Vi dVij

Yo

o\ 2 32
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Combining this result with Eq. (12.104) gives us the number of
such collisions per unit volume and time with relative velocity
greater than v as:

2
m;;ivy —n ,-,vv2 2kgT
Zij(vo) = ZOij<1 + 721(1; T>e oo/ 2T

where Zy; can be found from Eq. (12.104).
12.3.1.1. Consider the dissociation of the dimers via the following simple
reaction:

Na, = 2Na.

Its equilibrium constant is

2 2
koo Pra (=)™ 1= 2,
P - ~ ’
PNa, XNa, XNa,

and, therefore,

1

XNay = ———.
e Ky/p+2

At the normal boiling temperature of any substance, the pres-
sure of its saturated vapor is p =1 atm. Therefore, the problem
of finding the molar fraction of the dimer is reduced to finding
the equilibrium constant K,.

The partition function for Na is

P(Na) = Ptran(Na)Pel(Na)~

The translational partition function can be calculated as (see
Eqs (12.118) and (12.37)

mkgT 32
2 h? )

[ 23.0-1077-1.38-107% - 1163 3/27 Sl 10
= (27r~ 6.022-10% - (1.055 - 10734)2) =8.21-

Ptran(Na) = (

and P.(Na)=2 (see Section 12.2.7).
The partition function for Na, is

P( NaZ) = Ptran(NaZ)Prot(Na2)Pvib(Na2)'

The translational partition function can be calculated as (see
Eqgs (12.118) and (12.37))

ka T) 32

Plran(NaZ) = < th
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The rotational partition function can be calculated as (see Eqs
(12.54) and (12.55))

1 T  2IkgT
Pro(Naz) = 0 ==
C

~05-23.0- 1073 (2.18 - 10719)? . 1.38 - 102 - 1163

6.022 - 1023 - (1.055 - 10-34)°
= 1308.

The characteristic vibrational temperature for Na, is

hoe  6.63-10734-159.2-10%-3 - 108
0=—= =229.5K
kg 1.38-10-23
and the vibrational partition function is (see Eq. (12.67))
1
Pvib(Naz) = W = 5.58.
The equilibrium constant for the dissociation reaction is
_ P (Na)’ e~ AEa/keT
¢ P(Nay)
_ AmkpT/275*) Piran(Na) o AEfkaT
(mkg T /mh?)"? Pro(Na) Puip(Naz)

_ V2Pyan(Na) o~ AE/keT _ | 1.10%.
Pro(Naz) Pyib(Nay)

This expression was written for the special case in which
concentrations are expressed in molecules/m>. The value of K
corresponding to the concentrations expressed in mole/l can be
obtained as follows

1.1-10%

=502 108105 182

The equilibrium constant K, can be now calculated as
K,=RT-K.=0.0821-1163-0.182 =174

and the molar fraction of dimers is

1
- —005l.
o = 1727152 00

Equations (12.128) and (12.129) can be combined to write the
steric factor as

Aexp
(ra +re)>((1/ma) + (1/mp)) *(8ks T/7 )/
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Aexp can be determined from the temperature dependence of
the rate constant (see Eq. 8.21):

I\ T2/(T2=T1) 5.89 \ 3232/(3232-293.1)
Aexp =k <k7?> =0.713-1072. (m>

=5.01-10" 1/(mole min)
=5.01-10"-107%/(60 - 6.022 - 10**) m*/(molecules s)
=1.39-107* m*/(molecules s).
The diameter of a molecule can be estimated from the liquid
density. If we assume that the molecules are hard spheres

which form a dense packing then the volume per molecule is
8¢ //2." This implies that:

and

M\ 13
r=6.65-10"" <7) .
P
Using the data provided in the example problem, we find:
resasn = 287107 m and  repy = 2.64- 10710 m.

Combining these results and the first equation, we obtain:

1.39-102!
g=
(2.87+2.64)2-10720[((1/79)+(1/142))6.02:10/10-3] /2
x((8-1.38-10723.293.1)/m)"/

=4.2-1075.

Chapter 13

13.2.1.1. The expression for the Gibbs free energy consists of two parts:
a term corresponding to the ideal gas and a correction asso-
ciated with deviations from ideality, that is,

G = Gigeal + AGqw.
The first term is (see Eq. (12.19))
G=—-RTIn(Z/Ny)=—RT(InZyan +InZ, s +In Zg — In N,),

! This result was obtained by assuming the molecules are on a face-centered cubic lattice.
If we assume a different packing, the constants in this expression will be only slightly
different.
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excluding the vibrational contribution (see Table 12.1 in
Section 12.2.4). As discussed above (see Example problem
12.2.5.4), we can write the individual contributions as:

e s

antranzglnM+§lanlnp+ln pryvE =§1anlnp+67.81
A

InZ.o=InJ+1In T—lna—i—lngisz =InT—1.42
In Ze1 =In 3,
(the ground state of oxygen is a triplet—see Section 12.2.7).

Using these results, we obtain the following expression for the
Gibbs free energy of O, in the ideal gas model approximation:

7
Gideal = fERTln T— RTInp — 12.73RT.

In order to calculate the correction associated with deviations
from ideality, we start from the following general thermo-

dynamic relation:
)
op)r

Writing the same relation for the ideal gas and subtracting it
from this relation, we find:

G — Gige:
<a( 1ded1)) =V — Vigeal.
1)/ r
If we use the van der Waals equation (Eq. (13.36)) of state, this
equation can be rewritten as:
<8AGvdW> _ NgT, N?
T

b—"a.
dp Vp Vpa

Since this is a small correction, we can (with the same accuracy as
the van der Waals equation of state itself) replace the volume in
this equation with NkgT/p:

OAG.ar\ N
(T)T— Nb kB Ta .

Integration of this equation yields:

AGyaw 4 N
AGygy = -
/0 dAGyaw /0 <Nb ks Ta> dp

Nap
AGygy = Nbp — ——.
dw P keT
Thus, the Gibbs free energy for O,, in the van der Waals
approximation, takes the following form:

G=— L RTInT— RTInp — 12.73RT+ Nbp — L.
2 keT
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13.2.2.1.

Recall that we already used this expression to describe devia-
tions from ideality in Example problem 1.4.2.1 without proof.
Using Eqs (13.40) and (13.39), we find that »=3.258-107>
1/mole and a=1.393 atm 1?>/mole’. Inserting these values into
Eq. (13.41), we obtain p.=48.6 atm. The experimental value is
49.7 atm. Note, that use of the equation of state for ideal gases
predicts p =129.6 atm under the same conditions.
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first Carnot theorem 16

first explosion limit 149

first law of thermodynamics 3
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Gauss theorem 278

Gibbs adsorption equation 113
Gibbs distribution law 196
Gibbs-Duhem relation 44
Gibbs free energy 26
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Gibbs phase rule 37

Gibbs statistics 193
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half-life 138
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heat of transport 187
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Henry law 47

Henry adsorption isotherm 100
Hess law 9
hetero-diffusion 167
homogeneous reaction 94
Hooke Law 125,127

ideal solution 57
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initiation step 148

interface tension 110
interfacial excess 109
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intermediate 144

internal energy 3

invariant system 37

ionic solution 71

ionic strength 272
irreversible process 14
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isochoric process 4

isolated system 2

isothermal compressibility 29
isothermal process 7
isotropic solid 125
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kinetic equation 135
kinetics-limited process 191

law of mass action 91
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lever rule 81
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Maxwell distribution 210
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mean free path 214
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mean square velocity 211
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mean velocity in a particular
direction 212

medium 13
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molality 41
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monovariant system 37

mutual diffusion 167
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normal stress 121
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open system 2
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pair correlation function 232
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partition coefficient 54
partition function 198
partition law 56
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phase 36
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phase separation 67
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reduced partition function 218
reaction path 142,222
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reversible process 14
rotational constant 203
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scalar 275
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second law of thermodynamics 14
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shear modulus 126
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shear stress 121
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standard solution 60

standard state 60
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state 2

state function 3

steady-state approximation 136,146
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stoichiometric compounds 83
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superposition approximation 238

surface stress 132

surface traction 122

system 2
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theory of active collisions 219
theory of the activated complex 141
thermal diffusion 186
thermodynamic force 152

third explosion limit 150

third law of thermodynamics 24
Thomson postulate 13

tie line 81

trace 277

transmission coefficient 227
transport-limited process 191
triple point 35

tunneling 226

unimolecular reaction 135
unstable compound 83

van der Waals equation of state 241
van’t Hoff isobar 92

van’t Hoff isochor 93
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vector 275

weight fraction 41
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