Equilibrium Constant and Free Energy

Chemical equilibrium is the state of a reversible chemical reaction in which the rates of the forward
and reverse reactions become equal. At equilibrium, the concentrations of the reactants and products
remain constant with time. However, the forward and reverse reactions continue simultaneously, so

chemical equilibrium is dynamic in nature.

| Equilibrium Constant

Consider the general reversible reaction:

aA + bB+=cC + dD

According to the law of mass action, the rate of the forward reaction is proportional to the product of
the concentrations of the reactants, each raised to the power of its stoichiometric coefficient.
Therefore,

Similarly, the rate of the reverse reaction is:

"y = kb[C]C[D]d

At equilibrium, the rates of the forward and reverse reactions are equal:
T f — T b
Therefore,
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Rearranging this equation gives:
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At a fixed temperature, kf and kb have constant values. Therefore, their ratio is also

constant. This constant is called the equilibrium constant.

Thus, for the reaction CLA _I_ bB# CO —I— dD

K’ . i

The subscript C indicates that the equilibrium constant is expressed in terms of concentration.

I Equilibrium Constant in Terms of Partial Pressure

For gaseous reactions, the equilibrium constant may be expressed in terms of the partial pressures of
the reacting gases. For the reaction

aA(g) + bB(g)=cC(g) + dD(g)

the pressure equilibrium constant is:




Here, 2 A 2 B Z c and Z _D are the equilibrium partial pressures of the

respective gases.

I Relation Between K, and K,

The relation between the pressure and concentration equilibrium constants can be derived using the
ideal gas equation.

For an ideal gas:

PV =nRT

Dividing both sides by ‘ /o

Since n / ‘f represents molar concentration:

P= CRT

Therefore, for the individual gases:

.U
||
=

T 0
[
Qo W
3
~



Substituting the pressure-concentration relation:
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The concentration term is z g

C :

o _ laroy

Also,

Therefore:

An
Kp — KC(R]—)

| Thermodynamic Equilibrium Constant

The most fundamental form of the equilibrium constant is expressed in terms of the activities of the
reacting species. For the reaction

aA + bB+=cC + dD

the thermodynamic equilibrium constant is:

c . d
K — a’OaD
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Here, a , a , a and a/ represent the activities of the respective
A B *C D
species.

For an ideal gas, the activity is defined relative to the standard pressure:
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where PO is the standard pressure.

I Gibbs Free Energy

The thermodynamic condition for chemical equilibrium is conveniently described using Gibbs free

energy. Gibbs free energy is defined as:

G=H-1T1S

For a chemical reaction:

AG = AH —TAS

At constant temperature and pressure, a system tends towards a state of lower Gibbs free energy.
The reaction proceeds until the equilibrium state is reached.

At equilibrium, there is no net thermodynamic driving force for the reaction. Therefore:

AG =0

I Chemical Potential and Gibbs Free Energy

To obtain the thermodynamic relationship between Gibbs free energy and the equilibrium constant,
we use the concept of chemical potential.

The chemical potential of a component is defined as its partial molar Gibbs free energy:
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For an ideal system, the chemical potential is related to activity by:

p, = p. + Rl'lna,
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Here, l,l/ .

is the standard chemical potential and a Z‘ is the activity of the component.
l

I Thermodynamic Derivation

Consider the reaction:

aA + bB+=cC + dD

The Gibbs free-energy change of the reaction is equal to the sum of the chemical potentials of the
products minus the sum of the chemical potentials of the reactants:

AG = cp, +du, —ap, —buy

Substituting

p, = p, + Rl'lna,

for each species:

AG = c(pg, + RTnag) + d(pj, + RTInap) — a(p + RTnay) — b(py, + RTInag)

Expanding the terms:



AG = cpl, +dps) — ap —buy, + RI(clnag +dnap —alna, —blnag)

The standard chemical-potential terms represent the standard Gibbs free-energy change:

AG” = cp, +dp;, — ap’, — bug,

Therefore:

AG = AG® + RT(¢clnay+ dlnap —alnay, —blnag)

Using the logarithmic relation

nlnx = Inx™

the logarithmic terms can be combined:
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AG = AG" + RTIn
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The expression inside the logarithm is the reaction quotient Q . Therefore:

AG = AG + RTInQ

I Derivation of the Relation Between AG° and K

At equilibrium, the activities of the reactants and products have their equilibrium values. Therefore,

the reaction quotient becomes equal to the equilibrium constant:

Q=K

At equilibrium, the Gibbs free-energy change of the net reaction is zero:



AG =0

Starting from:

AG = AG" + RTInQ
i Q = K

0=AG + RTIn K

RTIn K = —AG®
AG" = —RTIn K

InK = 2.303 log K

the equation can also be written as:

AG" = —2.303RTlog K

I Significance of the Relation

The equation



AG° = —RTlhnh K

shows that the equilibrium constant has a direct thermodynamic significance.

When:

K>1

then:

AG" <0

and the equilibrium composition is relatively product-rich.

When:

K <1

then:

AG" >0

and the equilibrium composition is relatively reactant-rich.

When:

K=1
AG" =0

| Relation Between AG, Q and K

The actual Gibbs free-energy change can be related directly to the reaction quotient and equilibrium
constant.



We have:

AG = AG” + RTInQ

AG" = —RThh K

Substituting:

AG = —RTIn K + RTIn Q

Therefore:

AG = RT(In Q — In K)

(@
In(Q) —In K = In (I_()

B Q
AG = RTn (I_()

If:



Q< K

then:

AG <0

and the forward reaction is thermodynamically favoured.

If:

Q> K

then:

AG >0

for the forward reaction, and the reverse direction is favoured.

If:
then:

AG =0

and the system is at equilibrium.

I Important Equations

For the general reaction:

aA + bB+=cC+ dD

the important equations are:
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AG = AG" + RTInQ

AG" = —RTIn K
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I Summary

The equilibrium constant describes the composition of a reversible chemical system at equilibrium.
For gaseous reactions, the concentration and pressure equilibrium constants are related through the
ideal gas equation. The thermodynamic treatment is based on chemical potential and activity. From
the relation between chemical potential and activity, the Gibbs free-energy equation is obtained as

AG — AGD —|— RT]HQ At equilibrium,

Q p— Z S and A G — O , giving the important thermodynamic relation
O
AG — R Z ].I]. B . Thus, the equilibrium constant and Gibbs

free energy are directly related.



