Since H does not have an absolute value (only changes in H can be measured), it
is convenient to introduce a convention which will allow the comparison of different

enthalpy—temperature diagrams. This convention assigns the value of zero to the
enthalpy of elements in their stable states at 298 K (25°C) and P = 1 atm. Thus, the

enthalpy of a compound at 298 K and P = 1 atm is simply the enthalpy of formation

of one mole of the compound from its elements at 298 K and P = 1 atm. For example,
for the oxidation reaction



an]id} +%Oligas} — Mo{snlid} at 298 K Ellld P — 1 atm

‘&HE'}H = HMD[SJE'JE o HM{.EJE‘-}E o 5 HD; (g)298

and, since Hy; .95 and Hg, 295 are by convention set equal to zero, then

‘&HE';'E — HMD,QI;E
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Figure 6.7a (a) The variation, with temperature, of the enthalpies of Pb,,, Pb,,, 1/20,,, and
PbOq,.



Enthalpy, H, kJ

300 500 700 900 1100

Temperature, K
(b)

Figure 6.7b (b) The variation, with temperature, of the enthalpies of (Pb + 1/20,) and PbO.



Table 6.1 Thermochemical Data for Pb, PbO, and O,

Hppo(zes) = —219,000 J/K

Cpippis) = 23.6 + 9.75 x 10T J/K from 298 Kto T, p,

Cpipny) = 32.4 — 3.1 x 10T J/K from T, p,, to 1200 K

Cprpnoe) = 37.9 + 26.8 x 10°T J/K from 298 K to T, oy,

Cpi0,(g) = 29.96 + 4.18 x 10-°T — 1.67 x 10°T2 J/K from 298 K to 3000 K

ﬁHm,ph = 4810 J ﬂt Trn.Pb = BDU K
Trn!F‘I:rD = 1159 K




In Figure 6.7a:

a represents the enthalpy of 1/2 mole of oxygen gas and 1 mole of Pb, at 298 K
(set = 0 by convention).

ab represents the variation of Hy,,, with temperature in the range 298 < T < 600 K,
where Hpy,), T is given by [1.¢,. pocs) dT.

ac represents the variation of H, 2) with temperature in the range 298 < T <

3000 K, where Hy,,, is given by £ J5¢5.0.0) dT-

ﬂd 15 ﬁHPh{]{j}I,EQEK = —219,000 J.

de represents the variation of Hp,,,, with temperature in the range 298 K < T <
1159 K, where Hpb{j[:jj_'r = —219,0{}04' J‘;:;-ECP,PI'JD[:}JT J.



In Figure 6.7b:

* a represents the enthalpy of 1/2 mole of O,,, and 1 mole of Pb,, at 298 K.
 frepresents the enthalpy of 1/2 mole of O,(,, and 1 mole of Pby,, at the temperature 7.
* g represents the enthalpy of 1 mole of PbO,,, at the temperature 7.



AH PbO.298 K

and thus,

where:

=AH(a — f)+AH(f — g)+AH (g —> d)

298

(1
= J (_CF,DEIg} + Cp Phis) ]dT + AHvpoor +J Cp.poosdT

298] 2 T

T
,ﬂHT :MQQE +J ﬂl‘:‘pdT

298

I

ﬂ.(,'p = ‘CPPT’D”} - Cp,F’h{.'i} o Ecﬁ'ﬂj (g)

From the data in Table 6.1,

Ac, =—0.7+14.96 x10°T +0.85x10°T



range of temperature from 298 to 600 K (T, pp):

T

AH;, =-219,000+ | (-0.7+14.96x107°T +0.85x10°T *)dT

208

=-219,000—0.7(T —298)+ 7.48 <107 (T* —298")

—0.85x10° L
T 298



T =500 K, this gives AHy, , = ~217.800 J.
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In Figure 6.7b, ajkl represents the variation of the enthalpy of 1 mole of Pb and 1/2
moles of O,,,, and hence, AHy- is calculated from the cycle



AHysx =AH(a—d)=AH(a— j)+AH(j —k)+AH(k —1)
+AH(l —e)+AH(e—g)+AH(g —d)

where:

208

) T ph l
AH(a — j)= [Cp_Phis} +Et“puz[ga ]ﬂT

AH(j — k) = the latent heat of melting of Pbat T, p, = 4810 ]

T 1
AH(k — 1) = {Cp_Phlh T = Cpoae) ]dT
T pp 2
ﬂH{l’i — E) = ﬂHT
Tin 1
AH(e — g)= . Cp.poosdT
208
AH(g — d)= Cp.poocsd1

Ton e



Thus,

I—I':'I.F'h'

1
ﬂHT - ﬂHEQEK + -LJE {f'p,Ph(}fn — Cp.Phis) —Ef'p.ﬂzig‘l r

T

1
—AH, py, +J. Cp.po0(s) — Cp.poity — —Cp.ose) [T
ﬂn.l"h 2

GO0
=-219,000 + j (—0.7+14.96x107° T +0.85x10°T)dT

208
T

— 4810+ | (-9.3+27.8x10°T+0.85%10°T)dT

GO0

AH 0 = —216,700 J at T’ = 1000 K,
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Figure 6.8 The variation, with temperature, of the enthalpy change for the reaction Pb +
1/20, = PbO.
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Figure 6.9 The effect of phase changes on AH for a chemical reaction.
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Kirchhoff’s law

Sty 28 Gy gaa Uy 40 L) (531 S pat gaby e 2 R e
AH] 8L j\é YL slad



Subtraction gives

or

(6.10)



and integrating from state 1 to state 2 gives

T
AHy, — AH, :J Ac,dT 6.11)

h



6.5 THE DEPENDENCE OF ENTROPY ON TEMPERATURE
AND THE THIRD LAW OF THERMODYNAMICS

AG =AH -TAS

[}
AH(Tg)—AH(T.)zj Ac,dT

Ti

_closed system reversible process

ds = v (3.8)
T




>

-

AS = S(T,.P)—S(T,.P) = %”dT 6.12)

h

area under a plot of ¢,/T" versus T

Te
ST=SO+j L 6.13)

0

S, 1s the molar entropy of the system at 0 K.
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[Le Chatelier in 1888:

2sad dzalaa 1y Gl 3T 550



1902. Richards (Theodore William Richards. 1868—1928)

for many reactions.
asT —0 % = JAH =()
oT ), o |,

1906. Nernst (Walther Hermann Nernst 1864—1941)
Nernst heat theorem.



chemical reaction at the constant  temperature T

AGT =S AHT —TAST

Slope = -ASa—p

- \,,——“" AGG.—)B

-
T, Vi \ T—
/
Ge =GB

.10 The variation of the change in the Gibbs free energy and the enthalpy for ¢
reaction with temperature. As the temperature approaches absolute zero, thei
values approach each other and their slopes approach 0.



But,

and thus.
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(0AG/IT ), and (0AH/OT ), approach zero as T — 0,

AS and Ac, approach zeroas T — 0



Ol by o
A+B=AB



Planck (Max Karl Ernst Ludwig Planck, 1858—194

entropy of any homogeneous substance

which 1s in complete internal equilibrium is zero at 0 K.

Nernst—Planck—Simon statement (Francis Simon, [893—1956) of the Third Law.



6.5.2 Apparent Contradictions to the Third Law of Thermodynamics

1. Glasses are noncrystalline solids

2. So-lutions are mixtures (;f atoms, ions, or- molecules,
3 mixtures of isotopes,
4. vacant lattice sites,

5. Random crystallographic orientation of molecules in the crystalline state



6.6 EXPERIMENTAL VERIFICATION OF THE THIRD LAW

o—p

AS[V - AS] . n ASH -+ AS"I

AS[V = 0'

AS][ - —(ASI + AS[]] )
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sulfur.,

368.5 _
AS, = J Ww =36.86 J/K

0
AS[[ - AHtrans — 400 = 109 J/K
T... 368.5

0 s
ASmJ. Cp(mo;,mh"m dT =-37.8 J/K

368.5

(AS; +ASm ) =—(36.86-37.8) =0.94 J/K
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Richards 1897
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el luSa L @ FCC 3 BCC sl ybalu o

This observation, which is known as Richards’s rule, indicates that the difference
between the degree of disorder in the liquid structure (due to configurational and
thermal entropy) and that in both the FCC and BCC crystal structures is approxi-
mately the same for FCC and BCC metals.



Trouton’s law (1836-1922)
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AH, =87T, —0.4 J/K
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re 6.14 An illustration of Trouton’s rule.
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igure 6.15 The variation, with temperature, of the entropies of Pb, Pby, PbO,, and
1/20,,), and the entropy change for the reaction Pb + 1/20, = PbO.

ASr =St pvo — Stpp —%sz very nearly equal to —1/2 57,



6.7 THE INFLUENCE OF PRESSURE ON ENTHALPY AND ENTROPY

dH:(a_H]rdP dH =TdS + VdP

dP

ERER
BEEE

{ir |

E)_H =-TaV+V=V(l-uoaT)
JP



)
AH:H(Pg.T)—H(P].T):J V(1 —oT)dP 6.14)
A



38 (3_51 =_(9_V)
— | dP

1)
AS = S(P.T)—S(P.T) = —J o VdP
A



ideal gas, since a = 1/T,

P
AS=—[ RdinP=-Rin[ 2 |=rIn[2
h P %



