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13.7: The Gibbs Free Energy of Formation and Equilibrium in Ideal Gas Reactions

In Section 13.6, we develop a relationship between the standard Gibbs free energy change for a reaction and the equilibrium
constant for that reaction. The standard Gibbs free energy change for a reaction is a specific quantity of energy, which depends only
on the temperature. In Chapter 11, we develop the Gibbs free energy of formation for a substance in its standard state. We assert
that it is convenient to set the Gibbs free energy of every substance in its standard state equal to its Gibbs free energy of formation.
Now we can see the reason: When we express the molar Gibbs free energy of an ideal gas as

— P
G4 (P4) =A;G° (A, P°)+ RTIn P—j‘)

Gy (P4) is the Gibbs free energy change for producing one mole of ideal gas A, at pressure Py, from the elements at the same
temperature. Because the Gibbs free energies of the reactants and products are measured from a common starting point, we can use
them to calculate the Gibbs free energy change for their reaction.

To demonstrate the role of our choice of the elements as the reference state for the Gibbs free energies of chemical substances, we

need only expand the Gibbs free energy cycle in Figure 4. In Figure 6, we introduce the Gibbs free energy change for producing the
separate components of the very large system.

A Ginitial) = (ny + a)G,(Py) + (ng + b)Gg(Pg) + ncGo(P) + npGp(Pp)

¥

(ng + a)A(P,) + (ng + B)B(Pg) + n:C(P;) + nyD(Py) {separate}

J:“rmzr‘geGmer'ge =0
{mixture} (n, +a)A(Py) + (ng + b)B(Pg) + neC(Pe) + npD(Pp)

AsepG(PAaPB:PCJPD) l ﬂrG(PAJPBJPC!PD)

ELEMENTS

{mixture} nuA(Py) +ngB(Pg) + (ne + c)C(Pe) + (np + d)D(Pp)
T llg1'|'ici'gre'G)"irm(I' =0

ngA(Py) + ngB(Pg) + (ng + €)C(P:) + (np + d)D(Pp) {separate}

AG(final) = n,G4(Py) + ngle(Pe) + (ng + )Ge(P) + (np + d)Gp(Pp)

Figure 6. Cycle demonstrating the relationship between A,.,G and A, G for the formation of reactants and products from their
constituent elements.

Computing the Gibbs free energy change in a clockwise direction around the cycle in which the elements are converted first to
isolated reactants, then to components of a large equilibrium system, then to separated products, and finally back to the elements,
we find

0 :AfG (zmtzal) + Amerge Ginitial
+ArG (PAa PB, P07 PD) +Ame'rge Gfinal +AfGy(flnal)

Since the partial pressures P4, Pp, Pc, and Pp characterize the system at equilibrium, A,G (P4, Pg, Pc, Pp)=0. Also,
Aperge Ginitial = Amerge G finat = 0, so the equation for the Gibbs free energy change around the cycle simplifies to

0 = AfG (initial) — AyG (final)

=aG4 (pa) +bGp (pB) — cGc (pc) —dGp (pp)
= a AfG° (4, P°)+b A;G° (B, P°) — cA;G (C, P°) — dA;G° (D, P°) + RT Inp?, + RT Inpb, — RT Inp,

—RT lnpdD

C nd

=—-A,G°—RTIn pcpf
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So that we have

Cc nd
A,G° = —RTIn @
Dybp
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To illustrate the application of these ideas, let us consider equilibrium in the oxidation of nitric oxide to nitrogen dioxide
2NO+0;=2NO0O,

At 800 K, the standard Gibbs free energy of formation of nitric oxide is +81.298 kJ mol™, and that of nitrogen dioxide is
+83.893 kJ mol~!. Hence, the standard Gibbs free energy change for the oxidation is +5,190 J mol™!, and the equilibrium
constant is

A, G°
R

Kp =exp (— ) =0.458

Suppose that one mole of NO, and one mole of O, are mixed, that the mixture is thermostated at 800 K, and that the applied
pressure remains constant at 10 bar while the reaction goes to equilibrium.

Let the number of moles of NO present at equilibrium be nyo. Then the moles of NO; and O, present at equilibrium are
nyo,=1-nyo and ng, =1+4+nyo/2. The partial pressures are Pyo=nnoRT/V, Pyo, =nno,RT/V, and
Pop, =no,RT/V , so that

(1-nno )?
2 (1 +nn0/2) (RT/V)

Kp =

The value of RT'/V depends on the total pressure; we have
P = Pyo+ Pyo, +Po, =(2+nn0/2) (RT/V) =10 bar
so that
RT 20

V - 4—|—nNO

and

2
1- 4
Kp—UZmwo) (d4nvo) _ o 4

1077%,0 (2 +nN0)

Solving, we find nyo = 0.388.
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