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Reaction Equilibrium

For the general chemical reaction,

νAA + νBB←→ νCC + νDD

The differential form for the Gibbs free energy at constant T and p,

dG = µAdNA + µBdNB + µCdNC + µDdND

NA is number of moles of A.
When reaction extent is introduced, ξ,

G(ξ) = (1− ξ)νAµA + (1− ξ)νBµB + ξνCµC + ξνDµD

proceed to

G(ξ) = νAµA + νBµB + ξ
(
νCµC + νDµD − νAµA − νBµB

)
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Reaction Equilibrium

Let
∆G = G(1)−G(0)

then
G(ξ) = G(0) + ξ∆G

and

dNA = −νAdξ dNB = −νBdξ dNC = +νCdξ dND = +νDdξ

then
dG =

(
νCµC + νDµD − νAµA − νBµB

)
dξ = ∆Gdξ

therefore, (
∂G

∂ξ

)
T,p

= ∆G
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Reaction Equilibrium

The driving force for the chemical reaction is given by

D = −
(
∂G

∂ξ

)
T,p

= −∆G

the chemical potential is

µi = µ◦
i +RT ln ai

then

∆G =
(
νCµ

◦
C + νDµ

◦
D
)
−
(
νAµ

◦
A + νBµ

◦
B
)
+RT ln

aνC
C aνD

D
aνA

A aνB
B

Kunok (KHU) Thermodynamics November 4, 2024 6 / 16



Reaction Equilibrium

With definition

∆G◦ =
(
νCµ

◦
C + νDµ

◦
D
)
−
(
νAµ

◦
A + νBµ

◦
B
)

∆Cp =
(
νCcC + νDcD

)
−
(
νAcA + νBcB

)
K =

aνC
C aνD

D
aνA

A aνB
B

then
∆G = ∆G◦ +RT lnK

By definition
∆G◦ = ∆H◦ − T∆S◦

then

∆H◦ = ∆H◦
298K +

∫ T

298K
∆CpdT

∆S◦ = ∆S◦
298K +

∫ T

298K

∆Cp

T
dT
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Reaction Equilibrium

For constant ∆Cp, then

∆G◦ = a+ bT + cT lnT
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Ellingham Diagram

Consider an oxidation reaction,

2M(s) + O2(g) = 2MO(s)

where M is assumed to be a metal with valence of +2 in the oxide.
We have

∆H◦ = 2H◦
MO − 2H◦

M −H◦
O2

∆S◦ = 2S◦
MO − 2S◦

M − S◦
O2
≃ −S◦

O2
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Ellingham Diagram

From the relation,
∆G◦ = ∆H◦ − T∆S◦

Therefore the y intersect is ∆H◦ and the slope is −∆S◦ ≃ S◦
O2

.

Kunok (KHU) Thermodynamics November 4, 2024 11 / 16



Ellingham Diagram

For an oxidation reaction at equilibrium

∆G = 0 = ∆G◦ +RT ln
a2MO
a2MaO2

assume M and MO are pure solid,

∆G = 0 = ∆G◦ +RT ln
1

pO2

therefore,
∆G◦ = RT ln pO2
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Ellingham Diagram

Schematic construction of Ellingham diagram of Pb and Ca.
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Oxygen Scale

We can establish a pO2 scale on the diagram to represent the variation
of partial pressure of oxygen with temperature. The slope of the line
below is

R ln pO2

therefore, we can estimate that

10−30 < pO2 < 10−10
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Oxygen Scale

Therefore, we can estimate the equilibrium temperature Te at given
pressure pO2 .
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