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2. ENTHALPY AND SPECIFIC HEAT CAPACITY

In this chapter, definition of enthalpy is discussed for a chemically reacting
substance, whose thermodynamic state is defined by the equation

h = h(T,p) (2.1)

at a temperature of T and pressure p. When defining the enthalpy of real gases and
real liquid mixtures, the mole amounts of different components have to be taken into
account.

Enthalpy according to equation (2.1) is called specific enthalpy, i.e. its dimension is
J/mol or J/kg depending on whether considering the mole amount 1 mol or the mass 1
kg. The same notion applies also for thermodynamic quantities, specific volume
v=v(T,p), specific internal energy u (J/mol or J/kg), specific entropy s (J/mol K or

J/kgK), specific heat capacity at constant pressure ¢, (J/mol K or J/kgK) and specific
heat capacity in constant volume c,, (J/mol K or J/kgK). Every equation presented

after this are exactly the same regardless of choice of molar or mass based specific
quantities”.

2.1 Definitions

Specific heat capacity c, is defined with the equation

_(en
C, Z(GTJp' (2.2)

Equations (2.1) and (2.2) result in

Cp = Cp (T,p). (2.3)
Specific volume v is similarly dependent on temperature and pressure

v=v(Tp). (2.4)

Equation (2.4) is called the equation of state for a substance. Based on the equation of
state, the volumetric thermal expansion coefficient y can be defined as

“) The connection between a molar based specific quantity gmol (9 = U,h,v,s,cp,Cy,---)
and a mass based specific quantity gmas iS 9mol = M 9mas, Where M is the molar
mass of the substance (kg/mol).



15

1(ov
==L 2.5
! v[@ij @3)
and the isothermal compressibility factor «; as
KTE_l(&q | (2.6)
viop );

Note that v = y (T,p) and k; =k (T,p).

Example 2.1. The specific molar volume of an ideal gas is

Inserting the ideal gas law pV=nRT to this results in

v=v(T,p)="T,
p

where it can be seen that the specific molar volume of an ideal gas is the same for
every gas.

For an ideal gas, the equation (2.5) results in

1ov 1R 11RT 11 1

y=—"z="—=———=—2V
voT vp vT p vT T
and accordingly, for an ideal gas, the equation (2.6) results in

10V 1
Vv

KT__vép__

-RT 11RT
5 = =

p vpp p

For enthalpy change with respect to pressure, an equation can be derived [2]

ih:v—TQ , 2.7)
op oT 0

which can be written with the volumetric thermal expansion coefficient equation
(2.5) as
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N a1y (2.8)
op

The following applies for the total differential of enthalpy h=nh(T,p)

_oh dT+@dp,

dh=2"0
oT op

with equations (2.2) and (2.8) this becomes

dh=c,dT +v(1-Ty)dp. (2.9)

Integrating equation (2.9) results in
h(T! p)_ h(To !po ) =

} R (2.10)
= Jc, (T,p, )dT+ IV(T, P)(1-Ty(T,p))dp

T P,

o

In order to calculate enthalpy changes compared to a known state (Tq, pg), the
function cp(T,pg) has to be known, which is the specific heat capacity as a function of
temperature at pressure py as well as the equation of state (2.4), which results in the
volumetric thermal expansion coefficient y (T,p) by applying the equation (2.5).

Example 2.2. For an ideal gas y(T,p) = 1/T and the equation (2.8) results in
(6h/op)T =0, meaning that

h (T,p) = h(T).
Generally, gases are closer to an ideal gas the lower the pressure p is. For example,

air at a pressure of 1 bar can be considered as an ideal gas with reasonable accuracy,
but at higher pressures the deviation becomes significant.

2.2 Reaction enthalpy
Enthalpy change

AH = H(B) - H(A) (2.11)
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from state A= (T, p, n1, N2 ,..., Nm ) to state B = (T, p, n'1, n'2,..., n'm ) is called
reaction enthalpy, when temperatures and pressures are equal in the initial state (A)
and the final state (B).

When the reaction enthalpy AH < 0, the reaction is exothermic, and heat is released. If
AH > 0, the reaction is endothermic, and heat is absorbed. If the reaction takes place
in a thermally insulated container, an endothermic reaction lowers the temperature
and an exothermic reaction increases it.

Example 2.3. Let’s consider the combustion reaction of carbon
C(s) + 02(g) - CO2(g). (2.12)

At the initial state of the process A the reactants carbon C(s) and oxygen O2(g) are

not yet reacting. At the final state of the process B carbon and oxygen have reacted
and formed carbon dioxide.

When the initial and final states of the combustion reaction are at the standard state T
=298.15 K and p = 1.0 bar, the reaction enthalpy becomes

AH = AH° = H(B) - H(A) = - 393.5 kd/mol,

where mole corresponds to the number of gross reactions according to the combustion
reaction equation, which in this case is the same as the amount of carbon C(s) or
oxygen O2(g) consumed or carbon dioxide CO2(g) formed during the reaction in
moles. Therefore, the number of these written reactions occurring is equal to one

mole, i.e. the Avogadro number 6.023-1023". The enthalpy at the initial state is H(A)
= H(C(s)) + H(O»(g)) and at the final state H(B) = H(CO»(g)). The notation

AH° means that the reaction enthalpy is defined at the standard state.

Example 2.4. The gross reaction of combustion of propane gas is

C3Hg(9) +502(9) — 3CO2(q) + 4H0(/)

and the stated reaction enthalpy at the standard state is AH0(298.15K) = - 2220
kJ/mol. The mole corresponds to the number of gross reactions according to the
equation above, which in this case is equal to the amount of combusted propane gas
C3Hg(g) in moles.

“ A mole is equal to the Avogadro number, i.e. 1 mol = 6.023-1023. 1t is therefore an
abbreviation quantity similar to for example million.
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2.3 Enthalpy of formation

The combustion reaction of carbon C(s) + Op(g) — CO»(g) is an example of a
formation reaction for carbon dioxide. Enthalpy of formation of a chemical
compound AHf° is the enthalpy change between the compound at the standard state
and its reference state, where its elements are in a stable form. The enthalpy of
formation is dependent on temperature: AH°(T). The lower index f denotes the word
formation. For example, the enthalpy of formation of liquid water at the standard state
(table 2.1) at a temperature of 25 °C is AHf9(1;298.15 K) = -285.830 kJ/mol and
accordingly, the enthalpy of formation of water vapor at the same temperature is
AHf0(g;298.15 K) = -241.826 kJ/mol (table 2.1 or table 1.1). According to the
definition, the enthalpy of formation at the reference state is zero, for example
AH°(02(9)) = 0.

The enthalpy of formation of a compound depicts the total amount of energy absorbed
or released to the environment by a process occurring at constant temperature and
pressure. If AH¢ is positive, energy is required to form the compound.

Table 2.1. Enthalpies of formation for a selection of substances [3] at the standard
state (p = 100 kPa) at a temperature of T = 298.15 K.

AH¢° (MJ/kmol) AH° (MJ/kmol)
CO2(9) -393.505 SO2(9) -296.813
CO(g) -110.541 S0s(9) -395.765
H20(9) -241.826 NO(g) 90.291
H20(1) -285.830 NO2(9) 33.095
CHa(9) -74.873 N20(9) 82.048
C2Hs(9) -84.684 NHz(g) -45.940
CsHs(g) -103.847 HCN(g) -135.143
CsH10(9) -126.148 CaO -635.089
H2S(g) -20.502 CaCOs(calcite) -1206.921
COS(g) -138.407 Ca(OH). -986.085

The enthalpy h(T,p) (J/mol) of gases, pure solid substance and pure liquid at the
standard state is denoted as h°(T) [often in tables as H°(T)]. Its value at the starting
point of an enthalpy scale (To,po= p°) is defined as the value of enthalpy of formation

h®(T,)=h(T,.p,)=AH{ (T,). (2.13)

When using the enthalpy scale agreement 1° presented in section 1.3, a common
agreement is that T, = 298.15 K.
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The deeper meaning of equation (2.13) is that by using enthalpies of formation the
composing of impossible absolute internal energy and enthalpy scales can be avoided.
This is proven in the following example where the reaction enthalpy of the
combustion of propane gas is defined with the enthalpies of formation. In other
words, the example shows why enthalpies based on the definition (2.13) yield correct
values of enthalpies of reaction.

Example 2.5. For the reaction
C3Ha(g) +502(g) — 3CO2(g) + 4H20(¢)

the reaction enthalpy at the standard state at a temperature of T according to the
definition is

AHO= [3h"(CO2(g))+4h° (H20(¢))]- h° (C3Hg(9))+5h° (O2(9))],

where quantities h°(CO2(@)),..., h°(02(g)) depict the enthalpies of the components

at the standard state expressed with a physically correct common energy scale. We
can assume that such scale exists or that at least in principle such a scale can be
composed.

The expression of reaction enthalpy can be written in the following equivalent form

AH®=[3{h°(CO2(9)) - h°(C(s)) - h®(02(9))} + 4{h® (H20()))-
h® (H2(9)) - 172 h° (02(9))}] - [{h® (C3Hg(9)) - 3h° (C(s))-
4h°(Ha(9))} + 5{h° (02(9)) - h°(O2(9)3}1,

since the enthalpy terms h°(C(s)), h° (02(g)) ja h° (H2(g)) of the elements present in

the equation balance each other out. On the other hand, the expressions in round
brackets in the equation are exactly the same as the enthalpies of formation of the
compounds:

AHfO(CO2(g)) = h®(CO2(g)) - h*(C(s)) - h*(02(9))
AHfO(H20()) = h® (H20(1) - h® (H2(g)) - 1/2 h®(O2(g))
AH{O(C3Hg(9)) = h*(CgHg(g)) - 3h°(C(s)) - 4h° (H2(9))
AH{O (02(g)) = h®(O2(0)) - h®(02(g)).

When both the reactants and the products are at the standard state at a temperature of
T, the equation can be written as
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AH® =3 AH{9(CO(g)) + 4 AH{O(H20(l)) - AHf°(C3Hg(9))
- 5 AH{%(02(9))

and with enthalpies according to the enthalpy scale agreement 2° (To,=T) and the
definition (2.13), AH° = 3h°[CO2(g)] + 4h°[H20())] - h°[C3H8(9)] - 5h°[02(9)],
which proves the usefulness of the definition (2.13).

Was it a pure coincidence that the decomposition done in the example, which was
used to form enthalpies of formation in the round brackets, is identical with the
reaction equation? No. By decomposing the elements of each compound it can be
always shown that the element terms cancel each other since there is an equal amount
of moles on both sides of the reaction equation. This is a direct result of the element
balance. A reaction equation is one way to represent element balance. When the
enthalpies of the elements according to the mole amounts are reduced from the
enthalpy terms, they cancel each other when calculating the enthalpy difference
between the initial and final states according to the element balance, given that the
temperatures are the same. This procedure is therefore universal when calculating the
reaction enthalpy.

Example 2.6. Let’s calculate the reaction enthalpy of the combustion reaction of
propane gas C3Hg(g) + 502(g) — 3C0O2(g) + 4H20(¢) at T=T, = 298.15 K using
the enthalpies of formation:

C3Hg(g; 298.15 K), AH¢0 = - 103.8 kJ/mol
07(g; 298.15 K), AHf0 =0
COy(g; 298.15 K), AH0 = - 393.5 kd/mol

HoO( ¢ ; 298.15 K), AH{0 = - 285.8 kJ/mol
and therefore

AHO0(298.15 K)= [3(- 393.5) + 4(- 285.8)] - [1(- 103.8) +5 - 0] =
= - 2220 kJ/mol.

When analyzing reactions where the temperatures at the initial and final states are not
equal, the enthalpies of the compounds at different temperatures are needed. In this
case, the enthalpy difference between reactants and products cannot be calculated as
in examples 2.5-2.6 (enthalpy scale agreement 2°, section 1.3) only based on the



21

enthalpies of formation, even if they are known at different temperatures. In the next
section, defining enthalpies according to the enthalpy scale agreement 1° is discussed.

2.4 Enthalpy scale agreement 1° for a chemically reacting compound
2.4.1 Temperature dependence of enthalpy and specific heat capacity

If the enthalpy of formation and specific heat capacity are known, the enthalpy at the
standard state at a given temperature can be written according to equations (2.10) and
(2.13) as

T
h(T,p®)=h°(T)=AH{ (T, )+ ch (T)dT. (2.14)

T

where a notation cp(T,p°) = cg (T) is used. The equation (2.14) follows the enthalpy

agreement 1° presented in section 1.3, according to which the starting point of the
enthalpy scale is set at a temperature of T, and at the starting point of the scale

h®(T,)=AH? (T,).
In tables the integral term is often already calculated in the form

;
h®(T)-h°(T,) = [cp (T)dT,

T

which results in
h°(T)=AH?(TO)+[h°(T)—h°(TO)]. (2.15)

The term [h°(T)-h°(T,)] is called sensible enthalpy or table enthalpy. In chapter 12,
where combustion is discussed, the table enthalpies of important gases related to
combustion are presented.

In the case of a phase change from phase | to phase Il at a temperature of Ty, for
example the liquification of a substance, the enthalpy change taking place during the
phase change AHtr® has to be added to equation (2.14):

. Tir . R T
h(Tp%) = AHP(Te) + [, e (DT + AHE(Ty) + J, g (T)dT
whase change
between phases
fandii

temperature rise
Hpaase T —>T

témpsr'a ture rize
cfpliase § Ta—>T-

(2.16)
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Example 2.7. Aluminum oxide (o - Al203, crystal (delta)) is a heat resistant ceramic
substance. Calculate its enthalpy at temperatures of 273.15 K and 1000 K.

The reference state of the compound is crystalline aluminum metal Al(cr) and oxygen
gas O2(g). From table 2.2 we can see at a temperature of Tg = 298.15K (in Janaf
tables T, is denoted with the symbol T,)

AH°§(Tg) = - 1666.487 kd/mol.

At a temperature of Tg =298.15 K the specific heat capacity of aluminum oxide is
co(To) = 81.385 J mol-1 K-1.

The enthalpy of aluminum oxide at a temperature of 273.15 K is according to
equation (2.14)

h(T=273.15 K, p°) = - 1666.487 + 81.385 - 103 - (273.15-298.15)
= - 1668.522 kd/mol.

Specific heat capacity cp is highly dependent on the temperature. For example, for

aluminum oxide at a temperature of 600 K it is cp = 115.92 J mol-1 K-1. Therefore,

the enthalpy at 1000 K is best defined with a beforehand calculated tabulated integral
based on equation (2.15). From the table we can easily see that

hO(1000 K) - hO(T,) = 80.304 kJ/mol (Tg = 298.15 K)
and with equation (2.15) the enthalpy is

h(T = 1000 K, p°) = - 1666.487 + 80.304 = - 1586.183 kJ/mol.
Enthalpy per unit mass is accordingly

h(T = 1000 K, p°) = -1586.183/0.10196 = - 15.56 MJ/Kg,

where MAI>03 = 0.10196 kg/mol.

Specific heat capacities cp of gases at different temperatures are presented in table 2.3.
For monatomic gases, so called noble gases, the specific heat capacity is independent
on the temperature. For example, for argon gas cp = 20.786 J/(molK).

In table 2.4 standard enthalpy values h°(T) of gases at different temperatures based on
the equation (2.14) are presented. When calculating the integral expression, the
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de (« - Al203, crystal (delta)).
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temperature dependence is taken into account with a power series according to the
database of the HSC software. The starting point of the enthalpy scale in table 2.4 is
To =298.15 K.

The standard state of gases is defined according to the ideal gas state. Since the
enthalpy of an ideal gas is not dependent on the pressure or the composition of the gas
mixture, tabulated values of h° (H® in Janaf tables) correspond to values of enthalpy
of ideal gases at any pressure other than the standard pressure p°. The enthalpy of an
ideal gas is also not dependent on the mole amounts in the mixture and therefore
values of h° can be used for the components of an ideal gas mixture.

These enthalpies are very convenient in calculations since they include the energy
changes associated with reactions.

Table 2.3. Specific heat capacities c, of gases.

T T J/(mol*K)
K C2H6 C3H8 C4H10 H2 co N2 Ar 02 co2 H2S H20 Ccos NH3
25 298.15 3 52.39 73.46 9825  28.88 29.11 29.11 2078  29.15 3746  34.17 3356 4171 35.54

82685 | 1100 | 7518 12741 18134 23839 30.56  33.69 3321 2078 3521 5556 47.16 4253  58.00
87685 | 1150 | 7694 12999 18486 24314 3076 3304 3348 2078 3542 5608 | 4782 4314 /5836 59
926.85 | 1200 | 7861 = 13248 18824 247.50 3096, 3418 3372 2078 3562 15654 4845 4375 . 5869
97685 | 1250 | 80.18 13487 19148 25146 3118 3440 3395 2078 3580 5697 49.05 4434 5899
1026.85| 1300 | 81.66 13717 19460 25504 3140 3461 3417 2078 3598 5735  49.61 4492 5926
1076.85 | 1350 | 8306 . 139.38|. 19758 25823 3162 3479 3437, 2078 3615 5770 ©,50.13. 4548 5951
1126.85| 1400 | 8436 14151 20043 26104 3185 3497 ‘3455 2078 3630 5802 ' 50.62 - 4603 = 5974

Example 2.8. The combustion reaction of methane is
CH4(g) +202(g) — CO2(g) + 2H20(g)

and its reaction enthalpy can be determined directly from table 2.4. Let’s calculate its
value at Tg = 298.15 K according to table 2.4:

AH® = h°[CO2] + 2h°[H20] - h°[CH4] - 2h°[02]

=-303.51+2 - (-241.83) - (-74.87) -2 - 0
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Table 2.4. Values of standard enthalpy h°(T) (kJ/mol) for different gases. Source:

HSC.
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Table 2.4 (continued).
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=-802.30 kJ/mol,

which is equal to the so-called heat of combustion for methane gas.

Example 2.9. Calculate the reaction enthalpy of the combustion reaction of propane
gas

C3Hg(9) +50,(g) > 3CO,(g) +4H,0(g) (2.17)
A B

at a temperature of 450 K using the average specific heat capacity values at a
temperature range of 298.15-400 K and compare the result with the value calculated
using table 2.4. First, let’s calculate the enthalpies of different compounds with
enthalpies of formation and average specific heat capacities (table 2.3)

C3Hs8(g), h°= AH°f(To) + E;’ (T-To)=- 105.8+93.2-10'3-(450-298.15)
=-91.65 kJ/mol
CO2(g), h°=-3935 + 40.2-10-3 . (450 - 298.15) = - 387.05 kJ/mol
02(g), h°=0+ 30.0 - 103 (450 - 298.15) = + 4.55 kJ/mol
H20(g), h°=-241.8+34.2 - 103 (450 - 298.15) = - 236.61 kJ/mol
AH® =H(B) - H(A) =

Bn°[co, @)+ an°[H,0@)]}- h°[c,Ha @]+ 5h°[0, (@)}
AHC = {3-(- 387.05)+4-(- 236.61)}-{(- 91.65)+5-4.55} kd/mol

=- 2012 kJ/mol.

The same calculation using values in table 2.4
AH® = [3-(- 387.42) + 4-(- 236.64)] - [(- 90.62) + 5-4.56] =
- 2041 kJ/mol.

The result calculated with table 2.4 is naturally more accurate since its enthalpies
have been calculated with consideration to the temperature dependence of specific
heat capacity.
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Table 2.4 is excellent when calculating for example gas reactors. The enthalpies of
gases entering and exiting the reactor at given temperatures can be found directly in
table 2.4 and the power of heat absorbed or emitted by the reactor can be calculated
with the difference in the enthalpy streams.

Example 2.10. Calculate the heat released in reaction (2.17) when propane gas and
oxygen enter the reactor at a temperature of 350K and the products carbon dioxide
and water vapor exit it at a temperature of 450K. From table 2.4 we get that

AH® =[3(- 387.42) + 4-(- 236.64)] - [(- 100.90) + 5-1.53] =
- 2015.57 kJ/mol

which means that the power of heat released is 2016 kW when 1 mol/s of propane gas
is combusted.

Example 2.11. Table 2.4 is also very convenient when analyzing for example flue gas
losses. In an example presented later in chapter 12 the composition of flue gases for a
certain light fuel oil has been calculated with an air factor of 1.15 per one kilogram of
fuel:

O2 15.6 mol/kg fuel
Ar 5.3 mol/kg fuel
N2 451.3 mol/kg fuel

CO2 71.5 mol/kg fuel
H20  67.8 mol/kg fuel

If the flue gases exit the boiler at a temperature of 450 K, how much additional power
would be gained if the flue gases were cooled to 350 K, when the amount of oil
combusted is 0.2 kg/s? Additional energy gained per one kilogram of oil combusted is

AH® =" n;[h; (450K) - h; (350K)]

i
= 15.6(4.56 - 1.53) + 451.3(4.44 - 1.51)
+71.5[- 387.42 - (- 391.53)]

+ 67.8[- 236.64 - (- 240.08)]
+5.3(3.16 - 1.08)

=1.908-103 kJ/kg fuel

and therefore, the additional power is

¢ = 0.2 kg/s - 1.908-103 ki/kg = 382 kW.
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Example 2.12. Flue gas loss means the enthalpy stream along with flue gases
compared to a situation where the flue gases would exit at the standard state
temperature of 25 °C. In the previous example the flue gas losses when the flue gases
exit at a temperature of 350 K can be calculated using table 2.4 with:

AH® =3 n, |n? (350K) — h? (298.15K)

|
= 15.6(1.53 - 0) + 451.3(1.51 - 0)
+ 71.5[(- 391.53) - (- 393.52)]
+ 67.8[(- 240.08) - (- 241.83)]
+5.3(1.08 - 0) = 972.0 ki/kg fuel.

The flue gas losses are ¢ = 0.2 - 972.0 = 194.4 kW. These examples are further
discussed in chapter 4 and calculations based on tabulated enthalpies and heating
values of fuels are also presented.

2.4.2 Pressure dependence of enthalpy and specific heat capacity

Generally, the specific heat capacity of a compound is also dependent on pressure: Cp
= ¢p(T,p). According to equation (2.8)

oh _V__I_av

—= —, 2.18
op oT (2.18)
differentiating the definition of specific heat capacity
oh
C,=—
PoT
with respect to pressure and taking into account equation (2.18) results in
@y _ofen)_ofen)_of, pov)_av_ov L o'v
op oploT) oTlep) oT oT) oT oT  oaT%
The pressure dependence of specific heat capacity is therefore
oc 2
—":—Ta—;’ (2.19)
op oT

where v = v(T,p) is molar specific volume (m3/mol).
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Example 2.13. According to the ideal gas law

% = v(T,p) =RT/p, (2.20)

where R = 8.314 J/(mol K). Therefore,
v _
oT?

and for an ideal gas

Co(T,p) = Cp(T). (2.21)

For areal gas o 2y/9T2 %0 and therefore Cp is also a function of pressure. A gas acts
like an ideal gas the further the gas is from the critical point and therefore, the specific
heat capacity is only dependent on temperature. In flue gas calculations, the gases can
be considered as ideal gases.

Similarly, the specific volume of solids and liquids is often approximately linearly
dependent on temperature T. Therefore, according to equation (2.19), cp is only a
function of temperature with high accuracy. An important exception is for example
water and water vapor at high temperatures and pressures. At high pressures water
vapor deviates significantly from an ideal gas. The deviation is greater the closer to
the critical point the vapor is. This is also true in general for other liquids and gases
near the critical point.
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Example 2.15. For solid substances approximately

yzl[?rj=105...2.0-104K1, (2.22)
\

and therefore, at room temperature T = 298.15 K the pressure dependence of enthalpy

(ahj = Vv(1-Ty) = (0.9970...0.9404)v . (2.23)
op )+

Example 2.16. For an ideal gas
oh R
(@) By,
P/ p
which means that enthalpy is only dependent on temperature:

h(T,p) = h(T). (2.24)

For non-ideal gases the specific enthalpy is a function of temperature and pressure. In
addition, generally speaking the state and state functions of the components of a
mixture are also dependent on the mole amounts of the components n,...,Nm.

If the enthalpy of formation AHf°(To), specific heat capacity cp(T,p) and specific

volume v(T,p) at the standard state are known, the enthalpy of a compound can be
calculated at any temperature T1 and pressure pz

i an T on
—_— o _
h(T,.p,) = AH{ (T,) + J[mjppo dT + J(apjﬂ dp (2.25)
T p° —h

0

i.e. with the definition C, =2_T_ and equation (2.18)

T, Py
h(T,.py) =AH{ (T,) + [, (T,p,)dT + J’{V(Tl, p) —Tl[s_\;j }dp (2.26)
T Py h
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2.5 Enthalpy at the absolute zero

When the enthalpy value is defined with equation (2.13) at a temperature of T,, the
enthalpy of a compound or an element at the absolute zero can be calculated with
equation (2.16). This enthalpy is noted as h°(0) [H°(0) in tables]. By taking into
consideration the definition (2.13), i.e. h°(To) =AH$°(T,), according to equation (2.16)
we get

T, 0
he(0) - ho(To) = [ cp dT + AHetr(Tu)+ [ cpdT. (2.27)
TO Tlr
If a gas is analyzed, another phase change term, the crystallization of liquid and the
enthalpy change associated with it, has to be added to equation (2.27). If a solid

substance is analyzed, phase change terms are not necessarily present. However, a
phase change in solid substances is possible between different crystal structures.

Values of [h°(0) - h°(T,)] are already calculated for different compounds in table
books of chemical thermodynamics, as well as values of [h°(T) - h°(T,)] at certain
temperature increments. For example, a table of values for aluminum oxide is
presented below.

Example 2.17. Aluminum is produced from aluminum oxide (Al203) by heating it

up to its melting point and performing an electrolysis. Calculate the amount of energy
required to heat up aluminum oxide from 500 K to a temperature of 2500 K.
Liquification occurs at a temperature of 2327 K, which has an endothermic heat of
melting of 111.086 kJ/mol. From table 2.5 we can directly read (T, =T, = 298.15 K)

h°(T =500 K) - h® (To) = 19.145 kJ/mol (crystal, alpha (corundum))
h°(T = 2500 K) - h°(T,) = 399.143 kJ/mol, (liquid)
and therefore, the required amount of energy is
h°(T = 2500 K) - h°(500 K) = 399.143 - 19.145 = 379.998 kJ/mol.
As seen from the table below, this amount of energy also includes the amount of heat

required by the liquification of aluminum oxide, i.e. the heat of melting at a
temperature of 2327K.
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Table 2.5. Thermodynamic properties of aluminum oxide Al.O3(cr, 1) [1].

Aluminum Oxide (nzoa) llzoa(er.l)
R Temp =T, = 298.15K Standard State Pressure = p° = 0.1 MPs
JIK-'mol-? — kI mol-! ———
T/K C; §° -IG°-H(THIT H°-HT) agH® 4,G° Log K¢
[+] 0. 0. INPINITE -10.020 -1663.608 -1663.608 INPINITE
100 12.855 4.2985 101.230 -9.693 -1668.606 ~-1641.842 857.506
200 $51.120 24.880 57.381 -6.500 -1673.383 -1612.856 421.183
298.15 79.015 50.850 50.850 0. -1675.682 ~1582.27% 277.208
300 79.416 51.440 50.851 0.147 -1675.717 -1581.686 275.388
400 96.086 76.779 54.283 8.885 -1676.342 -1550.226 202.439
500 106.131 $9.388 61.098 19.145 -1676.045 -1518.718 158.659
800 112.545 119.345 €9.177 30.101 -1675.300 -1487.319 129.483
700 116.926 137.041 77.632 41.586 -1674.391 -1456.059 108.652
800 120.135 152.873 86.065 53.447 -1673.498 -1424.931 23.038
900 122.662 167.174 94.286 65.591 -1672.744 -13983.908 80.900
1000 124.771 180.210 102.245 77.965 -1693.394 -1361.437 71.114
1100 126.608 192.188 109.884 90.535 -1692.437  -1328.286 63.075
1200 128.252 203.277 117.211 103.280 -1691.366 -1295.228 56.380
1300 129.737 213.602 124.233 116.180 -1690.180 -1262.264 50.718
1400 131.081 223.267 130.965 129.222 -1688.918 -1229.393 45.869
1500 132.290 232.353 137.425 142.392 -1687.561 -1186.617 41.670
1600 133.361 240.925 143.628 155.675 -1686.128 -1163.934 37.999
1700 134.306 249.039 148.592 169.060 -1684.632 =1131.342 34.762
1800 135.143 256.740 155.333 182.533 -1683.082 ~1098.841 31.888
1800 135.896 264.067 160.864 196.085 -1681.489 -1066.426 29.318
2000 136.608 271.056 166.201 209.710 -1678.858 -1034.096 27.008
2100 137.319 277.738 171.354 223.407 -1678.180 -1001.849 24.920
2200 138.030 284.143 176.336 237.174 -1676.485 -969.681 23.023
2300 138.741 290.294 181.158 251.013 -1674.743 -937.593 21.293
2327.000 138.934 291.914 182.434 254.761 ALPHA <--> LIQUID
2327.000 192.464 339.652 182.434 365.847 TRANSITION
2400 192.464 345.597 187.307 379.896 -1557.989 =-909.127 19.787
2500 182.464 353.454 183.796 399.143 -1550.805 -882.237 18.433
2600 192.464 361.002 200.083 418.389 -1543.853 -855.629 17.190
2700 192.464 368.266 206.179 437.636 -1536.832 ~829.292 16.044
2800 192.464 375.265 212.093 456.882 -2117.645 -801.279 14.948
2900 182.464 382.018 217.837 476.128 -2108.494 ~754.429 13.589
3000 192.464 388.544 223.419 495.375 -2099.372 -707.892 12.325
3100 182.464 394.855 228.848 514.621 -2090.279 -661.658 11.149
3200 192.464 400.965 234.132 533.868 -2081.214 -615.719 10.051
3300 192.464 406.888 239.277 553.114 -2072.175 ~570.063 9.023
3400 182.464 412.633 244.292 572.360 -2063.162 -524.679 8.061
3500 192.464 418.212 249.182 591.607 -2054.176 -479.561 7.187
3600 192.464 423.634 253.853 610.853 -2045.213 -434.699 6.307
3700 192.464 428.908 258.610 630.100 -2036.276 -390.086 5.507
3800 192.464 434.040 263.160 649.346 -2027.363 -345.712 4.752
3900 192.464 439.040 267.608 668.592 -2018.474 -301.574 4.039
4000 192.464 443.912 271.953 687.839 -2009.609 -257.664 3.365

dh = 6_h dT + ﬁ_h dp
oT op
p T

350
AH = J.deT = 38.27 - (350 — 298.15) =1.984kJ/mol

298.15
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