
CHEMICAL EQUILIBRIUM



• Most of the chemical reactions when carried out
in closed vessels do not go to completion.

• Under these conditions, a reaction starts by
itself or by initiation, continues for some time at
diminishing rates and ultimately appears to
stop.

• The reactants may still be present but they do
not appear to change into products any more.

• Thus, in a given time as much of the products
are formed as react back to give the reactants.

• The reaction in such condition is said to be in a
state of equilibrium



• The attainment of equilibrium can be recognized
by noting constancy of observable properties
such as pressure, concentration, density or
colour.

Law of Mass Action

• Gives the relationship between the quantities of
the reacting substances and the products
formed.

• The rate at which a substance reacts is
proportional to its active mass and the rate of a
reaction is directly proportional to the product
of the active masses of the reaction substances.



• Consider a general reversible chemical reaction

𝑎𝐴 + 𝑏𝐵 ⇌ 𝑚𝑀 + 𝑛𝑀

• Assuming that active masses are equivalent to
molar concentrations,

𝑟𝑓 ∝ 𝐴 𝑎 𝐵 𝑏 = 𝑘𝑓 𝐴 𝑎 𝐵 𝑏

𝑟𝑟 ∝ 𝑀 𝑚 𝑁 𝑛 = 𝑘𝑟 𝑀 𝑚 𝑁 𝑛

• 𝑘𝑓 and 𝑘𝑟 are proportionality constants.

• At equilibrium, the rate of the forward reaction is
equal to the rate of the reverse reaction, that is



𝑘𝑓 𝐴 𝑎 𝐵 𝑏 = 𝑘𝑟 𝑀 𝑚 𝑁 𝑛

𝑘𝑓

𝑘𝑟
= 𝑘𝑒𝑞 =

𝑀 𝑚 𝑁 𝑛

𝐴 𝑎 𝐵 𝑏

• 𝑘𝑒𝑞 is called the equilibrium constant

• The equilibrium concentrations can be written in
terms of activities (𝑎𝑖 ), partial pressures (𝑝𝑖 ),
molar concentrations (𝑐𝑖), or mole fraction (𝑥𝑖) of
the species involved in the reaction.



• Consider once again the general reversible
chemical reaction

𝑎𝐴 + 𝑏𝐵 ⇌ 𝑚𝑀 + 𝑛𝑀

• Where the reactants and products are assumed
to be gases

• The chemical potential (i.e. Gibbs free energy) of
the reactants consisting of 𝒂 moles of A and 𝒃
moles of B is given by the expression

𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 = 𝑎𝜇𝐴 + 𝑏𝜇𝐵
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• Where 𝜇𝐴 and 𝜇𝐵 are the chemical potentials of
A and B

• Similar, for the products we have

𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 𝑚𝜇𝑀 + 𝑛𝜇𝑛

• In each case, pressure and temperature are
constant

• The free energy of the reaction is equal to the
difference between the free energy of the
products and that of the reactants, that is,

Δ𝐺𝑟𝑥𝑛 = 𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡 − 𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡

= (𝑚𝜇𝑀+𝑛𝜇𝑛) − 𝑎𝜇𝐴 + 𝑏𝜇𝐵



• At equilibrium, the free energy change Δ𝐺 = 0 so
that,

(𝑚𝜇𝑀+𝑛𝜇𝑛) − 𝑎𝜇𝐴 + 𝑏𝜇𝐵 = 0

• The chemical potential of the ith species in the
gaseous is,

𝜇𝑖 = 𝜇𝑖
𝑜 + 𝑅𝑇 ln 𝑝𝑖

• Where 𝑝𝑖 is the partial pressure of the ith

component and 𝜇𝑖
𝑜 is its standard chemical

potential (i.e., when the partial pressure of the ith

component is unity)



• Therefore,

𝑚 𝜇𝑀
𝑜 + 𝑅𝑇 ln 𝑝𝑀 + 𝑛 𝜇𝑁

𝑜 + 𝑅𝑇 ln 𝑝𝑁 −

𝑎 𝜇𝐴
𝑜 + 𝑅𝑇 ln 𝑝𝐴 + 𝑏 𝜇𝐵

𝑜 + 𝑅𝑇 ln 𝑝𝐵 = 0

or

𝑅𝑇𝑙𝑛
𝑝𝑀

𝑚𝑝𝑁
𝑛

𝑝𝐴
𝑎𝑝𝐵

𝑏 = −[ 𝑚𝜇𝑀
𝑜 + 𝑛𝜇𝑁

𝑜 − 𝑎𝜇𝐴
𝑜 − 𝑏𝜇𝐵

𝑜 ]

= − 𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑜 − 𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

𝑜

= −Δ𝐺𝑟𝑥𝑛
𝑜



• or

(𝑝𝑀
𝑚𝑝𝑁

𝑛)

𝑝𝐴
𝑎𝑝𝐵

𝑏
= 𝑒

−Δ𝐺𝑜

𝑅𝑇

• Since Δ𝐺𝑜depends only on temperature and R is
the gas constant, hence the right hand side of the
equation at constant temperature. Thus,

𝑝𝑀
𝑚𝑝𝑁

𝑛

𝑝𝐴
𝑎𝑝𝐵

𝑏 = constant = 𝐾𝑝

• This equation is the law of chemical equilibrium



• If the chemical potentials of various species are 
expressed in terms of mole fractions ( 𝑥𝑖), then

𝜇𝑖 = 𝜇𝑖
𝑜 + 𝑅𝑇 ln 𝑥𝑖

• So  that

𝑥𝑀
𝑚𝑥𝑁

𝑛

𝑥𝐴
𝑎𝑥𝐵

𝑏 = 𝐾𝑥

• If the chemical potentials of various species are 
expressed in terms of mole fractions ( 𝑐𝑖), then

[𝑀]𝑚[𝑁]𝑛

[𝐴]𝑎[𝐵]𝑏
= 𝐾𝑐



• If the reactants and products are not ideal gases, 
then the thermodynamic equilibrium constant, 
𝐾𝑡ℎ, is defined as

𝐾 ≡ 𝐾𝑡ℎ =
𝑎𝑀

𝑚𝑎𝑁
𝑛

𝑎𝐴
𝑎𝑎𝐵

𝑏

• Where 𝑎𝑖s are the activities.

• For non-ideal, i.e., real gases

𝐾 ≡ 𝐾𝑓 =
𝑓𝑀

𝑚𝑓𝑁
𝑛

𝑓𝐴
𝑎𝑓𝐵

𝑏

Where 𝑓𝑖s are the fugacities.



• For a mixture of real gases,

𝛾𝑖 =
𝑓𝑖
𝑃𝑖

Or 

𝑓𝑖 =
𝛾𝑖

𝑃𝑖

• Where 𝛾𝑖s are the activity coefficients.

• Hence,

𝐾𝑓 =
𝑓𝑀

𝑚𝑓𝑁
𝑛

𝑓𝐴
𝑎𝑓𝐵

𝑏 =
𝛾𝑀

𝑚𝛾𝑁
𝑛

𝛾𝐴
𝑎𝛾𝐵

𝑏 𝑥
𝑃𝑀

𝑚𝑃𝑁
𝑛

𝑃𝐴
𝑎𝑃𝐵

𝑏 = 𝐾𝛾𝐾𝑓



Van’t Hoff reaction isotherm
• Since

𝑝𝑀
𝑚𝑝𝑁

𝑛

𝑝𝐴
𝑎𝑝𝐵

𝑏 = 𝐾𝑝 𝑎𝑛𝑑
𝑝𝑀

𝑚𝑝𝑁
𝑛

𝑝𝐴
𝑎𝑝𝐵

𝑏 = 𝑒
−Δ𝐺𝑜

𝑅𝑇

• It follows that

Δ𝐺𝑜 = −𝑅𝑇𝑙𝑛𝐾𝑝

• This equation is known as the van’t Hoff reaction
isotherm

• It is very important in that it permits the
calculation of 𝛥𝐺𝑜 of the reaction from the known
value of the equilibrium constant 𝐾𝑝 and vice-
verse



Distinction between 𝜟𝑮𝒐 and ∆𝑮

• 𝜟𝑮𝒐 is the difference in the free energy of
products and reactants when all of them are in
their standard state

• This does not refer to the actual reaction at
equilibrium

• ∆𝑮, however, refers to the difference in the free
energy of products and reactants at the actual
measured concentrations (or partial pressures) of
the components

• When ∆𝑮 = 0, the reaction is at equilibrium and
the concentrations (or partial pressures) of the
components are those which appear in the
equilibrium constant expression



Relations between 𝑲𝒑, 𝑲𝒄 and 𝑲𝒙

(a) 𝑲𝒑 𝒂𝒏𝒅 𝑲𝒙

• In an ideal gas mixture, each component obeys 
Dalton’s law of partial pressures

𝑃𝑖 = 𝑥𝑖𝑃𝑇

• For the general reaction

𝑎𝐴 + 𝑏𝐵 ⇌ 𝑚𝑀 + 𝑛𝑀

𝑃𝐴 = 𝑥𝐴𝑃𝑇, 𝑃𝐵 = 𝑥𝐵𝑃𝑇, 𝑃𝑀 = 𝑥𝑀𝑃𝑇, 𝑃𝑁 = 𝑥𝑁𝑃𝑇

And

𝐾𝑝 =
𝑃𝑀

𝑚𝑃𝑁
𝑛

𝑃𝐴
𝑎𝑃𝐵

𝑏 =
𝑥𝑀

𝑚𝑥𝑁
𝑛

𝑥𝐴
𝑎𝑥𝐵

𝑏 𝑃𝑇
𝑚+𝑛 −(𝑎+𝑏) = 𝐾𝑥(𝑃𝑇)∆𝑛



(b) 𝑲𝒑 𝒂𝒏𝒅 𝑲𝒄

• In an ideal gas mixture, 

𝑃𝑖𝑉 = 𝑛𝑖𝑅𝑇

• So that

𝑃𝑖 =
𝑛𝑖

𝑉
𝑅𝑇 = 𝑐𝑖𝑅𝑇

𝑃𝐴 = 𝑐𝐴𝑅𝑇, 𝑃𝐵 = 𝑐𝐵𝑅𝑇, 𝑃𝑀 = 𝑐𝑀𝑅𝑇, 𝑃𝑁 = 𝑐𝑁𝑅𝑇

• And

𝐾𝑃 =
𝑃𝑀

𝑚𝑃𝑁
𝑛

𝑃𝐴
𝑎𝑃𝐵

𝑏 =
𝑐𝑀

𝑚𝑐𝑁
𝑛

𝑐𝐴
𝑎𝑐𝐵

𝑏 𝑅𝑇 𝑚+𝑛 −(𝑎+𝑏) = 𝐾𝑐(𝑅𝑇)∆𝑛

• Hence
𝐾𝑃 = 𝐾𝑥(𝑃𝑇)∆𝑛= 𝐾𝑐 (𝑅𝑇)∆𝑛



DE DONDER’S TREATMENT OF 

CHEMICAL EQUILIBRIUM

• For simplicity, we shall discuss gas-phase 

reactions first.

• Consider the general gas phase reaction described 

by the balanced equation

𝜈𝐴𝐴 𝑔 + 𝜈𝐵𝐵 (𝑔) ⇌ 𝜈𝑌𝑌 (𝑔) + 𝜈𝑍𝑍 (𝑔)

• We define a quantity 𝜉, called the extent of 

reaction, such that the number of moles of the 

reactants and products are given by;



𝑛𝐴 = 𝑛𝐴,𝑜 − 𝜈𝐴𝜉

𝑛𝐵 = 𝑛𝐵,𝑜 − 𝜈𝐵𝜉

𝑛𝑌 = 𝑛𝑌,𝑜 + 𝜈𝑌𝜉

𝑛𝑍 = 𝑛𝑍,𝑜 + 𝜈𝑍𝜉

or

𝑛𝑖 = 𝑛𝑖,𝑜 + 𝜈𝑖𝜉

𝑛𝑖,𝑜 = initial number of moles

𝜈𝑖 = 𝑠𝑡𝑜𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑡, 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒
𝑓𝑜𝑟 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡s, 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑓𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝜉 = 𝑒𝑥𝑡𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑑𝑛𝑖 = 𝜈𝑖𝑑𝜉



• Now let's consider a system containing
reactants and products at constant T and P.

• The Gibbs energy for this multi component
system is a function of T, P, 𝑛𝐴, 𝑛𝐵, 𝑛𝑌, and 𝑛𝑍

• which we can express mathematically as:

𝐺 = 𝐺 𝑇, 𝑃, 𝑛𝐴, 𝑛𝐵, 𝑛𝑌, 𝑛𝑍

• The total derivative of G is given by:



𝑑𝐺 =
𝜕𝐺

𝜕𝑇
𝑃,𝑛𝑗

𝑑𝑇 +
𝜕𝐺

𝜕𝑃
𝑃,𝑛𝑗

𝑑𝑃

+
𝜕𝐺

𝜕𝑛𝐴 𝑇𝑃,𝑛𝑗⇎𝐴

𝑑𝑛𝐴 +
𝜕𝐺

𝜕𝑛𝐵 𝑇𝑃,𝑛𝑗⇎𝐵

𝑑𝑛𝐵

+
𝜕𝐺

𝜕𝑛𝑌 𝑇𝑃,𝑛𝑗⇎𝑌

𝑑𝑛𝑌 +
𝜕𝐺

𝜕𝑛𝑍 𝑇𝑃,𝑛𝑗⇎𝑍

𝑑𝑛𝑍

• where the subscript 𝑛𝑗 in the first two partial

derivatives stands for 𝑛𝐴, 𝑛𝐵, 𝑛𝑌, and 𝑛𝑍



• But;

𝜕𝐺

𝜕𝑇
𝑃

= −𝑆 𝑎𝑛𝑑
𝜕𝐺

𝜕𝑃
𝑇

= 𝑉

• Therefore;

𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑃 + 𝜇𝐴𝑑𝑛𝐴 + 𝜇𝐵𝑑𝑛𝐵 + 𝜇𝑌𝑑𝑛𝑌

+𝜇𝑍𝑑𝑛𝑍

• Where,

𝜇𝐴 =
𝜕𝐺

𝜕𝑛𝐴 𝑇𝑃, 𝑛𝐵, 𝑛𝑌, 𝑛𝑍

= 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙



• The fundamental of thermodynamics is given by

𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑃 +  𝜇𝑖𝑑𝑛𝑖

• At constant temperature and pressure

𝑑𝐺 𝑇,𝑃 =  𝜇𝑖𝑑𝑛𝑖

• But 

𝑑𝑛𝑖 = 𝜈𝑖𝑑𝜉

• Hence,

𝑑𝐺 𝑇,𝑃 =  

𝑖=1

𝑁

𝜇𝑖 𝜈𝑖𝑑𝜉



• Or

𝑑𝐺

𝑑𝜉
𝑇,𝑃

=  

𝑖=1

𝑁

𝜇𝑖 𝜈𝑖

• Denoting the right side by Δ𝐺𝑟𝑥𝑛, so that

𝑑𝐺

𝑑𝜉
𝑇,𝑃

=  

𝑖=1

𝑁

𝜇𝑖 𝜈𝑖 = Δ𝐺𝑟𝑥𝑛

𝑑𝐺

𝑑𝜉
𝑇,𝑃

= 𝜈𝑌𝜇𝑌 + 𝜈𝑍𝜇𝑍 − 𝜈𝐴𝜇𝐴 − 𝜈𝐵𝜇𝐵 = Δ𝐺𝑟𝑥𝑛

• Δ𝐺𝑟𝑥𝑛 is defined as the change in Gibbs energy 
when the extent of reaction changes by one mole. 



• A spontaneous process at constant T and P 

corresponds to dG < 0. If the forward reaction is 

spontaneous, dξ > 0 and

𝑑𝐺

𝑑𝜉
𝑇,𝑃

< 0 (forward rxn spontaneous)

• If the reverse reaction is spontaneous, dξ < 0 and

𝑑𝐺

𝑑𝜉
𝑇,𝑃

> 0 (reverse rxn spontaneous)

• If the equilibrium state has been attained, there is 
no tendency for the reaction to proceed, and dG = 
0, so that



𝑑𝐺

𝑑𝜉
𝑇,𝑃

= 

𝑖

𝜇𝑖 𝜈𝑖 = 0 (equilibrium)

• The situation is as represented in the Figure ,
with a smooth minimum in G at the equilibrium
value of ξ.

• A system in any non-equilibrium state will
spontaneously react to approach the
equilibrium state at the minimum in the curve
representing G as a function of ξ, beginning
from either side of the minimum.





• The chemical potential of a general substance i
in terms of its activity 𝑎𝑖

𝜇𝑖 = 𝜇𝑖
𝑜 + 𝑅𝑇𝑙𝑛 𝑎𝑖

• Where 𝜇𝑖
𝑜is the chemical potential of substance i

in whatever standard state applies.

• The rate of change of the Gibbs energy per mole 
of reaction is now expressed in terms of 
activities:

𝑑𝐺

𝑑𝜉
𝑇,𝑃

=  

𝑖=1

𝑁

𝜈𝑖𝜇𝑖
𝑜 + 𝑅𝑇  

𝑖=1

𝑁

𝜈𝑖𝑙𝑛 𝑎𝑖



• If it is possible to maintain all of the reactants and
products in their standard states, all activities are
equal to unity.

• The second sum in the right-hand side of Eq.
vanishes and the change in G for 1 mole of
reaction is

Δ𝐺𝑜 =  
𝑜

1

 {
𝑑𝐺

𝑑𝜉
𝑇,𝑃

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑠𝑡𝑎𝑡𝑒

} 𝑑𝜉

=  
𝑜

1

 

𝑖=1

𝑁

𝜈𝑖𝜇𝑖
𝑜 𝑑𝜉 =  

𝑖=1

𝑁

𝜈𝑖𝜇𝑖
𝑜  

𝑜

1

𝑑𝜉



• so that for 1 mole of reaction

Δ𝐺𝑜 =  

𝑖=1

𝑁

𝜈𝑖𝜇𝑖
𝑜

• It follows that so that for 1 mole of reaction

𝑑𝐺

𝑑𝜉
𝑇,𝑃

= ∆𝐺𝑟𝑥𝑛 =  

𝑖=1

𝑁

𝜈𝑖𝜇𝑖
𝑜 + 𝑅𝑇  

𝑖=1

𝑁

𝜈𝑖𝑙𝑛 𝑎𝑖

• Becomes

∆𝐺𝑟𝑥𝑛 = Δ𝐺𝑜 + 𝑅𝑇  

𝑖=1

𝑁

𝜈𝑖𝑙𝑛 𝑎𝑖



• Or

∆𝐺𝑟𝑥𝑛 = Δ𝐺𝑜 + 𝑅𝑇𝑙𝑛𝑄

• Where

𝑄 =
𝑎𝑌

𝜈𝑌 𝑎𝑍
𝜈𝑍

𝑎𝐴
𝜈𝐴 𝑎𝐵

𝜈𝐵
=  

𝑖=1

𝑁

𝑎𝑖
𝜈𝑌

Δ𝐺𝑟𝑥𝑛 = Δ𝐺𝑟𝑥𝑛
𝑜 + 𝑅𝑇𝑙𝑛  

𝑖=1

𝑁

𝑎𝑖
𝜈𝑌



• As we can see from this equation, is the change
in Gibbs energy for the reaction when the
activities of reactants and products are all unity.

• In other words, Δ𝐺𝑜 is the change in Gibbs
energy when separate reactants in their
standard states their standard states. ∆𝐺𝑟𝑥𝑛 is
the change in the Gibbs energy in a specified
reaction when separated reactants at specified
activities are converted to separated products at
specified activities.



• The product in the last term is much like an
equilibrium constant, except that the activities
of reactants and products can have any values
we want.

• This product of activities is called the and is
represented by Q:

𝑄 =  

𝑖=1

𝑁

𝑎𝑖
𝜈𝑌

• So that

∆𝐺𝑟𝑥𝑛 = Δ𝐺𝑜 + 𝑅𝑇𝑙𝑛𝑄



• This equation gives the change in Gibbs energy
for a specified chemical reaction when the
reactants and products have activities 𝑎𝑖, so it
can be used to test for spontaneity in the
forward direction (∆Gr < 0) or backward
direction (∆Gr > 0).

• Dividing the Gibbs energy (dG = dH - TdS) by dξ

∆𝐺𝑟𝑥𝑛 =
𝑑𝐺

𝑑𝜉
𝑇,𝑃

=
𝑑𝐺

𝑑𝜉
𝑇,𝑃

+ 𝑇
𝑑𝐺

𝑑𝜉
𝑇,𝑃

∆𝐺𝑟𝑥𝑛 = ∆𝐻𝑟 − 𝑇∆𝑆𝑟



Gibbs energy of the reaction

• The fundamental of thermodynamics is

Δ𝐺𝑟𝑥𝑛 = Δ𝐺𝑟𝑥𝑛
𝑜 + 𝑅𝑇𝑙𝑛

𝑎𝑌
𝜈𝑌 𝑎𝑍

𝜈𝑍

𝑎𝐴
𝜈𝐴 𝑎𝐵

𝜈𝐵

• The reaction quotient now expressed in terms of 

activities, 𝑎𝐴

• Activity expressions are to be defined as we look 

at

a) Chemical equilibrium

b) Electrochemical equilibrium

c) Acid-Base equilibrium





EQUILIBRIUM CONDITION

• At equilibrium, ∆Gr= 0

• So that the equation

Δ𝐺𝑟𝑥𝑛 = Δ𝐺𝑟𝑥𝑛
𝑜 + 𝑅𝑇𝑙𝑛

𝑎𝑌
𝜈𝑌 𝑎𝑍

𝜈𝑍

𝑎𝐴
𝜈𝐴 𝑎𝐵

𝜈𝐵

• Becomes

Δ𝐺𝑟𝑥𝑛
𝑜 = −𝑅𝑇𝑙𝑛

𝑎𝑌
𝜈𝑌 𝑎𝑍

𝜈𝑍

𝑎𝐴
𝜈𝐴 𝑎𝐵

𝜈𝐵

• Or
Δ𝐺𝑟𝑥𝑛

𝑜 = −𝑅𝑇𝑙𝑛𝐾𝑒𝑞

𝐾𝑒𝑞 = equilibrium constant



Thermodynamic Kinetic Comment

∆G < 0 unstable Reaction favourable

∆G = 0 stable Reaction can proceed if 

kinetic factor (e.g. T, P, 

catalyst) are changed

∆G > 0 stable Reaction not favourable

Thermodynamic stability and Kinetic 

stability of a chemical reaction


