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CHEMICAL THERMODYNAMICS



By J. A. V. BurLer
*

Man is a Microcosm



EXTRACTS FROM
PREFACES TO FIRST EDITIONS

Toe importance of the thermodynamical method in
chemistry is now widely recognised and scarcely needs
emphasizing. While there are several excellent larger
treatises on the subject, which are suitable for the ad-
vanced student and for reference, the need has been felt
of an elementary introduction to the subject which shall
stress the underlying principles and at the same time
give due attention to their applications. I have there-
fore ventured to prepare the present work, which is the
outcome of several years’ experience in teaching the
subject. I have tried to present the subject in a logi-
cally precise, yet simple form, having in mind not only
the student who intends to specialise in Physical
Chemistry, but also that class of chemistry students
which has only a very moderate knowledge of mathe-
matics and little sympathy with mathematical methods.
I shall be content if the book may help to promote the
introduction of the thermodynamical method into the
chemical curriculum at an early stage, as an essential
part of the training of a chemist.

The applications of the theory to chemiocal processes
have been selected from as wide a field as possible, and
some topics have been included, which although not
strictly thermodynamical, are most conveniently studied
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in this connection. The data given are to be taken as
specimens of the results available, and are not intended
to be exhaustive. Since it is not possible for the student
to obtain a thorough grasp of the subject without work-
ing through numerical examples, I have added a collec-
tion of exercises to each chapter. For those who require
a somewhat more limited course, I have marked with
agterisks a number of sections which may be omitted at
first reading, without loss of continuity.

Part II is concerned with the thermodynamical
functions, energy, free energy and entropy, and their
partial derivatives. In my experience it is desirable that
the student should have some familiarity with the calcu-
lation of maximum work and the simpler applications of
the first and second laws of thermodynamics before he
embarks on the study of these quantities. This I
endeavoured to provide in Part I, and my readers will
find that they have already met some of these quantities,
and in these circumstances the transition to the new
methods will present no great difficulty.

It has been inevitable on this plan that I should cover
again, in greater detail and from a more advanced point
of view, some of the ground traversed in Part I, but I do
not think this will be found to be a disadvantage. The
exact distribution of material between the two parts is
a matter of expedience, and I can only claim that the
arrangement I have adopted has worked well in practice,
the material of Part I forming a first course, and that of
Part IT a second course, which are studied in consecutive
years. But this could easily be modified to suit other
circumstances.



FOREWORD

THE fact that both Part I and Part II need to be re-
printed at this time gives me the opportunity of bringing
them both within the covers of one volume. I sincerely
hope that this will not be considered an infliction by my
former readers and users of Part I, and that they will
be encouraged to look a little further and sample at least
the earlier chapters of Part II. To teachers it will give
a greater latitude in their courses and the possibility of
introducing the concept of entropy (Chap. XI) at a much
earlier stage, if they so desire.

I have also taken the opportunity of giving Part IT a
thorough revision so that it now covers most of the ad-
vances of the last decade. The book remains essentially
practical in its outlook : it deals at length with applica-
tions, even when they take it out of the strictly thermo-
dynamical field. 1t treats of thermodynamics as some-
thing to be used in everyday chemistry, a necessary tool
of the chemist in the laboratory and in industry.

To this edition, the late Dr. W. J. C. Orr contributed,
shortly before his untimely death, an Appendix on the
Statistical Derivation of Thermodynamical Functions,
which gives a concise but lucid treatment of this valuable
method. I belicve it will be of assistance to those who
require at least a nodding acquaintance with the subject
and a vantage point from which they may embark on
the study of the larger works. I have also to express my
indebtedness for his valuable suggestions and data for
Chapter XIII.

J.A. V.B.



THE thermodynamical problem of the equilibrium of hetero
geneous substances was attacked by Kirchhoff in 1855, when
the science was yet in its infancy, and his method has been
lately followed by C. Neumann. But the methods intro-
duced by Professor J. Willard ({ibbs, of Yale College, Con-
necticut, seem to me {o be more likely to enable us, without
any lengthy calculations, to comprechend the relations be-
tween the different physical and chemical states of bodies.
J. CLERK-MAXWELL
(as reported Amer. J. of Science, 1877)
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INTRODUCTION

THERE are two points of view from which the study of a
chemical or physical process may be approached. In the
first place, it may be pictured in terms of atoms and
molecules and their motions. Thus in this, the kinetic
aspect of things, the pressure of a gas is looked upon
as a consequence of the bombardment of the containing
vessel by the gas molecules in rapid motion. The vapour
pressure of a liquid is that at which equal numbers of
molecules leave the liquid and enter it from the gaseous
phase in a given time. The study of processes from this
point of view gives as a rule a definite picture of the
mechanism of the change, but it is limited by the com-
plexity of the laws governing the motions of atoms and
molecules and by our ignorance of them.

There is another viewpoint from which such processes
can be studied, namely, from a consideration of the
energy changes involved. In the early part of the nine-
teenth century two general laws of energy were formu-
lated which are believed to be universally true. The
first states that in any change no energy is lost. The
second gives a means of distinguishing processes which
can occur of their own accord in any given circumstances
from those which cannot. This is precisely what the
chemist needs, a means of predicting whether under any

particular circumstances a reaction can take place or
xiv
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not. In addition, if the laws of energy and their de-
tailed consequences are to hold good for any given
change, we find various relations which must hold be-
tween the properties of the substances undergoing
change. We are thus able to predict the effect of
changes of conditions on the equilibrium state of a
system.

Thermodynamics is a deductive science. It takes as
true the broad generalizations on which it is based, and
seeks to deduce their detailed consequences in particular
cases. It applies, moreover, to the behaviour of matter
in bulk ; that is, to quantities so great that the be-
haviour of any individual molecule is not observed.
While, in kinetic theory, the motion of the individual
particle is taken as the basis, and the attempt is made
to deduce from it the behaviour of matter in quantity,
in thermodynamics we are concerned with the observed
behaviour of quantities of substances which contain
innumerable individual particles. The laws of thermo-
dynamics are the laws of the behaviour of assemblages
of vast numbers of molecules.

An analogy to the two possible ways of studying
material processes might be found in the two possible
ways of approaching the study of social phenomena.
Corresponding to the kinetic method we might study the
behaviour of individuals and on that basis seek to inter-
pret the behaviour of large assemblages of individuals.
If we adopted the °* thermodynamical’” method we
should observe directly the behaviour of large asssmb-
lages of individuals. Just as any generalizatiop Which
we might be able to deduce from our stud’ of the
behaviour of crowds would not help much i predicting
the movements of isolated individv~le %0 the laws of
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thermodynamics do not tell us anything about the
behaviour of individual molecules. The application of
thermodynamics to molecular systems could, in fact, be
made without any refercnce to the atomic or molecular
constitution of substances, but it is usually convenient,
however, to make use of the language of atomic and
molecular theories.

We shall make frequent use of the relation between
the pressure and the volume of a gas. According to
Avogadro’s principle, in the limiting case at low pres-
sures, equal volumes of gases under the same conditions
of temperature and pressure contain equal numbers of
molecules. The amount of a gas which occupies the
same volume as the molecular weight of hydrogen (2-016
grams), when these conditions are fulfilled, is termed the
mol. Strictly, the mol as a unit of quantity applies only
to the gaseous state. When we speak, for example, of
a mol of a substance in the liquid state we mean the
amount of substance which gives rise to a mol of gas when
the liquid is vaporised. It has nothing to do with the
actual molecular weight of the substance in the liquid.

The relation between the pressure and volume of one
mol of any gas at sufficiently low pressures is given by
the perfect gas equation :

pv=RT

where R is a universal constant, which will be evaluated
later, While this equation is true in the limit at low
Prssures for any gas, at higher pressures actual gases
may deviate from it to a greater or less extent.



PART I.—ELEMENTARY THEORY AND
ELECTROCHEMISTRY

CHAPTER I
THE FIRST LAW OF THERMODYNAMICS

The Conservation of Energy. The mechanical theory
of heat had its origin in the observations of Count
Rumford, published in 1798, on the great quantity of
heat produced in the boring of cannon. According to
the prevailing theories, heat was an imponderable flyid
called caloric,* contained in matter in various amounts.
The production of heat would, on this view, be ascribed
to the escape of caloric in the reduction of massive metal
to fine turnings, so that the turnings should contain in
a given weight, less caloric than the massive metal.
Rumford thought that a change in the amount of caloric
should show itself by a change in the heat capacity, and
determined the specific heats of the metal in a massive
state and in fine turnings. He found that they were the
same, and thus came to the conclusion that there was no
escape of caloric in the boring and that the heat produced
had its origin in the mechanical work performed. After

* Bacon, in his Novum Organum, defines heat as *“a
motion, expansive, restrained and acting in its strife upon the
smaller particles of bodies.” (Book II., Aphorism XX.) He
seems to have come very near to a mechanical theory of
heat.

1



2 CHEMICAL THERMODYNAMICS

describing experiments on the production of heat by
friction, he says :

‘“ We have seen that a very considerable quantity of heat
may be excited by the friction of two metallic surfaces, and
given off in a constant stream ... without any signs of
diminution or exhaustion .... It is hardly necessary to
add, that anything which any insulated body or system of
bodies can continue to furnish without limitation cannot
possibly be a material substance ; and it appears to me to
be extremely difficult, if not quite impossible, to form any
distinct idea of anything capable of being excited and com-
municated in these experiments, except it be morIoN.”

Humphry Davy also experimented (1799) on the pro-
duction of heat by friction and concluded that the
observable motion of massive bodies was converted by
friction into motions of the small particles of which they
are composed. Joule made many careful experiments
(1840-1878) to determine the amount of heat produced
by the expenditure of a given amount of mechanical
work. He found that the same amount of heat is always
produced by the same amount of work whatever the
substance used and the method of working. He deter-
mined with considerable accuracy the amount of work
required to produce a unit quantity of heat, a quantity
which is known as the mechanical equivalent of heat.
Mayer also determined this quantity (1842) by finding
the change in the temperature of a gas when it per-
formed a known amount of work by expansion against
the atmosphere.

The earlier development of mechanics had led to the
concept of the energy of a body, expressing the amount
of work done in bringing it into a given position and
state of motion. In mechanics two kinds of energy are
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recognised, kinetic and potential. Kinetic energy is the
energy of motion ; it is the amount of work expended in
bringing a body from rest into a given state of motion.
Potential energy is the energy of position ; when a body
is moved from one position to another under the action
of forces exerted on it by other bodies (e.g. the force of
gravitation), its potential energy increases by the amount
of work done in changing its position.

The discovery by Joule of the equivalence of heat and
work led to the recognition of heat as a third form of
energy, so that when mechanical work is expended in fric-
tional processes, the mechanical energy lost is accounted
for by the energy of the heat produced. Other kinds of
energy were soon recognised. Thus by the expenditure
of work in a dynamo it is possible to produce an electric
current, the energy of which can be converted into heat.
Energy may be defined in general as work or anything
which can be produced from or converted into work.*
Energy of different kinds is often measured in different
units. Thus work may be measured in ergs or foot-
pounds, heat in calories, electrical energy in joules. The
relations between these units must be determined by
experiment.

The equivalence of the different forms of energy,
approximately verified in a few cases, led to the enuncia-
tion, in different forms by Helmholtz, Clausius and
Kelvin, of a general law of nature, the principle of the
Conservation of Energy. This may be stated most
simply as follows :

When a quantity of energy of one kind disappears an
equivalent amount of energy of other kinds makes its
appearance.
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The justification of this principle as an exact and
universal law of Nature rests on the consequence that if
it were not true it would be possible by a suitable cyclic
taking advantage of the lack of equivalence, to create
energy out of nothing.

The law of the Conservation of Energy is alternatively
contained in the statement that energy cannot be created
out of nothing, or destroyed.* Clausius expressed this
by saying ‘‘ The total amount of energy of an isolated
system remains constant ; it may change from one form to
another.”” Here an isolated system is a system of bodies
which can neither receive from nor give energy to any-
thing outside. If energy cannot be created or lost, its
energy must remain constant. It is not possible to give
an a priori proof that energy cannot be created. No one
has ever been able to construct, or has found any
phenomenon which would make it theoretically possible
to construct a ‘‘ perpetual motion machine,” t.e. a cycle
of operations which would produce energy from nothing.
No phenomenon has ever been observed which is contrary
to the principle. It is a generalisation from experience,
and it constitutes the First Law of Thermodynamics.

* The equivalence of different forms of energy may be
shown to be a consequence of the impossibility of creating
energy out of nothing as follows. Consider a number of
methods of converting energy of a kind P into energy of a
kind Q. Suppose that by one method 4, ¢ units of energy
of kind @ are obtained from p units of P and that by another
method B, ¢ units of @ can be obtained from p’ units of P ;

* Matter and energy are now known to be interconvertible.
The Conservation of Energy has, therefore, been replaced by a
wider principle of the Conservation of Mass + Energy. We shall
not, however, be concerned with any phenomena in which the
mass may vary.
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no other kinds of energy being involved. Then it would
be possible to change p units of P into g units of @ by
method 4, and then by the reverse of B to change to q units
of @ into p’ of P. The net result of the two transforma-
tions would be the creation of p’ -p units of P. Thus a
given amount of energy P must always give rise to the same
amount of energy ¢, no matter what method or substances
are used to effect the change.

Units of Energy. In the c.a.s. system mechanical work is
moasured in ergs. An erg is the work done by a force of one
dyne acting over a distance of one centimetre. A dyme is
the force which acting on the mass of one gram produces an
acceleration of one centimetre per second per second. The
force of gravity (at 45° latitude and at sea level) produces an
acceleration of 980-6 cm./sec?. The force of gravity acting
on a body under these conditions is therefore 980-6 dynes
per gram. The standard pressure of the atmosphere is the
pressure of 76-0 em. of mercury (density 13:59). The pressure
of the atmosphere is therefore

76-0 x 13-59 x 980-6 =1,013,300 dynes per sq. cm.

Heat is usually measured in calories, the calorie being the
quantity of heat required to raise ! gram of water 1°C, at
15° C. The mechanical equivalent of heat, taking the mean
of the best modern determinations, is

1 calorie =4-182 x 107 ergs.
Electrical energy is measured in joules, the joule being the
energy of an electric current of one ampere, flowing through
a potential difference of one volt for one second. By the
definition of electrical units
1 joule =107 ergs =1/4:182 or 0-2391 calories.

Application of the First Law to Material Systems. Our
system may consist of any mass of material. homo-
geneous or heterogeneous, whose behaviour we wish to
investigate. When the system is altered from a state 4
to a state B, it may receive energy from or give it up to
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its surroundings. Since energy is not created or lost we
say that the energy of the system has increased or de-
creased by the amount received or given up. We can
now state two fundamental consequences of the first law.
1. When a system is altered from a state 4 to a state B,
the energy change is perfectly definite and independent
of the intermediate states

m through which the system
For if the energy

passes.
change in going from 4 to
B by one path (I) were
\}/ less than that in a second
path (II) (Fig. 1), the effect
fre. 1. of bringing the system from
A to B by path (I) and back from B to 4 by (II) would
be an increase in the energy of the surroundings. But
the system has been brought back into precisely its
original state, so that energy must have been created,

which is contrary to the first law.

The energy change of the system in going from 4 to B

may thus be expressed as the difference between its
energy in state B and in state 4, or

AE = E, = Eq .. 1)
Increase in energy. Energy in Energy in
A—B

2. The energy of the system may change through heat
being given up to or taken from the surroundings or
through work being done on or by the surroundings.
Thus we have

AE = ¢ - Woairnrnennne we(2)
Increase in Heat Work done by
energy of absorbed by system on
system. system. surroundings.

The work done may be mechanical (as in an expansion
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against the pressure of the atmosphere) or electrical (as
in the production of a current, which may be used to
drive an electric motor, in a galvanic cell). There are
other ways in which work can be done (e.g.- against
magnetic forces), but these are the only ones with which
we shall be concerned. For the present we shall consider
mechanical work alone.

Work Done in Expansion against a Constant Pressure.
The relation is obtained most easily by supposing that
the system is contained in a cylinder
fitted with a piston (itself weightless) of lp
area a on which a pressure p can be
applied.* When the volume of the system
increases and the piston is forced back at
distance d against pressure p, the worky|
doneisp xa xd. Buta xdisthe increase
in volume Av of the system ; so that the
work is w=p Av.

When the only work done by a system
in a certain change is that due to an increase in volume
against a constant pressure, we have therefore :

AE=q-pAv. yiiiveeranen RN ()

We will calculate the value of“the last term in some
standard cases.

(1) The work done when
a pressure of 1 atmosphere &

The pressure of the atmosphere gives rise to a force of
1,013,300 dynes per sq. em. The work done when the
volume increases by 1 c.c. is evidently

1,013,300 ergs =0-02423 calories.

This is known as the c.c. atmosphere,
Conversely, 1 calorie =41-37 c.c. atmospheres.

1%

a

Fi16. 2,

* p is the force acting on the piston per unit area.
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(2) The work done when the volume tncreases by 1 litre
against a pressure of 1 atmosphere is
0-02423 x 1000 =24-23 calories.

This is the litre atmosphere.

(8) The work done when the increase in wvolume is the
volume of 1 mol of a perfect gas :

If v be the volume of the gas, the work done is pv.

But for a perfect gas, pv =RT, where R is the gas constant
and T the absolute temperature. The volume of 1 mol of
a perfect gas at standard atmospheric pressure and 0° C. is
22412 c.c.

Therefore

pv =0-02423 x 22412 calories =R x 273 calories.

0-02423 x 22412
Hence R= 573

=1-988 calories.

Examples.

1. Evolution of a Gas in a Chemical Reaction. The
amount of heat evolved when 1 atomic weight (65-4 grams)
of zinc is dissolved in a dilute solution of hydrochloric acid
is 86200 calories at 18°C. One mol of hydrogen is pro-
duced in this reaction and the increase in the volume of the
system may be taken as the volume of the hydrogen pro-
duced since the changes in volume of the other substances
are so small in comparison that they may be neglected.
The work done in the solution of this amount of zinc is thus
1-997 calories or 1:99 x 291 =582 calories. We can find the
total change in the energy of the system by (2), thus:

AE =(-36200) - (582) = —36782 calories.
Heat absorbed. Work done.

2. Work done in Vaporisation. When 1 mol of water
(18 grams) is vaporised at 100° C. the increase in volume
may be taken as the volume of the vapour produced, since
the change in volume of the liquid is small in comparison.
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If we regard the vapour as a perfect gas, wo find that,
approximately :
Work done =pAv =RT =1-99 x 373 =743 calories.
The total amount of heat absorbed in the vaporisation of
18 grams of water at 100° C. is 9828 calories.
So that AE =q -pAv=9828 - 742
=Y086 calories.

This is known as the ‘ internal latent heat.”

Heats of Reaction. According to (2) the heat absorbed
in a reaction is the sum of the energy increase of the
system and the work done :

F=AFE +W. ceeviiiiiiiiniininnnenns 4)

The heat absorbed therefore depends on the conditions
under which the reaction is carried out. There are two
common conditions, which we will consider.

1. Reactions at Constant Volume. No work is done in
expansion, i.e. w=0, so that the heat absorbed is equal
to the incrcase in the energy of the system in the reaction

(Q)o=AE =E; = Eq.cocrueereeeernennnn. (5)

2. Reactions at Constant Pressure. In this case
w =pAv =p(v, —v,) where v, is the final volume and v,
the original volume of the system. We have then

(@)y=AE +pAv=E, - E, +p(v, - v))
=(Ey+pv,) = (B, +P0;) courenneee. (6)

The heat absorbed in a reaction at constant pressure is
thus equal to the increase in the value of the composite
quantity (E +pv) in going from the initial to the final
state.

The quantity (F +pv)=H has been called the heat
conlent of the system, and we have for the heat absorbed
in a reaction at constant pressure,

@p=Hy-H,=AH. .ueevereeennnnnn(7)
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It is evident that the heat content change in a reaction
is related to the energy change by the relation :

AH=AE +pAv, wceueneneevnnannnn, (8)

or if the increase in volume is due to the formation of
n mols of a perfect gas,

AH =AE +nRT. .cc..ccccvvunrinnnnne. (9)

Thermochemical Equations. It should be noted that
AH and AE represent an increase in the heat content
and energy of a system. They therefore correspond
to an absorption of heat. It is useful to remember that
the matter is considered from the standpoint of the
system itself. An increase in the energy of the system
is reckoned as positive, so that an absorption of heat
appears as a positive quantity.

In works on thermochemistry and in tables of thermo-
chemical data the opposite convention has often been
employed and the evolution of heat represented by
positive quantities.* To avoid confusion in using such
data, it is best to rewrite them so that each figure repre-
sents AH or AE, the heat content increase or the energy
increase of the system in the reaction.

In order to be perfectly explicit the equation ex-
pressing the reaction should be written down and the
state of aggregation of the substances taking part, and
the temperature at which the reaction is carried out
should be indicated.

Thus the equation :

C(graphite) + 0y(g) =CO0,(g) ; AH g = ~ 94,000 calories
indicates that when 12 grams of carbon in the form of
* By the ‘ heat of reaction,” the amount of heat evolved in

the reaction is usually meant ; by the ‘“ heat of formation,” the
heat ovolved in the formation of & compound from its elements.
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graphite combine with 32 grams of oxygen gas to form
gaseous carbon dioxide at 288° K. (15° C.), at constant
pressure, the heat content decreases by 94,000 calories,
s.e. 94,000 calories are evolved. If the carbon is in the
form of diamond the heat evolved is greater by 180
calories. Thus

C(diamond) + O,(g) =CO,(g), AH,g5 = ~ 94,180 calories.
In the same way the equation
2H,(g) + O4(g) =2H,0(l), AH 45 = — 136,800 calories

indicates that in the combination of the quantities of
gaseous hydrogen and oxygen represented in the equation
to form liquid water at 288° K., the heat content decreases
by 136,800 calories.

Other heat effects are similarly represented. Thus
when one mol of water is vaporised at 100° C. at constant
pressure, 9828 calories are absorbed, so that we write

The heat of solution of a substance varies with the
concentration of the solution, and it is necessary to
specify precisely the conditions which obtain. Thus

KCl(s) =KCI(100H,0), AH,q5=4430 calories

indicates that when the formula weight of KCl is dis-
solved in 100 mols of water, 4430 calories are absorbed.
When a given weight of solute is dissolved in such a
large quantity of the solvent that further dilution is not
accompanied by any heat effect, we obtain the heat of
solution at tnfinite dilution. An infinitely dilute solution
is often indicated by the symbol (ag). Thus
HCl(g) =HCl(ag), AH = -17,300 calories

indicates that when a mol of HCl gas is dissolved in a
very large quantity of water 17,300 calories are evolved.
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Hess’s Law of Constant Heat Su tion, We have
seen thatmﬁﬁn:iyste in going
from one state 4 to another state B is independent of
the path, i.e. of the intermediate states gone through.
The same is true of the change in heat content AH,
provided that the pressure remains constant throughout.
For AH differs from AE by the sum of all the pAv terms
for different stages of the change 4 — B. If the
pressure remains constant this sum is equal to p(v, - v;),
where v, is the final and », the initial volume and there-
fore depends only on the initial and final states. Since
AE =(q), and AH=(g),; the heat absorbed in a
reaction or series of reactions depends only on the
initial and final states and not on the intermediate
stages, both when the volume and when the pressure
remains constant throughout. This result was first
enunciated by Hess in 1840, before the formulation of
the general principle of the Conservation of Energy and
it is known as Hess’s Law of Constant Heat Summation.
It is chiefly useful for obtaining heats of reaction which
cannot be directly determined. The heat effect of a
reaction can be determined in a calorimeter only if it
takes place fairly quickly. As a rule the heats of for-
mation of organic compounds from the elements cannot
be determined directly, but if the heat of combustion
of the compound and the heats of combustion of the
elements are known. the heat of formation can be
calculated.

Thus the heat of formation of methane can be calcu-
lated when we know its heat of combustion and the heats
of combustion of its elements carbon and hydrogen.
The heat of combustion of methane at constant pressure
to carbon dioxide and liquid water at 16° C. is 212,600
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calories, hence using the data of the previous section, we

may write the scheme :
AH ==z

C(graphite) + 2H,(g) CH,(g)
AH +20, +20, | AH
= -94.000 CO,(9) = -212,600
- 136,000 - +
2H,0(}). j
Whence z=(-94,000 - 136,000) - 12,600)
= -17,400.

Thus
C(graphite) + 2H,(g) =CH,(g), AH 5 = ~ 17,400 calorics.

The result can also be obtained directly from the
thermochemical equations :

(I) C(graphite) + O4(g) =CO4(g), AH = - 94,000 cals.
(IT) 2H,(g)  +O4(g) =2H,0(!),AH = - 136,000 cals.

(IIT) CHy(g)  +20,(9) =COy(g) +2H,0(D),
AH = -212,600 calories.

Hence adding equations (I) and (II) and subtracting
(III), we obtain

C(graphite) + 2H,(g) - CH,(g9) =0, AH = - 17,400 cals.

which may be rewritten in the form given above.
Heats of Formation. Since under ordinary con-
ditions reactions occur more frequently at constant
pressure than at constant volume, thermochemical data
are usually tabulated as heat content changes. It is of
course easy to calculate the corresponding energy changes.
The heat content change, AH, in the formation of a
compound is the difference between the heat content of
the compound and that of its elements (in a specified
state and at the same temperature) and may be regarded
as the heat content of the compound relative to its
elements. In a chemical reaction the amounts of the
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elements on each side of the equation are necessarily
equal, so that we may get the heat content changes in a
reaction by taking the difference between the heat
contents of the resultants and the reactants.
Thus for the reaction :
2H,S(g) + SO,(g) =2H,0(I) + 3S(rhombic).
Heat
contents |2 x

relative | -5300 -70,920 -136,740 O
to elements J '

we have
AH = -136,740 - ( - 10,600 —70,920) = - 55,220 calories.

The heats of formation of some typical compounds
are given below. The most extensive and reliable com-
pilation of thermochemical data is F. R. Bichowsky and
F. D. Rossini’s book The Thermochemistry of Chemical
Substances. (Reinhold Pub. Corp., New York, 1936.)

TABLE 1.
HeaTts orF ForMATION OF CompoUNDS AT 15°C.
AH
H,(g) +1/20,(g) =H,0() -68370 calories.
C(graphite) +Oy(g) =C0,(g) —94450
C(graphite) +1/20,(9) =CO(g) - 26840
S(rhombic) + Oy(g) =80,g) -70920

1/2H,(g) +1/2Cl(g) =HCl(g) - 22060
1/2H,(g) +1/2Bry(l) =HBr(g) -8650

1/2H,(g)  +1/21,(s) =HI(g) 5920
S(rhombic) +Hy(g) =H,S(g) -5300
1/2N,(9)  +3/2Hy(g) =NH(g) -11000
Naf(s) +1/2CL(g) =NaCl(s) -98300
Na(s) +1/2Bry(g) =NaBr(s) -86730
Na(s) +1/21,(s) =Nal(s) ~69280
K(s) +1/2Cl(g) =KCl(s) -104360
K(s) +1/2Bry(l) =KBr(s) -94070

K(s) +1/2I4(s) =KI(s) -78870
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*Kirchhoff’s Equation. The energy change in a re-
action 4 — B is given by
' AEA-—»B=EB—EA$
BBt 20 A4 (0= (Covnnnnn12)

Thus the rate at which AE,_,, changes with the
temperature is equal to the difference between the heat
capacities at constant volume of the final system B
(resultants) and the original system A4 (reactants).

In the same way

AHA—>H=HB-HA)

d(AH,.,) dH, dH,
_L_d_T__.LW =S =0y = Oyl enn(13)

hence

The temperature coeflicient of AH is therefore related in
the same way to the heat capacities at constant pressure.*

All C
; fon
H/

“

T T+1
F1a. 8.—XKirchhoff's equation.
These are two forms of Kirchhoff’s equation. The
physical meaning is shown in Fig. 3.
The curves marked H,, H, represent the variation of
the heat contents of the reactants (4) and of the resultants
* It must be emphasised that the heat capacities must refer
to the amounts of substances given in the chemical equation
defining AE or AH.
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Heat Capacities. The heat capacity of a system is the
amount of heat required to raise its temperature 1°.*
This depends on the conditions. If the volume is kept
constant, all the heat added goes to increase the energy
of the system, so that, if C, is the heat capacity under
this condition, when the temperature is raised from 7,
to 7', the heat absorbed, Cy,(T,—-T,) is equal to the
increase in the energy of the system E, - E,, i.e.

C(T,-T))=E, - E,
or in the limit, for a small rise of temperature d7" :
dE
Cy= G et (10)
C, is the heat capacity at constant volume.

When a system is heated at constant pressure it may
expand and in doing so perform work against the applied
pressure. The quantity of heat required to produce an
increase of temperature of 1° is then greater than that at
‘constant volume by the amount of work done in ex-
panding. If » is the volume of the system, the increase
in volume for 1° rise of temperature is dv/dT and the
work done p.dv/dT. Hence the heat capacity at
constant presmlre is

dv dFE dv
C,=Ci+p. T =ar tPar
But since H=E +pv,
dH _dE v
ar —dr Par
dH
80 th&t C =E"T, ............................... (ll)

* The heat capacity of a systemn must be distinguished from
the specific heat of a substance. The latter is the heat required
to raise the temperature of 1 gram of the substance 1°, the former
is that required for the whole of a specified system, containing a
known mass of a substance or substances.
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(B) with temperature. The distance betwecen these
curves at a given temperature 7 represents the heat
content change in the reaction (AH =H,~-H,) at this
temperature. If we erect verticals at temperatures
T and T +1, the intercepts made by the two curves are
equal to AH, and AH,,,. Since the increase in H, for
1° rise of temperature is (C,), and the increase in H,
similarly (C,), we have
AHpp =AH, +(Cy)s - (C,),.

Example. Knowing the heat capacities of water as liquid
and as vapour, we find the variation of the heat of vapori-
sation with the temperature. Thus we have
H,0(l) =H,0(g), AHjy,3=9650 calories.

H,0(1), Cpiara=17-82;
H,0(g), Cypizrs) =8:37.
d(jj,ﬂ =8-37 - 17-82 = - 9-45 calories per deg.

Thus the heat of vaporisation decreases 9:45 calories

for each degree rise of temperature. At 120° C., then,
AH =9650 - (9-45 x 20) =9650 ~ 190 = 9460 calories.

For an extended range of temperature it would be
necessary to take into account the variation of the heat
capacities with temperature. The formula obtained above
may be used, however, quite rigidly over a range of tem-
perature for which the mean heat capacities are known.

The relations between heat capacity and temperature
are simpler for gases than for solids or liquids, and can
in most cases be represented empirically over a consider-
able range of temperature by equations of the form

Cp=a+bT +cT?+dT5....

Table 1. gives equations which represent the molar

heat capacities of a number of gases over a very wide
- range of temperature from 0° C. to from 1000 to 2000° C.,
according to G. N. Lewis and M. Randall. (These equa-

B.O.T. B

Hence
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tions are quite empirical; almost any function which
varies to a first approximation linearly with 7' could be
represented by a sufficient number of terms of this kind.)
We can obtain AC, for a reaction by subtracting the
equations for the reacting gases from those of the pro-
ducts of the reaction, taking note of the amount of each
gas which enters into the reaction. Thus we obtain in
general an equation of the form
AC,=a+BT +yT?+58T5....
Substituting this value in (13), we have

d(dAf) =oa+BT +yT? +3T53...,
and integrating, we find
AH =oT + g'_rz +172 4 214... +AH, .......(13a)

where AH is the integration constant. AH is evidently
the value of AH when 7' =0, but it cannot be identified
with the value of the heat content change at absolute
zero, for the heat capacity equations on which (13a) is
based are never valid at low temperatures in the region
of absolute zero. The values of AH, for some common
reactions for use with the data in Table Ia are given in
Table 16.
TABLE Ia.
Ewmpirical EQUATIONS oF LEWIS AND RANDALL FOR
THE HEAT CAPACITY OF GASES.

Monatomic gases ; C,=5-0.

H,; C,=6-50+0-00097.

0,, N,, NO, CO, HCl, HBr, HI ; C,=6-50+ 0-00107',

Cly, Bry, Iy; Cp=17-4+0-0017.

H,0, H,S ; C,=881-0-0019T + 0-000002221".

CO,, 80,3 Cp=17-0+0-00717 ~ 00000018612,

NH,; C,=804+0-0007T + 0-00000517",

CH,; C,="17-8+0-005T.



THE FIRST LAW OF THERMODYNAMICS 19

TABLE Ib.
Varues or AH, FOrR USE WITH TABLE Ia.

AH,
H.,(g) +1/20,(9) =H,0(g) - 57410 calories.
1/2H, () +1/2Cl,(9) =HCl(g) -21870
1/2H,(g) +1/2Br,(g) =HBr(g) -11970
1/2H,(g) +1/2I,(g) =HI(g) - 1270
H,(g) +1/28,(9) =H,S(g) -19200
S0,(g) +1/20,(g) =80,(9) -—22600
1/2N,(g) +1/20,(g) =NO(g9) +21600
NO(g) +1/205(g) =NO,(g) -14170
1/2N,(g) +3/2H,(9) =NHy(g) - 9500
C (graphite) +1/20,(g) =CO(g) -26600
C (graphite) +O0,(g) =C0,(g) -94100
C (graphite) +2H,(g) =CH,(g) -14342

For the reaction
H, +1/20,=H,0(g),
we obtain from Table I the equations

Example.

(a) H,0,  C,=881~0-00197 + 0-000002227
(b) H,, C,=6:5+0-00097T,
(c) 1/20,, C,=325+0-0005T ;

whence AC,=(Cp)m,0 -~ {(Cy)m, +(Cy)1/20,}

is obtained by subtracting equations (b) and (c), for the
reactants from (a), that of the resulting system. Thus we
find that

AC,= - 0-94 - 0-00337 + 0-000002227"

~8(AH)
TTdT
Intograting, we have
o 2 .
AH =AH, - 0947 -2 00331' +0 000032221'-

The value of AH, is obtained by substitution if we know
AH at any one value of 7'. When 7'=273° (absolute), AH
has been found to be — 57780 calories. Substituting these
values we find that AH,= — 57410 calories.
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APPLICATIONS OF THE FIRST LAW TO GASES.

Heat Capacities. The heat capacity of a gas may be
measured at constant pressure or at constant volume.
The heat capacity at constant pressure is greater than
that at constant volume by the amount of work done in
expansion when the temperature is raised 1°.

For 1 mol of a gas, we have

Cp=Cy+p.dv,
but since for a perfect gas pv=RT, pdv=RdT ; so that
for 1° rise of temperature,
pdv=R
and Co=Cr+R.uceurevnninnrinnnnnnn. (14)

In words, the heat capacity of 1 mol of a perfect gas at
constant pressure is greater than that at constant
volume by B(=1-99 calories).

The thermal energy of a monatomic gas, according to
the kinetic theory of gases, consists solely of the trans.
lational energy of motion of atoms in space, and is equal
to E=3/2RT. For such a gas

dE
Op = ‘d T = 3 / Z.R,
C,=3/2R+ R=5/2R;
and the ratio of the heat capacities
C,/Cy=5[3=1-67.

The energy of complex gases is greater than 3/2RT
by the energies of vibration and rotation of the molecules.

Hence the ratio

) C,+R R

0’/00='—C';_ =1 +~C—'

is smaller, the greater C, is.
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The following table gives some values.

TABLE II.
Mor.Ar HeaT CAPACITIES, ETC., OF GasEs AT 0°C.
(1) (2) (3)
Cy Cp ¥=Cp/Cr
Argon, A - - - 2-98 4-97 1-67
Hydrogen, H, - - 4-84 6-83 1-408
Nitrogen, N, - - 4-90 6-89 1-408
Oxygen, O, - - 4-90 6-89 1-:39
Chlorine, Cl, - - 5-85 7-84 1-34
Carbon dioxide, COy - 6-80 8-79 1-31
Ammonia, NH, 6-60 8-59 1-32
Ethyl cther, (C,H5),O 32 34 1-06

(*) Observed. (®) Calculated by (14).

(3) Determined independently.

Energy Relations in Volume Changes of a Gas. For a
simultaneous change in the volume and temperature of
a gas we may write our fundamental equation (4)

q=AE+w,

in the form
=% - dv +

dT+w ........ ceeeeees (15)

oF |ov is the rate at which the energy of the gas changes

ST oL

with its volume; 0E/oT =C,,
the rate at which it changes
with the temperature.

We must first ascertain the
magnitude of 0E/dv. Does
the cnergy of a gas vary with
its volume ¢ Joule made an
experiment to answer this
question. Two cylinders I and
II were connected by a stop-
cock (Fig. 4). I contained the

11

N

N

F16. 4.—Joule’s experiment.
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compressed gas, II was evacuated. On opening the
stopcock the gas expands into IT until the pressure is
the same in both cylinders. No work is done in this
expansion, since the gas expands into a vacuum, so that
w is zero. If the system is insulated so that no heat is
received from the surrounding, ¢ is also zero, so that

oF
En .dv=~C,.dT.

Therefore a variation of the energy of a gas with its
volume will be shown by a change of temperature.

In an actual experiment the whole system, cylinders,
gas, ete., is concerned in the temperature change so that
C, must be taken as the heat capacity of the whole
system. Joule placed the cylinders in a bath of water
and observed the temperature change by a thermometer
in the water. He found that it was too small to be
detected, and concluded that “ no change of temperature
occurs when air is allowed to expand without developing
mechanical power.”

This experiment is a crude one and it has been found
by delicate experiments that with actual gases a small
heat absorption does actually occur. This is due to
intermolecular attractions. If the molecules of a gas
attract one another, work is done in expansion in pulling
them apart. A perfect gas is one in which the inter-
molecular attractions are infinitely small, so that we
may define a perfect gas as one whose energy at constant
temperature is independent of its volume or for which

(BB [dv)p=0. cevererurrenniernernnnee (16)
Isothermal Gas Expansion. In anisothermalexpansion

heat is allowed to flow into or out of the system, so that
the temperature remains constant.” For a perfect gas the
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internal energy is independent of the volume, so that in

(4), AE =0, and q — Weeeeeeeeeeeeranns (17
Heat absorbed. Work done
by gas.

The work done by a gas in expanding depends on the
opposing pressure. Thus if the gas is allowed to expand
into a vacuum no work at all is done. If p-dp
the gas is confined in a cylinder fitted with
a piston (itself weightless), it can be seen
that the gas will only expand at all if the
pressure exerted by the piston is less than
p (Fig. 5). Thus a maximum amount of ?
work is obtained when pressure acting on
the gas is only infinitesimally less than p,
say p-dp. The work done when the F1e. 5.
volume increases by a small amount dv, is thus (p — dp)dv,
or p.dv, since we may neglect small quantities of the
second order. As the volume increases the pressure
falls according to the relation pv=RT, for 1 mol. The
opposing pressure must be steadily reduced, so that it is
at all stages a minute amount less than the gas pressure.
The total work done by 1 mol of gas in a finite expansion
from p, to p, is therefore obtained by summing the terms

p . dv for small stages, i.e. by the integral j . dv.

Since p=RT /v, we obtain
w=RP. "%~ BT log (vfo) = RT10g pilpy). --(18)
Adiabatic Gas Expansion. In an adiabatic change the
system is thermally isolated, so that no heat can leave
it or enter it from surrounding bodies. Therefore in the
fundamental equation (4), ¢=0, and thus
AE +w=0. ccovurrrrrrerncrncrenns (19)
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In words the internal energy decreascs by the amount
of work done. In asmall expansion we havefor a perfect
gas AE =Cd7T, since the internal energy is not affected
by change of volume, and w=p .dv. Hence we obtain
the characteristic equation for adiabatic changes in
perfect gases :
' C,.dT +p.dv=0. ....... e (20)

We can obtain from this the relation between pressure
and volume in adiabatic changes. Substituting p = RT /v,

we have

0.,dT+R—T dv =0,

r Ov dT dv_
0 R T v

Whence by integration between limits 7T'y(v,) and

Tl(vl)’ Cvl T
R og(T>+log( ) 0.ceivieernenense(21)

Now substituting R =C, - C,, and putting
RTy=pp, and RT,=pv,

7.0, & —c,l8 (p%) +log

or log(p’ 2)+(y l)log-— =0,
where vy is the ratio of the heat capacmes C,/Cv;
< log(p ”2)-0

and PV’ =D 07 e, ceeeeereiereenents (22)

If we plot the pressure against the volume of a gas in
an adiabatic expansion, we get a characteristic curve
analogous to the p—v curves representing variations of

0.

we find
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pressure with volume at constant temperature. Writing
(22) in the form (22/Py) = (v1/v,),

we see that, since y is greater than one, the fall of pressure
in an adiabatic expansion from v, to v, is greater than
in the corresponding isothermal
expansion. (This is because"
in the adiabatic expansion
the temperature also falls as
the volume increases.) The
adiabatic curves are therefore
stecper than the isothermal
curves. Tig. 6 illustrates this. Py

*The Joule-Thomson Effect. piq, 6.—Isothermal and adiabatic
Suppose that a gas is being expansion of & gas.
forced through a plug of porous material and that the
pressure is p, in front of the plug p, behind it (Fig. 7).
Let the volumes occupied by 1 mol of gas at these
pressures be v; and v,, The work done on 1 mol of gas

1 1 272

2> 2o % 2, <~

"t F1G. 7.—Porous plug experiment.
by piston I in forcing it through the plug is p,v,, the
work done by the gas against piston II is p,v,, so that
the total work done by the gas is w =p,v, —p,v,. If the
gas is a perfect one p,v, =p,v,, and no work is done
in expansion through the plug. In actual gases pv is
not exactly constant and some work is done in the
expansion. In addition the energy of the gas may vary
with the pressure (Joule effect described previously).
If no heat is reccived from or given to surroundings a
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temperature change must occur so as to compensate
for these two effects.
Writing our fundamental equation (19), AE +w =0,

in the form E, - B, +p,w, —p,v; =0,
we have E; +pv,=E, +p;vy
or H,=H,,

so that the heat content of the gas does not alter in
passing through the plug, i.e. the effect of changes of
pressure and temperature on H compensate each other.
We may put, for the variation in H with pressure and
temperature :
oH oH

dH=(-a-T).dT+(a—p) . dp,

so that, in the case considered,
oH oH
(ﬁ) . dT+(a—p) . dp =0,
_ _{oH[9p), _ _(3(E +pv)/op)
or 4T}dp = - GHToT), = c,
1 0B 1 09(pv)

The first term is that due to the change of the internal
energy of the gas with its pressure (or corresponding
change of volume). Since work is done against the
attractive forces between the molecules when the volume
is increased 0E/dp is always negative, and this factor
gives rise to a cooling effect when the gas is expanded.
The second term represents the work done in the ex-
pansion owing to the change in pv. For most gases pv
first diminishes and then increases as the pressure is in-
creased, at a given temperature (Fig. 8). Consequently
at moderate pressures work is done by the gas when it
expands through the plug and a cooling effect is obtained.
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In the case of hydrogen and helium (except at very
low temperatures) pv increases with increase of pressure,
and the result of expansion is a heating effect which may
be greater than the effect of the first term.

12
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The Joule-Thomson effect is made use of in the lique-
faction of gases. When most gases are allowed to expand
through an orifice at moderate pressures their tempera-
ture falls and by the cumulative effect of a continuous
circulation very low temperatures may be obtained.
At ordinary temperatures hydrogen and helium rise in
temperature, but below —80-5° C. in the case of hydrogen
and at the temperature of liquid hydrogen in the case of
helium a cooling effect is obtained.

Examples.
1. The latent heat of vaporisation of liquid helium is
given as 22 calories per mol at its boiling point (4-29° K.),
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How much of this is absorbed in doing work against the
pressure of the atmosphere? (8-54 cals.)

2. The heat evolved in the solution of 1 gram atom of
iron in dilute hydrochloric acid is 20,800 cals. at 18°C.
Formulate this as a thermochemical equation. Find the
energy change of the system (AE). (AL'= ~21,380 cals.)

3. The union of 1 gram of aluminium with oxygen at
15° C. and atmospheric pressure is attended by a heat
evolution of 7010 calories. Formulate this as a thermo-
chemical equation. Using the data in Table I., find the heat
content change in the reaction :

Al,04(s) + 3C(graphite) =2Al + 3CO(g).
(AH = + 300,540 cals.)
4. In determinations of the heat of combustion of
naphthalene in a bomb calorimeter it was found that
C1oH(8) +120,(g) =10CO04(g) +4H,0(l),
AFE,g5= - 1,234,600 calories.
Find (1) the heat content change in this reaction, and
(2) the heat content change in the formation of naphthalene
from its elements.

((1) AH = -1,235,700 cals., (2) AH = +22,100 cals.)
5. Given the equations,
2C,H,(l) +150, =12C0, +6H,0, AH, 4, = — 1,598,700 cal.
2C’H’(g) + 50: = 400, +2H,O, AHIB‘ = - 620,100 »”
Find (a) AH and (b) AE, for the reaction 3C;H,(g)=CsHy(1).
(AH = -130,800 cals., AE = -129,700 cals.)
6. Similarly find AH and AFE at 15° C. for the reactions
CO4(g) +Hy(g) =CO(g) +H,0(0),
H,S(g) +I(s) =2HI(g) + S(rhombic).
(1) AH = -760 cals., AE = -—170 cals.
(2) AH =117,120 cals., AE =16,500 cals.



THE FIRST LAW OF THERMODYNAMICS 29

7. The heat content changes in the formation of the
following compounds from their elements at 15° C. are
PbO, -50,300 calories, SO, -70,920 calories,
PbS, 19,300 calories.
Find (1) the heat content change, (2) the energy change
of the system in the reaction PbS + 2PbO =3Pb + 80,(g).
(A =10,380 cals.,, AL =9800 cals.)

*8, Using the data given in Table I. and the heats of
solution given in the text, find the heat content change in
the solution of sodium in very dilute hydrochlor