THE FIRST LAW OF
THERMODYNAMICS AND
ENTHALPY

2.1 INTERNAL ENERGY AND THE FIRST LAW OF
THERMODYNAMICS

On the macroscopic scale of observation, a system possesses potential en-
ergy, Ep, by virtue of its position and kinetic energy, Eg, by virtue of its mo-
tion. On the microscopic scale, the internal energy, U, contained within a sys-
tem is the sum of the potential and kinetic energies of the atoms and mol-
ecules which comprise the system. Regardless of the scale of observation,
potential, kinetic, and internal energies must be measured relative to an arbi-
trary reference frame. Consequently, absolute potential, kinetic, and internal
energies are undefined, and only corresponding changes have physical sig-
nificance.

Let AEp and AE g designate changes in the macroscopic molar potential and
kinetic energies of a system as a consequence of a change from state 1 to state
2. In addition, let AU represent the molar internal energy change correspond-
ing to this same change in state. The total molar energy change AE; of the
system is then

AET=AEP+AEK+AU.

The last term in this expression, AU, is of fundamental importance in thermo-
dynamics. Fortunately, the microscopic scale of observation is unnecessary to
detect internal energy differences. Using only the macroscopic scale of obser-
vation, AU can be detected by noting differences in the macroscopic proper-
ties of a system in different states. For example, molten SiO, at 1000°C and 1
atm pressure has a different density, viscosity, vapor pressure, and electrical
conductivity than molten SiO, at 1700°C and 1 atm pressure. Hence, the physi-
cal and thermodynamic properties of these two states are different.
In accordance with the conservation of energy principle, the relationship
between the internal energy, work, and heat of a system must be one in which
(1) Internal energy is increased by work performed on and/or heat trans-
ferred into the system.
(2) Internal energy is decreased by work performed by and/or heat trans-
ferred from the system.
Statements (1) and (2) constitute the First Law of Thermodynamics. Expressed
mathematically in accordance with the sign conventions for work and heat in
Section 1.9, the First Law of Thermodynamics is
AU=Q-W [2-1]
where Q is the molar heat absorbed or released by a system and W is the work
performed per mole on or by the same system.
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The First Law, written in differential form, becomes
du = 80 - oW (2-2]
While neither Q nor W stand alone as thermodynamic properties, the differ-
ence between them is a definition of the thermodynamic property, AU. This
difference constitutes a statement of the First Law.
Further insight into the First Law is obtained by considering two special
processes involving work and heat:

(1) Adiabatic process. Q = 0; from [2-1], AU = —-W . In such a case, W, or
adiabatic work is a state function. PV, and T are variables.

(2) Isochoric process. AV = 0. Since volume is constant, W = JPdv = 0.
From [2-1], AU = Q,. In such a case, Q, is a state function. P and T are
variables.

Example Problem 2-1 in Section 2.3 illustrates a general application of the
First Law as well as special cases (1) and (2) for an ideal gas. The reason that
an ideal gas is selected for this example is because the equation of state is
simple and easy to use in illustrating a First Law application. However, cau-
tion is advised in extrapolating the results of this example to non-ideal gases
or condensed states. For example, AU is a function of temperature only for an
ideal gas and is independent of volume change. This simplification is not true
in general.

2.2 ENTHALPY: A STATE FUNCTION
Substituting [1-10] into [2-2], assuming constant pressure, and integrating:

U, v,
de = Q‘n - deV
v, v,

(Uy-U,y) = @, - P(V3-V)).

or

Upon rearranging,
(U; + PVy)-(U; +PV) =0, [2-3]

Since U + PV is an expression involving only state functions, a new thermo-
dynamic property, enthalpy, is defined by

H=U+PV [2-4]
Inserting [2-4] into [2-3],
Hy-Hy=AH=(Q, [2-5]
In differential form,
dH = &0, [2-6]
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2.3 HEAT CAPACITY
Substituting [1-10] into [2-2],

dU = 6Q — PdV [2-7]
Expressing the partial derivative form of [2-7] with respect to temperature at
constant volume,
U JQJ
— | =|==| =C, 2-8
((9]‘ Jv (c?T v o

C,, molar heat capacity at constant volume, is expressed in differential form
by

dU =CdT [2-9]
or in integral form by
T
AU = JledT [2-10]
h

where C, is an intensive property (e.g., J/(mol-K)). Also,
=C.HdT

where C,’, total heat capacity at constant volume, is an extensive property
(c.g., J/K).
Expressing the partial derivative form of [2-6] with respect to wmperature

at constant pressure,
oH a0,
L] P . 3 -11
[arl [arl € [2-11]

C,, molar heat capacity at constant pressure, is expressed in differential form
by

dH = C,dT [2-12]
or in integral form by

AH=ICPdT [2-13]

where C,, is an intensive property (e.g., J/(mol-K)). Also,
=C,dr
where C,’, total heat capacity at constant pressure, is an extensive property
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(J/K). It is left to the reader to develop expressions for heat capacity on a mass
basis* (i.c., specific heat capacities ¢, and c, at constant volume and pressure
respectively).

Example Problem 2-1

Consider a quasi-static three step process. The working substance is 1 1b
mol of diatomic ideal gas initially at 70°F and 1 atm. The gas is heated at
constant volume to 400°F, expanded adiabatically to the initial temperature of
70°F, and finally compressed isothermally to the initial pressure of 1 atm.
Confirm the data table illustrated at the end of the solution below.

Solution

Construct a “closed loop” or graphical scheme of the given and required data.
The process and given data are illustrated in Figure 2.1. The method of solu-
tion involves three general steps: (a) compute all P-V-T data possible from the
ideal gas equation of state: PV = RT (n = 1), (b) compute process paths I, II,
and III; (c) confirm the data table. Note that the cyclic sum for each process
serves as a data check.

g | STATE 2;
Py=1atm T,=860R
T,=530R r o 2
AV=0
I 0
AT=0 Q=0
STATE 3:
T3 = 530 R

Figure 2.1 Quasi-static cyclic process corresponding to the data given in
Example Problem 2-1. The data are labeled on the diagram. I: isochoric
heating, II: adiabatic expansion; III: isothermal compression.

* The kinetic theory of gases predicts heat capacity values for ideal gases. For example, for a
monatomic gas: C, = (5/2)R, C, = (3/2)R, and for a diatomic gas: C, = (7/2)R, C, = (5/2)R.
When the specific gas is not specified, these values should be used.
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(a) Compute all P-V-T data from the ideal gas equation.
State 1: P]V; = RT}

V,=£§L SRS ;‘530 f%/(lb - mol)
1

= 386.9 ft%/(lb - mol)

State 2: V; = V, = 386.9 ft3/(Ib - mol)
P,V = RT,
PV, = RT,
T.

860
P:—Z-XP ='—X1 tm
S il s

= 1.623 atm.

State 3: Since P, V, and T vary when Q = 0, relationships specific to an
adiabatic process are applicable. These relationships are derived as fol-
lows. Beginning with U = f{V,T) and using the chain rule,

oU aUu
dU=|— —_ .
B [arjvm[av)rw

Since U = f{T) only for an ideal gas, (dU/dV); dV = 0. Substituting [2-8]
into the chain rule expression above and combining with [1-10] and [2-
2],

dU = CdT = -PaV.
Differentiating the ideal gas equation of state PV = RT,
PdV + VdP = RdT,
and substituting into the above expression for dU,
dU = CdT = VdP - RdT.
Separating variables and substituting for V from [1-1] for n =1,

dr drP
e, oY
(€, +R) =R

T P
(CMH ;ﬂ:_I @
R T J P
T P

Integrating,
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(Cy+R)

Sl " A
TZ PZ

I, JT/ (r-1)

or P, =P
3 Z[Tz

where y= C,/C, = 7/5 (C, = (7/2)R for a diatomic ideal gas and C, - C,
= R). Hence,

P, =1.623 222\ _ 3 623( 339) " _ 0,298 atm.
860 860

Using P;V; = RT3,
RT, 0.73x530

3= ——=

= 1298 ft*/(b - mol).
2 0298 /(Ib - mol)

(b) Compute remaining data for process paths I, I, and III.

Path I: AU = Q - W = Q -0 (isochoric)
T, 860
= C,IdT =(5/ Z)RI dT =(5/2)(1.987)330)
T 530
= 1639 BTU/(Ib mol).
Path II: AU = Q — W = 0 (adiabatic) - W
7 530
= C,J‘ dr =(5/ 2)RJ. dT =(5/2)(1.987)(-330)
T 860

=-1639 BTU/(Ib - mol) and W = 1639 BTU/(Ib - mol).

26



THE FIRST LAW OF THERMODYNAMICS AND ENTHALPY
Path III: AU = Q - W = 0 (isothermal)

Vi 3;,%;3
Q=W=J.Pdv-_-m" ey

v, 1298
=1.987 x 530 x ln(386'9j
1298

Thus @ = W=-1275 BTU/(Ib - mol).

(c) The completed data table is illustrated below.

AU (o] w AP AT AV
Path BTU/(Ibmol) BTU/lbmol) BTU/Ibmol) atm R fi?/(1b mol)
I 1639 1639 0 +0.623 +330 0
I -1639 0 1639 -1.325 =330 +911.1
m 0 -1275 -1275 +0.702 0 -911.1
Cycle 0 364 364 0 0 0

2.4 ENTHALPY (HEAT) OF TRANSFORMATION

The term phase transformation refers to either a polymorphic solid-solid
transformation, a solid-liquid transformation, or a condensed phase-gas trans-
formation. A polymorphic (allotropic) transformation occurs when a solid
element or compound undergoes a change in crystal structure. There is no
change in the chemistry of the solid, and each structural variety of the solid is
called a polymorph of that solid.

The phase boundaries of Figure 2.2, for example, illustrate the range of
pressures and temperatures at which various SiO, polymorphic transforma-
tions occur. At 1713°C or above, fusion occurs and SiO, melts to form liquid.
Figure 2.3 illustrates the equilibrium phase diagram for pure H,0. The range
of pressures and temperatures over which fusion occurs is indicated by the
inclined solid-liquid phase boundary.
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Figure 2.3 A portion of the equilibrium phase diagram of H,O, a one compo-
nent system. (From C. Klein and C.S. Hurlbut, Jr., 1985, Manual of Mineral-

ogy, Fig. 4.37. Reprinted by permission of John Wiley and Sons, Inc., Copy-
right © 1985.)
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Two types of condensed phase-gas transformations are shown by the con-
cave upward curves. Above the “triple point” pressure, liquid evaporates to
form water vapor. Below the “Iriple point” pressure, solid evaporates to form
water vapor by the process of sublimation.

The pressures and temperatures at which a phase transformation occurs are
determined experimentally. For example, for a one-component system at con-
stant pressure, cooling curve plots of temperature versus time reveal a “flat”
or isothermal hold during the time interval between the start and finish of a
liquid to solid transformation, Figure 2.4. The “hold temperature” is identi-
fied as the transformation temperature provided the cooling is slow enough to
prevent supercooling or non-equilibrium cooling. Heat is released (Q, =
—AHS where AH is the heat or enthalpy of fusion) during the hold and the
temperature cannot decrease until all liquid is solidified. Recalling [2-5], the
terms heat of transformation and enthalpy of transformation are often used
interchangeably. Hence for any transformation at constant pressure,

AT =Q,

Liquid

Liquid
| _\ —, Sol
-

Solid

TEMPERATURE

0

TIME -~

Figure 2.4 Hypothetical temperature-time equilibrium cooling curve for a
one component system. At the transformation temperature, 1T, a liquid to
solid transformation occurs.

The effect of supercooling on —AH/ is illustrated later in this chapter. In
addition, the phase rule and its application to two component phase diagrams
is introduced in Chapter 7.

While Figure 2.3 is only qualitative, vapor-liquid equilibrium data are pub-
lished for a variety of working substances used in power system design. For
example, Appendix D, Table D.1, lists typical vapor-liquid equilibrium data
for water. Based on this data, water exerts a vapor pressure of 0.25 bar (=0.25
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atm) at 65°C. The heat absorbed when a phase change occurs is AATr = hy—hy
=2618 - 272 kJ/kg = 2346 kJ/kg. A comparison of data in Appendix D, Table
D.2, for potassium at = 0.25 bar shows a substantially higher equilibrium tem-
perature of = 627°C but a similar A#™ = 2009 kJ/kg. The engincering-materi-
als aspects of these comparisons are significant as will be discussed later.
Heats of transformation for selected substances are found in Appendix A, Table
A2,

2.5 STANDARD STATE ENTHALPY

Since energy in any form is relative, only changes in enthalpy can be com-
puted or measured. Hence, an arbitrary reference or standard state has been
universally accepted. The standard state enthalpy or heat content of an ele-
ment or compound is defined for the most stable form of that element or com-
pound under the chosen conditions of temperature and pressure. It is denoted
by superscript 0 and is defined in Table 2.1 for solids, liquids, and gases in
elemental or compound form. By convention, the heat content of an element
is zero at 298 K and one atmosphere pressure. The heat of formation of a

compound, denoted by AHz/ in Table 2.1, is defined in the next section.

Table 2.1: Standard State Enthalpy

State of Pure Elements Pure Compounds
Aggregation PP =1 atm* PO=1 atm*
Stable’ at 298 K Stablet at T (K)
Solid AHY, =0 AH = AHDY
Liquid AHZ =0 AN = KHZH
Gas (ideal) AHZ, =0 AHy = AHJY

* Standard state pressure is an arbitrarily adopted unit and some tables of thermodynamic data
(e.g., Robie et al., 1979 and Holland, 1990) are based on a standard pressure of 1 bar (1 bar =
1.01325 atm). Changing the reference pressure from 1 atm to 1 bar has a negligible effect on the
thermodynamic properties tabulated in this book.

# For diatomic gases such as hydrogen, Hp, AH = 0. For monatomic hydrogen, H, AH %, #0.

2.6 ENTHALPY (HEAT) OF FORMATION AND REACTION
Heat of Formation
Heat or enthalpy of formation, AH’ | is defined as the heat associated
with the formation of a compound from its elements at any temperature at
which the compound and its component elements are stable. Hence,at P0=1
atm and T = 298 K for which data is readily available in the literature,
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Products
dH = AH% = AHS%, (Product) - ZnAH 3, (Elements)

Reactants

or AHYf = AH%¢ (Product)

where n is the number of moles of each element and AHg{ is the standard
state heat of formation. Values of AH g4 for selected compounds are given in

Appendix A, Table A.1. From Table 2.1, EnAHm (Elements) = 0.

Heat of Reaction

The heat or enthalpy of reaction, AHr, at temperature T is defined as the
heat released or absorbed when reactants form products in a balanced chemi-
cal reaction.
Hence, at P? = 1 atm. and T = T(K),

Products
dH = AHY
Reactants
or = TnAHY' (Products) - ZnAH)/ (Reactants) — [2-14]

where AH._,Q is the standard heat of reaction and n is the number of moles of
each reactant or product. Note that the superscript f applies to compounds but
not to elements.

As an example of the application of [2-14), consider the chemical reaction
occurring in the standard state (P? = 1 atm, T = T(K)) for reactants A and B
forming products C and D:

naA + ngB — ncC + npD.
The standard state heat of reaction is

AH°=nCAH +nDAHTD nAAHof—nBAHOf

where AH',, AHPL, AHDL, and AH)f, are the standard state molar heats
or enthalpies of formation of A, B, C, and D resgectwcly, at temperature T. If
A, B, C, or D are elements at 298 K, then AH,g = 0. The number of moles
(corresponding to ny, ng, nc, and np) in the chemlcal reaction are incorpo-
rated into the summation formula. Note that AH is written on a per-mole
basis corresponding to n, moles of A, ng moles of B etc. If AH = 50 kJ/mol,
then AH; 9 is 50 kJ/ns = (50/n4) kJ/mol of A, 50 kJ/ng = (SOInB) kJ/mol of B,
etc.
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It is possible to compute the enthalpy change of a reaction even if all of the
enthalpies of formation of the products and reactants are unknown. Suppose
the reaction in question is written as a combination of two or more reactions
for which enthalpy changes are known at the same pressure and temperature
as the desired reaction. The enthalpy change of the desired reaction can then
be computed by combining the enthalpies of the constituent reactions. The
enthalpies are combined in a manner analogous to that in which the reactions
themselves must be comhined to produce the desired reaction. This important
fact, known as Hess's law, applies to all thermodynamic functions. Applica-
tion of Hess’s law to calculation of standard state reaction enthalpy is illus-
trated in Example Problem 2-2.

Example Problem 2-2

Given: T=298 K, P = 1 atm and
(1) W(s) + Ox(g) = WO(s) AHE = -560.7 kI/mol O,
(2) WOq(s) + O(g) = W104(s) AH g5 = -550.2 kJ/mol O,
(3) W304(s) + (1/2)0,(g) = 3WOs(s) AHS%= -278.3 kJ/mol W04

Find: 0./, WO,.
AH. 29{ ?

Solution
Equations and enthalpies are additive.

()W +0,=WO0, AH 33 = -560.7 kJ/mol O,

(2 WO, + (1/3)0,= (1/3)W305  AHO,=-183.4 kJ/mol WO,

(3) (1B)W30 + (1/6)0, =WO;  AHS,=-92.7 kJ/mol WO,
@M+@+3)=@)

or W(s) + (3/2)0,(g) = WOs(s) AHl o, = -836.8 kI/mol W.

Example Problem 2-3
The standard enthalpies of formation of several minerals at 968 K are as
follows:

(a) AlgSi, 045 (mullite) AH% =422 KJ/mol
(b) AL,O; (a-corundum) AH% =31.8 KJ/mol
(c) SiO, (quartz) AH®f = _153 kJ/mol

Calculate AHY for the production of mullite from @-corundum and quartz at
968 K.
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Solution
The balanced reaction is
3AL,04(a-corundum) + 28i0,(quartz) — AlgSi;O,3(mullite).

The enthalpy change of the reaction is calculated from [2-14],

AHO = () AHOL - (3)AHRY,, —(2) AHL .
Substituting the formational enthalpy values for the products and reactants,

AHS= ((1)(42.2) — (3)(31.8) - (2)(-15.3)} kJ/mol.

Since n = 1 for mullite,

AHQ = —22.6 kJ/mol mullite.

Note that AHSis not equal to AHS“{H in this example because mullite in the
above reaction is not produced from its elements.

2.7 INTRODUCTION TO THE THERMODYNAMIC LOOP
(TL)

Although Hess’s law is useful, it is limited in application to constant pres-
sure and temperature reactions. A more general and useful analytical tool is
direct application of Kirchhoff’s law to solve a wide variety of thermody-
namic problems. Kirchhoff’s law is referred to in this book by the term ther-
modynamic loop (TL). The TL represents an effective way to organize and
simplify the solution of more complex problems in chemical thermodynamics
(personal communication, 1959, R. Schuhmann, Jr., Department of Metallur-
gical Engineering, Purdue University, West Lafayette, Indiana). The TL ap-
proach is described (Stracher and Johnson, 1990) by the property

ZABLMP =0

where A0 is the change in value of the state function 8 between any two points
along the loop (see, for example, Fine and Geiger, 1979, and Hamill et al.,
1966). Figure 2.5 illustrates a thermodynamic loop with a state function path
defined by the property YA8y, = 0= ABx_p + ABz_c + ABc_,4. In addition,
the path taken between any two points along any segment of the loop results
in the same A6. For example, AB B, pan 1 =ABAB, patn 2. As an illustration of
thermodynamic loop analysis, an expression will be derived for the enthalpy
change of a reaction as a function of temperature in the following problem.
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=S

Figure 2.5 Thermodynamic loop with state function path A-A. (From G.B.
Stracher and D.L. Johnson, 1990.)

Example Problem 2-4

Derive an expression for the standard enthalpy change of the general chemi-
cal reaction n,A + ngB — ncC + npD as a function of temperature at P? = 1
atm.

Solution
An isobaric thermodynamic loop is set up as follows:

AH?
A + ngB ———T 3= n,C + nyD (State2:PO= 1 atm, T (K)

AH, |AHg AHg | AH,

AHY,
MA + NgB ————=—3=n_C + npD (State 1:P% =1 atm, T = 298 K)

AHZ and AH? are reaction enthalpies for states 1 and 2 respectively. AH, ,
AHg, AH¢, and AHY, are the total enthalpy changes from state 1 to 2 for
reaction components A, B, C, and D respectively. Summing around the loop
in an arbitrary counterclockwise direction,

TAHy = 0= AHgg + AHL + AHf — AHD — AH}, — AHY,.

Applying [2-13] to each reaction component and rearranging,

T T T T
AHD = AHJ, + ncJ‘C‘de+ nDJ.C‘fﬂ"-nAjC:dT— nBJ‘Cde
298 298 298 298
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or
T
AHY = AHg + JACPdT [2-15]
298
In general,
¥
AHJ = AHp + IACPH [2-16)
.

where AC, = ncCS + npCp - nyCp — nyCy . For a reaction involving any
number of components,

AC, =Y nCL (Products)— ) nC, (Reactants) ~ [2-17]

where n; and C:, are the number of moles of component i in the reaction and
the molar heat capacity of component i respectively.

Equations [2-15] and [2-16] are normally found in thermodynamics text-
books for the case in which no phase changes occur. Phase changes are incor-
porated into the TL in Example Problem 2-5.

The solution to [2-16] now becomes one of evaluating C,, for each compo-
nent in the reaction. In Appendix A, Table A.3A, C,, is expressed by the em-
pirical equation

C,=a + bT + cT2 +dT-03 [2-18]

where a, b, ¢ and d are constants. Examination of [2-16] and [2-18] reveals
two simplifying cases:
Casel: Ifa=b=c=d=0,AC, =0, hence

AHY = AHp [2-19]
Case IL: If b= ¢ = d = 0, AC, = a (constant), hence
AHY = AHY +a(T -T;) [2-20)

It should be noted that for many engineering applications, the assumption AC,
= 0 simplifies computations without compromising the engineering accuracy
of the result. Further reference to these simplifying cases will be made in
subsequent chapters.

A suggested procedure for organizing a thermodynamic loop can be re-
membered in terms of The Four §'s Of Thermodynamic Loop Analysis: (1)
Setup, (2) Sum, (3) Substitute, and (4) Solve. Each procedure is performed as
follows:

35



THERMODYNAMIC LOOP APPLICATIONS IN MATERIALS SYSTEMS

(1)

(2)

3

O]

Set Up: Write down the reaction for which data is known (typically the
standard state), balance and label it state 1. Write down the same reac-
tion for which information is desired and label it state 2. Connect the
corresponding reactants and products in each state with vertical arrows.
The direction of these arrows (up or down) is arbitrary. If a reactant or
product changes phase between states 1 and 2, the phase change must be
incorporated into the proper loop segment.

Sum: The direction chosen for summation is arbitrary and is indicated
by a single clockwise or counterclockwise arrow drawn between the
reactions for each state. Counterclockwise summation is used for all ex-
amples in this book, hence, the right hand is used with the thumb point-
ing up. The remaining fingers of the right hand are curled in the direc-
tion chosen for summation. Sum properties around the loop and set the
sum equal to zero. Loop segments pointing in the summation direction
imply a plus sign in the sum, and loop segments pointing opposite to the
summation direction imply a minus sign in the sum. Rearrange the re-
sulting equation and solve algebraically for the desired unknown.
Substitute: Obtain numerical data from the problem statement and/or
the literature and incorporate this data into the appropriate loop seg-
ments, Although data may be readily availabie in tables, charts, or
nomographs, a more extensive search may be required for complex non-
metallic and metallic systems. Carefully examine the problem statement
to insure that no important restrictions or assumptions are overlooked.
Solve: Solve the derived equation for the unknown,

This chapter concludes with numerical examples using TL analysis.

Example Problem 2-5
Calculate the standard enthalpy of formation of TiC at 1200 K. The data
necessary to solve this problem is tabulated in Tables A.1, A.2, and A.3A.

Solution

(1)

Ti(B)

Ti (o)

Ti (o)
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Setup. A TL incorporating the reaction in question is structured to in-
clude the Ti(a) — Ti(B) polymorphic transformation at 1155 K as fol-
lows: of

AH
+  C(graphite) ———2%—3m TiC(s) (State 2: 1 atm, 1200 K)

AHTI’
Ti AH AHt
W (B) c TIC
Vo g .
+ C (graphite) ———= TiC (s) (State 1: 1 atm, 298 K)
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(2) Sum. Summing in the counterclockwise direction,
SAHp =0= AHRL + AHpe— AHYS + AHc — AHryg — AH™ — AHry .
Rearranging and solving for AH%S),

AH%L = AHYL + AHyc + AHe — AHryg — AH™ — AHry .

(3) Substitute. Inserting the heat capacity and transformation enthalpy data
into the above expression,

AH%S (3/mol) = -183.70x10°
21200
+ | (10(49.50+3.35x1073T-14.98x10° T~2)dT

o 298
298

+| M07.15+4.27x1073T-8.79x10°T2)dT
* 1200

01200 1155
— | (1)(28.91)dT —(1)3473 - J(l)(22.09 +10.04x107T)dT
1155 298

(4) Solve. Integration, left to the reader, gives
AHS =-186.7 kI/mol

The negative enthalpy of formation of TiC in state 2 implies that the reac-
tion is exothermic. Since both state 1 and state 2 reactions occur at constant
pressure (P? = 1 atm), enthalpy changes are equal to the heat evolved. For
state 1, the heat evolved is Q, =—-183.7 kJ/mol and for state 2 the heat evolved
is Q; =-186.7 kJ/mol; hence, more heat is evolved at the higher temperature.
Note that for each integral, the lower temperature limit of integration corre-
sponds to the temperature of the phase at the tail of each arrow, while the
upper temperature limit of integration corresponds to the temperature of the
phase at the head of each arrow. In addition, as with Hess’s law, it is necessary
in thermodynamic loop analysis that all reactions be properly balanced.

Example Problem 2-6

Small droplets of gold are observed to supercool (remain liquid) 230°C
below the normal freezing point at atmospheric pressure. Calculate the trans-
formation enthalpy or heat of transformation associated with solidification in
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the supercooled state. The data necessary to solve this problem is tabulated in
Tables A.2 and A.3A.

Solution

Since the heat of solidification is the opposite of the heat of fusion, AH(I—s)
= -AH(s—l) = -AH. The directions of the arrows in the TL are set up to yield
AH(1-»s) directly. Since C,, for liquid gold at 1 atm pressure is available only
from the melting point to 1600 K, C, is extrapolated to 1106 K in order to
solve this problem.

(1) Set Up.
AHIZS =
133 =
Au() ———= Au(s) (State 1: 1 atm, normal m.p. = 1336 K)
— AHj33s
AHpyq AHpy (g
[
Au () _._.‘.5.'."..19&6_.,... Au (s) (State 2: 1 atm, supercooled m.p. = 1106 K)

(2) Sum. Summing in the counterclockwise direction,
SAHr = 0= AH{30¢ + AHpgy) — (—AH{54 ) - AHug)

1=

Rearranging and solving for AH g,

=5
AHj 106 = ~AHpy) — AH{5d + AHp).

(3) Substitute. Inserting heat capacity and transformation enthalpy data into
the above expression,

1336
AHI3E (Jfmol) = —J(l)(23.68 +5.19%x107°T)dT -12.76 x10°

1106

1336

+I(1)29.294T.

1106

(4) Solve. Integrating,
AH{73 = -23.68(1336 - 1106) — (5.19 x 10-3/2)

% (13362 - 1106?) — 12.76 x 10° + 29.29(1336 — 1106)
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which reduces to

AH[73% =-12.93 kJ/mol.

Since the phase changes occur at constant pressure (1 atm), the heat of
transformation for state 2 is

Q™ = AH/3% =-12.93 kJ/mol.

The liquid to solid phase changes occurring in states 1 and 2 result in nega-
tive transformation enthalpies or heats of transformation. This change implies
that heat energy is released to the surroundings as liquid gold solidifies. Note
that the difference in AH:;"betwcen 1106 K and 1336 K is only 170 J/mol or
1.3%.

2.8 DISCUSSION QUESTIONS
(2.1) Can the change in a state function be equal to the difference of two
nonstate functions? Give an example.
(2.2) The internal energy change of a system is related to the performance
of adiabatic work as follows:
(AU =-Wyy >0
(2) AU =-Wyy < 0.
In which case is work done by the system? Explain.
(2.3) Derive the formulas listed below for a PVT system.
(a) Constant volume process, PV work only:

T
AU’ =0, =Imcv¢ﬂ',
T

(b) Constant pressure process, PV work only:
TI

AH’ = Q; = jmc 4T .
T

(2.4) Many compounds have two or more polymorphs. For example, SiO,
has 6 polymorphs shown in Figure 2.2, while the two polymorphs of
CaCO; are the high pressure varicty aragonite and the low pressure
variety calcite. Give examples of polymorphic phase transformations
using Figure 2.2.

(2.5) Two phase transformations occur at a temperature T and pressure P,
The phases involved are A and A, and the transformations and en-

thalpy changes are:
(1) A—7A" AHgy=Qq
D A—g7A AHp=Qq

How is MU) related to AH(Z)? How is Q(l) related to Q(z)"
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(2.6)

@.7

[2.1]

[2.2]

[2.3]

[2.4]

40

From the definition of standard state enthalpy of a diatomic gas at
298K,

(a) IsAHy,, =0?

®)Is AHR,Z 0 =0
Explain both answers.
For which of the reactions below is AH® = AHg:,, ? Explain.

(a) CaO(s) + CO4(g) — CaCO4(s)
(b) Ca(s) + C(s) + 3/20,(g) — CaCO;(s)

2.9 EXERCISE PROBLEMS
Calculate the transformation enthalpy for the isothermal transforma-
tion of Ti(B) to Ti(a) if the transformation occurs 200°C below the
equilibrium transformation temperature during cooling.

Ans: AHTYS = —4227 J/mol.

Derive an expression for the heat of fusion of Si as a function of tem-
perature at 1 atm pressure.

Ans: AHY, (J/mol) = 51,157 +1.51T7

-0.00117T/" +4.56x105/T/
Modified austempering is an isothermal transformation heat treatment
used to produce bainite and pearlite (a mixture of ferrite (@) and ce-
mentite Fe,C). The process involves austenitizing the steel to 100%
austenite () and then quenching to a temperature slightly below the
nose of the “I-T” curve and holding at that temperature until the trans-
formation is complete. Estimate the transformation enthalpy for the
transition of a 1050 steel at the austempering temperature. Refer to the
I-T diagram for 1050 steel, Appendix E, Figure E.1, to select an
austempering temperature. Assume carbon solubility has a negligible
effect on the result in either phase. Do not include Fe,C in the calcula-
tions.
Ans: AHJ3=—6855 J/mol.

The results of constant volume molar heat capacity calculations for
several solids are illustrated in Figure 2.6. For each substance, C, ap-
proaches zero as the absolute temperature approaches zero. In addi-
tion, C, asymptotically approaches a constant value of 6 cal/(mol-°C)
as temperature increases. This constant, known as the Dulong and Petit
value, is best approximated for each solid in a different temperature
range. For lead, this temperature range begins at about 180 K and for
Cu, at about 500 K.
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Figure 2.6 Variation of C, of solids with Kelvin temperature. (From M.W.
Zemansky and H.C. Van Ness, 1966, Basic Engineering Thermodynamics,
Fig. 11.16. Reprinted by permission of McGraw Hill, Inc., New York.)

[2.5]

? [2.6]

Calculate the molar heat transferred to or from the surroundings and
the molar internal energy change occurring at constant volume when:
(a) Cu undergoes a temperature increase from 600 to 700 K.

Ans: Q, = AU, = +600 cal/mol Cu, from the surroundings.
(b) Pb undergoes a temperature decrease from 210 to 180 K.

Ans: Q, = AU, = =180 cal/mol Pb, to the surroundings.
Calculate the enthalpy change at 968 K for the reaction

2510,(s) + 2A1,04(5) — 2A1,8i04(s).

Use the following information (all phases are solids):
(a) 2Si0, + 3A1,0; — AlSi;0;5 AH = ~22.6 kJ/mol
(b) 2AL,Si0s + Al,O3 - AlSi;0y3  AHg,=-39.4 kJ/mol

Ans: AHgg=8.4 kJ/mol SiO,.

Calculate the standard enthalpy of formation of CaCO; at 298 K in
kcal/mol and kJ/mol from the following data:

(a) CaO(s) + CO,(g) > CaCOs(s)  AH jp,=—42.85 kcal/mol
(b) Ca(s) + 1/20,(g) — CaO(s) AHYE = ~151.50 keal/mol
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(c) C(s) + O2(g) — CO() AH i = -94.05 kcal/mol
Ans: AHJ = -288.4 kcal/mol = —1207 kJ/mol.

[2.7] Given AH/ =-1133 ki/mol O, for the reaction
(4/3)Al(s) + Ox(g) = (2/3)AL,04(s),

(a) Show AHZ ! =-1133 kJ/mol if AC, = 0.

(b) Select the correct alternatives below for AHg'f g
(1) 4 Al(s) + 302(g) =2A1,04(s)  AHP/ =-1133 kJ/mol O,
(2) 2Al(s) + (3/2)05(g) = ALLOs(s)  AH™ = -3399 kJ/mol Al
(3) 4A1(s) + 304(g) = 2A1,04(s) AHPY = ~1700 kJ/mol O,
(4) 2A1(s) + (3/2)05(g) = AL,Oy(s)  AH/ = -850 kJ/mol Al

(5) 2A1(s) + (3/2)0x(g) = ALOs(s)  AH/ = ~1700 kJ/mol Al
Ans: (1) and (4).

[2.8] Fifty grams of the mineral ilmenite, FeTiO,, are heated in an insulated
furnace and then quenched in a 500 gm copper vessel containing 200
gm of water. The temperature of the water and vessel both rise from
30°C to 65°C. To what temperature was the ilmenite heated prior to
quenching?

Ans: T =924°C.
®[2.9] Calculate the final temperature and enthalpy change of the mineral
galena, PbS, when 253.62 gm of the mineral at 80°C are placed into
58.73 gm of adiabatically contained waler initially at a temperature of
27°C. Express the enthalpy change in cal/mol PbS.
Ans: T =36°C, AHp,g = -499 cal/mol.

[2.10] Calculate the heat absorbed and standard enthalpy change at (a) 373 K
and (b) 373 K < T < 800 K resulting from the dehydration of the min-
eral serpentine, Mg,Si,05(OH),, in the presence of quartz to form talc,
Mg;Si,0,4(OH),. Use the heat capacity for H;O(/) in Appendix A,
Table A.3A and the heat capacity for H,O(g) in Appendix A, Table
A.3B. The reaction is:

Mg;Si;05(OH)4(s) + 28i0,(s) — Mg3Si40,4(OH),(s) + HyO(g).
Serpentine a-Quartz Talc
Ans: (3) Q = AHy,,= 1787 J/mol; (b) AH? (J/mol) = —69.42 x
10873 — 2.5972 + 4672.2T - 3.70 x 107T*! — 131,264705 —
82,315.

[2.11] A high pressure mineral reaction occurring in some rocks buried to
depths of 30 km or more within the earth involves the decomposition
of the mineral albite (Ab) to form the minerals jadeite (Jd) and quartz
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o [2.14]

[2.15]

[2.16]
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(Qz). Calculate the standard enthalpy change at 298 K for the albite
decomposition reaction:
NaAlSi;Og(s) = NaAlSi;Og(s) + SiOx(s).
Ab Jd 0-Qz

Ans: AHs= -5 kJ/mol.
Using the standard enthalpy change computed for the reaction in Ex-
ercise Problem [2.11], calculate the standard enthalpy change of this
reaction at T where 298 K < T < 844 K. No phase changes occur.

Ans: AHY (J/mol) = 53.21 x 10° - 238.21T + 7.04 x 10212 -

7.57 x 10673 + 4.92 x 106T"! + 8.74 x 103705,
At 1356 K and 1 atm pressure, the following exothermic reaction oc-
curs:

2Cu(l) + (1/2)S5(g) = ¥Cu,yS(s).
Calculate the heat evolved and enthalpy of formation of #Cu,S(s) at
1356 K and 1 atm pressure. Use the heat capacity for Sx(g) in Appen-
dix A, Table A.3B. Hint: begin with the reaction
2Cu(s) + (1/2)S,(g) — Cu,S5(0).

Ans: Q) ym= AHZ = -108 kJ/mol.
Calculate the standard enthalpy of formation of methane, CH,(g), at
298 K in kJ/mol and kcal/mol from the following information:

(a) CHy(g) + 205(g) = CO(g) + 2H,0(g) AHzgq =-890.36 kJ/mol
(b) C(s) + Oy(g) = CO(g) AH%S =-393.51 kJ/mol
(c) Hy(g) + (1/2)04(g) = H,O(g) AHYL = -241.814 kJ/mol

Ans: AH%S = 13.22 kJ/mol = 3.12 kcal/mol.

The enthalpy increment for element A at two temperatures is given as
follows:

T (K) Hp - Hgy, (J/mol)
1000 1750
700 640

Determine the heat capacity of A which most accurately reflects the
data given.

Ans: C} (J/mol)=2.0+2x 10°T.

Derive the formula
T!
AHy = AHp = J.AdeT
.
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[2.17]

[2.18]

24

(a)
(b)

where
(a) AH and AH,» are the constant pressure molar enthalpy changes
of a reaction in states 1 and 2 respectively.
(b) No phase changes occur between states 1 and 2.
(c) All reaction components exist as one mole in the balanced reac-
tion.
Confirm the internal energy change for the transformation of potas-
sium from liquid to vapor phase at 1000 K and 0.753 bar.

Ans: Au= 1753 kl/kg.
A 20 kg mass falls 10 meters at constant velocity, thereby causing a
paddle wheel to stir 500 g of adiabatically contained water initially at
25°C. Assume for the water a negligible change in volume and that C,
=C,.
Fincli the internal energy change and temperature of the water after
the weight has fallen 2,4,6,8, and 10 meters.
Plot both internal energy change and gravitational potential energy
versus temperature, What does the plot suggest?

Ans: (a):
Distance
Fallen (m) E,() AU’ =- Wi, ) T(°C)
0.0 1962.0 0.0 25.0
2.0 1570.0 3924 25.2
4.0 1177.0 784.8 254
6.0 784.8 1177.0 256
8.0 3924 1570.0 25.8
10.0 0.0 1962.0 259

(b) Linear plot is consistent with C, = constant.



