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Chemical Equilibrium

‘Er A reaction which can go in the forward and backward direction simultaneously is
(2ED) called a Reversible reaction.
H,(g) +1,(g¢) =—— 2HI(g)
— — L+ - CH,COOH()) + C,H.OH (/) == CH,COOC,H, ()+H,0())
(s) == PCL(s)+CL(g)

CaCO4(s) == CaO(s)+CO,(g)

Forward reaction rate Equilibrium has been achieved
- when concentrations of reactants

Chemical equilibrium is a state in

and products stop changing
which the forward and reverse \
. . . Equilibrium attained o A+B l
reactions of a chemical reaction = (Reactants)
occur at equal rates, resultingina| ‘ E L
. I @
constant concentration of| £ o L .
. o
reactants and products over time. \ O (Product)

Reverse reaction rate

Time ——» Time —»



Chemical Equilibrium is Dynamic Equilibrium

Apparently it appears that the equilibrium is dead. But it is not so. The equilibrium is

dynamic. Actually, the forward and the reverse reactions are taking place at
equilibrium but the concentrations remain unchanged.

The dynamic nature of chemical equilibrium can be easily understood on the basis of the kinetic
molecular model using microscopic reversibility. The molecules of A and B in the equilibrium mixture

collide with each other to form C and D. Likewise C and D collide to give back A and B. The collisions of
molecules in a closed system is a ceaseless phenomenon.



Chemical Equilibrium

Nature/Features of Chemical Equilibrium

. Concentrations Concentrations
=  Constancy of concentrations constant constant
5 ’ 8 5
© ©
= Equilibrium can be initiated from either side g o g
S , S : HI
© E H2, |2 © E H2’ |2
= Equilibrium cannot be Attained in an Open Vessel i :
0 Time —» 0 Time —»

= A catalyst cannot change the equilibrium point

= Value of Equilibrium Constant does not depend upon the initial concentration of reactants

= At Equilibrium AG =0

Rate of reaction —»




Chemical Equilibrium

LAW OF MASS ACTION

The rate of a chemical reaction is proportional to the active masses of the reactants.
molar concentrations
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Here, the possibilities of collisions between the reacting molecules A and B are equal to the product of
the number of molecules of each species per unit volume.



Chemical Equilibrium

Since the rate of reaction is determined by molecular impacts, it is proportional to
moles per unit volume i.e., molar concentration

Rate of reaction « [A] [B]
=k [A] [B]



Equilibrium Constant : Equilibrium Law

Let us consider a general reaction
A+B —&— C+D

and let [A], [B], [C] and [D] represent the molar concenfrations of A, B, C and D at the equulibrium
point. According to the Law of Mass action.

Rate of forward reaction = [A][B] = k; [A] [B]
Rate of reverse reaction o [C][D] = k, [C][D]
where &, and k, are rate constants for the forward and reverse reactions.
At equuilibrum, rate of forward reaction = rate of reverse reaction.

Therefore,
ki[A][B] = Ky [C][D]
_ bk [C][D]
” kAl -




Equilibrium Constant : Equilibrium Law

Al any specific temperature Kk /k, 1s constant since both k&, and k, are constants. The ratio
k,/k, is called Equilibrium constant and is represented by the symbol K, or simply k. The subscript
‘¢’ indicates that the value 1s in terms of concentrations of reactants and products. The equation (1)
may be written as

[C][D] — Product concentrations

Equilibrium k=
constant ’ [A][B]

Reactant concentrations

This equation is known as the Equilibrium constant expression or Equilibrium law.



Equilibrium Constant : Equilibrium Law

Consider the reaction

Coefficient ﬁg A —C+D
of A

Here, the forward reaction 15 dependent on the collisions of each of two A molecules. Therefore,
for writing the equilibrium expression, each molecule 1s regarded as a separate entity i.e.,
A+A — C+D

Then the equilibrium constant expression 1s

[C][D] [C]ID]

ko= — z Power equal to
- | A][A] [A] coefficent of A
As a general rule, if there are two or more molecules of the same substance in the chemical
equation, its concentration is raised to the power equal to the numerical coefficient of the substance
in the equation.




Equilibrium Constant : Equilibrium Law

Equilibrium Constant Expression for a Reaction in General Terms

The general reaction may be written as
aA+bB —— cC+dD

where a, b, ¢ and d are numerical quotients of the substance, A, B, C and D respectively. The
equilibrium constant expression 1s

where K _1s the Equilibrium constant. The general definition of the equilibrium constant may thus be
stated as : the product of the equilibrium concentrations of the products divided by the product of the
equilibrium concentrations of the reactants, with each concentration term raised to a power equal
to the coeflicient of the substance in the balanced equation.



Equilibrium Constant : Equilibrium Law

Give the equilibrium constant expression for the reaction

N,(g) +3H, (g) == 2NH,(g)

Ngoj(g) — NOE(g)+OE (g)

CH, (¢) + H,O(g) =—=—= CO(g) + 3H,(g)



Equilibrium Constant : Equilibrium Law

EQUILIBRIUM CONSTANT EXPRESSION IN TERMS OF PARTIAL PRESSURES

When all the reactants and products are gases, we can also formulate the equilibrium constant
expression in terms of partial pressure. The relationship between the partial pressure (p) of any one
gas in the equilibrium mixture and the molar concentration follows from the general ideal gas equation

pV =nRT or pz(%} RT

n
The quantity v is the number of moles of the gas per unit volume and 1s simply the molar

concentration. Thus,

p = (Molar concentration) X RT

The partial pressure of a gas in eq. mixture is directly proportional to its molar concentration at a given temperature.



Equilibrium Constant : Equilibrium Law

Therefore, we can write the equilibrium constant expression in terms of partial pressure instead of molar

concentrations. For a general reaction

[L(g)+mM(g) —— yY(g)+74(g)
the equilibrium law or the equilibrium constant may be written as

K, = (Py ):I{Pz)a
(PL) (Pm)”

Here K, is the equilibrium constant, the subscript p referring to partial pressure. Partial pressures

are expressed in atmospheres.



Relationship Between K and K_

HOW K_AND K, ARE RELATED?

Let us consider a general reaction
JA+ kB —— [C+mD

where all reactants and products are gases. We can write the equilibrium constant expression in
terms of partial pressures as

[ m
K, = (Pc) (PD) (D)

(P )j (Ps )k

Assuming that all these gases constituting the equilibrium mixture obey the ideal gas equation,
the partial pressure (p) of a gas 1s

n
=| — [RT
r=(7)
n
Where v 1s the molar concentration. Thus the partial pressures of individual gases, A, B, C and
D are:
P, = [AIRT; pgy = [BIRT; p. = [CIRT; p, = [D]RT



Relationship Between K and K,

Substituting these values in equation (1), we have

K

or K

I (RT) [D]" (RT)"
AV (RT) [B]* (RT)"
CJ" [D]m ’ (RT)J'+m
AV [BY  (rRT)

Kp - K. x (RT)[Hm}-{jH:}

K, =K, x (RT)™

where An = (I +m) — (j + k), the difference in the sums of the coefficients for the gaseous products and

reactants.

From the expression (2) it 1s clear that when An =0, Kp =K.



Relationship Between K and K,

@ At 500°C, the reaction between N, and H, to form ammonia has K. = 6.0 x 1072. What is
the numerical value of K, for the reaction?

The value of K, at 25°C for the reaction 2NO(g) + Cl, (g) = 2NOCI(g) is 1.9 x 10° atm™.
Calculate the value of K_ at the same temperature.



Units of Equilibrium Constant

In the equilibrium expression for a particular reaction, the concentrations are given in units of
moles/litre or mol/L, and the partial pressure are given in atmospheres (atm). The units of K_and KF,
depend on the specific reaction.

(1) When the total number of moles of reactants and products are equal

In the equilibrium expression of these reactions, the concentration or pressure terms in the
numerator and denominator exactly cancel out. Thus K= or K for such a reaction is without units.

Taking example of the reaction
H,(g)+L(g) =—— 2HI(g)

[H1] (mol/L)’ -
= _ (No units)
[H,][I,]  (mol/L)(mol/L)
Pay)’ tm)’
(Bu)”  _ (atm) (No units)

? " (By,) (B,) (am) (atm)



Units of Equilibrium Constant

(2) When the total number of moles of the reactants and products are unequal

In such reactions K will have units (mol/litre)" and Kp will have units (atm)™ where n is equal
to the total number of moles of products minus the total number of moles of reactants. Thus for the
reaction

N,0,(g) == 2NO,(g)

B [N02 ]2 B (l'nﬂlafL)2 B

¢ [N,0,]  (molL) molL

B (PN03 )? _ (:‘:ltm)2
r (Py,0,) ~ (atm)
Thus units for K are mol/L and for K, units are atm. For the reaction

N,(g)+3H,(g) == 2NH;(g)
the units for K_ and K, may be found as follows
g o [NH] _ (molLy
C O INHE,] (mol/L)(molL)’

K

= mol ~ ?

_ (p NH, )2 _ (atm)z — atm2

’ (PNI)(PHIf (atm)(atm)’

Thus units of K_are mol2 L% and units of K , are atm 2.




Thermodynamic Derivation of Law of Chemical Equilibrium

Van’t Hoff reaction Isotherm

Let us consider a general reaction
aA+bB+... —— ¢cC+dD+ __
The chemical potential of a substance 1n a mixture 1s related to its activity by the expression
W=u*+RTr na (D

where 1° 1s the chemucal potential of the pure substance in standard state of umt activity, R 1s gas
constant and 7" the absolute temperature.

For @ mole of the substance A we can write using the equation (7)
an, =a(u*+RT Ina))
and sumilarly
bug = b(u*+RTnay)
cu, =c(p*+RTlna)
du, =d(u*+RTnap)



Thermodynamic Derivation of Law of Chemical Equilibrium

The change 1n free energy for the reaction 1s given by
AG = Gpmdun:ts B Gre&rtams
On substitution we get

AG =(cp, +dup+...) — (ap, +bug+....)
=[c{n°"+RTlna_}+d{p°y RTlnay}]
—[a{u°,+RTIna,} +b {u°; RTInag}]

at x a% x...
=[{cuc+dpe, + } —{ap°,+bp°, + . }]+RTln =2
' a% xag x...
o at x ab x...
AG=AG +RTIn ; (i)
a x ag x...

where AG® 15 the difference in free energy of the reaction when all reactants and products are in their
standard state_ It 1s given by

AG® = {cp °+dup®+ . }—{an,°+bpg°+ .}



Thermodynamic Derivation of Law of Chemical Equilibrium

In equation (77) the factor A given by

ﬂ'cr x EDHT o

a xag ..
stands for the reaction quotient of activities of the product and reactants. It may be denoted by J.
The equation (i7) becomes
AG = AG°+RTInJ .. (111)
The equation (i17) 15 called van’t Hoff reaction isotherm
For the reaction at equilibrium

AG =10
therefore, AG® =—RTInJ
al. x al x ...
or AG°=—-RTIn p
ay X ag x ..

As AG® 1s the free energy of the reaction in the standard state and 1s constant at a given
temperature.



Thermodynamic Derivation of Law of Chemical Equilibrium

Also, the gas constant R and T are constant, the factor

at x ad x ..

PR = a constant = K
4y Xdg X ...

It 1s nothing but the law of chemical equulibrium. Therefore, from equation (717) we have

AG® = —RTInK - ()
or AG® = -2303RTlogK .. (V)
The equation (7v) 15 also called van’t Hoff Isotherm. It may be used to calculate the change in
free energy of a reaction in the standard (AG®) from the equilibrium constant and vice-versa.
The sign of AG°indicates whether the forward or reverse reaction is spontaneous. Considering
the equation (7v), we can have three possibilities depending on the sign of AG® for the reaction.
(1) If AG°is negative, log K must be positive and the reaction proceeds spontaneously in the
forward reaction.
(2) If AG®is positive, log K must be negative and K 1s less than one. The reverse reaction 1s
then spontaneous.

(3) IfAG°=0,log K=0 and K=1. The reaction 1s at equilibrium.



Temperature Dependence of Equilibrium Constant

There 1s appreciable change in the value of equilibrium constant with change in temperature. It
can be determined thermodynamically using the relation

AG® = -RTInK, .1
where AG” 1s the change in standard free energy of the reaction.

Differentiating equation (i) w.r.t. at constant pressure P, we get

° dIn K
[a(‘ﬁg )J :—RanF—RT[ . *”J
P 2

oT oT
Multiplying both sides by 7, we get

° 0lnK
T[S(QG )] =—-RThhK, - RTE[ *”J
3T ), 3T/,

From equation (i) we get

T[a(a@)]ﬁ = AG" — er(a(ln K’”)]p ... (i)

oT oT




Temperature Dependence of Equilibrium Constant

We know that Gibb’s Helmholtz equation for a reaction in the standard state can be written as

ol AG
or T( ( )J =AG - AH® ... (iii)
5T ),

Comparing (ii) and (iii) we get
o(In K
T RTE[ ( F)J
P

or AH = S(IH K‘”) .. (iv)
RT* 8T

This equation is known as van’t Hoff equation, where AH° is the enthalpy change of the reaction at

constant pressure when all reactants and products are in their standard state.



Temperature Dependence of Equilibrium Constant

It has been found that the enthalpy change does not vary much with change in partial pressures of the
reactants or products.
Therefore, AH®° may be replaced by AH. The equation (iv) becomes,

AH d(InK
— ( P ) (V)
RT” dT
Integrating equation (v) we get

AH
InK,=-———+C
RT

__AH
2.303RT

or logK, = ... (vi)



Temperature Dependence of Equilibrium Constant

Van't Hoff equation

InK AHO C
nK,=——+
P RT

whereC = integration constant

Nz + Hz — ENH3 2HI = H: T IE

-"-.---
-

AH?

Slope = ———
ope

Exothermic reaction, AH = (—)ve Endothermic reaction, AH = (+)ve

Ky decreases with increase in temperature K, increases with increase in temperature.



Temperature Dependence of Equilibrium Constant

AH d(lnﬁfﬁ)

= (V)
RT dT
Integrating equation (v) within the limits K, at temperature I'yand K, at temperature 7',
K3 % AH
[ dmk, = [ —=ar
K, T RT
K, ﬁH{ | 1}
or In =——| = - =
K, R|T, T
_AH [ I ]
R |\T, T,
o Koo :aﬂrz—:r,] or log— K2 __AH {TE —:r,]
K;:-l R | 1T, K, 2303R| TT,

From this equation the heat of reaction can be determined if the values of equilibrium constant
Kp, and Kp, at temperature T, and T, are known and vice-versa.



1. The equilibrium constant for the reaction,
H, (9) + S (9) = H,S (9)
IS 20.2 atm at 945 °C and 9.21 atm at 1065 °C. Calculate the heat of reaction

2. The equilibrium constant, K, for the reaction

C,H, (9) + H, (9) = C,H¢ (9)
IS 5.04 x 1017 atm! at 25 °C. Calculate AG® for this reaction

3. The standard free energy change for the reaction,
N, (9) + O, (9) = 2NO (g) is +173.1 kJ. Calculate k, for the reaction at 25 °C.



HETEROGENEOUS EQUILIBRIA

Heterogeneous equilibria are chemical equilibria in which reactants and products are in different
phases, such as solid, liquid, or gas.

The decomposition of calcium carbonate upon heating to form calcium oxide and carbon dioxide is an
example of heterogeneous equilibrium. If the reaction is carried in a closed vessel, the following

equilibrium is established.

CaCO,(s) = CaO(s) + CO,(g) o,  ——t-Gas

| -Solid

When solid CaCO, is heated in a closed vessel at 900 °C, equilibrium is
established when the pressure of CO reaches 1.04 atm. =/ CaCO;+Ca0L "~




LE CHATELIER’S PRINCIPLE

When a stress is applied on a system in equilibrium, the system tends to adjust itself
so as to reduce the stress.

There are three ways in which the stress can be caused on a chemical equilibrium:

(I) Changing the concentration of a reactant or product.
(2) Changing the pressure (or volume) of the system.

(3) Changing the temperature.
Thus when applied to a chemical reaction in equilibrium,

If a change in concentration, pressure or temperature is caused to a chemical reaction in equilibrium,

the equilibrium will shift to the right or the left so as to minimize the change.



LE CHATELIER’S PRINCIPLE

A+B+—
ST— E— E—
T reactant temperature Tpressure
concentration v f . i
vor avors side wit
favors product endothermic Q
formation ekt el fewer molecules
product temperature l pressure
concentration cvors
vor : .
favors reactant & e Othermic & favors side with
formation reaction more molecules



LE CHATELIER’S PRINCIPLE

EFFECT OF A CHANGE IN CONCENTRATION

When concentration of any of the reactants or products is changed, the equilibrium shifts in a direction

so as to reduce the change in concentration that was made.

N,(g)+3H,(¢) =—— 2NH;(g)

@ The addition of an inert gas has no effect on the position of the equilibrium.

The addition of the inert gas increases the total pressure but the partial pressures of the reactants and

products are not changed.



LE CHATELIER’S PRINCIPLE

EFFECT OF A CHANGE IN PRESSURE
When pressure is increased on a gaseous equilibrium reaction, the equilibrium will shift in a direction

which tends to decrease the pressure.

System Pressure increased Pressure decreased
() N,0,=2NO, — —>
(2) PCl,=PClL;+Cl, «— —>
3) 2S0,+0,=280, —> —
4 N,+3H,=2NH, —> —
(5) H,+I,=2HI No effect No effect
6) N,+0,=2NO No effect No effect

@ The number of product molecules is equal to the number of reactant molecules are
unaffected by pressure changes.

H,(g) +1,(g) —— 2HI



LE CHATELIER’S PRINCIPLE

EFFECT OF CHANGE OF TEMPERATURE

When temperature of a reaction is increased, the equilibrium shifts in a direction in which heat is absorbed.

Temperature increased
Temperature increased (Heat added)

l (Heat added) l

A+ B —]— C + Heat
X +Y + Heat =——

<

Equilibrium shift — ,
Equilibrium Shift

Exothermic reaction Endothermic reaction



Synthesis of Ammonia (Haber Process)

The manufacture of ammonia by Haber process is represented by the equation
N,(g)+3H,(g) —— 2NH,(g)+ 22.0kcal

A look at the equation provides the following information:

(a) the reaction is exothermic

(b) the reaction proceeds with a decrease in the number of moles.

(I) Low temperature. By applying Le Chatelier’s principle, low temperature will shift the
equilibrium to the right. This gives greater yield of ammonia. In actual practice a temperature
of about 450°C 1s used when the percentage of ammonia in the equilibrium mixture is 15.

(2) High pressure. High pressure on the reaction at equilibrium favours the shift of the equilibrium
to the right. This is so because the forward reaction proceeds with a decrease in the number
of moles. A pressure of about 200 atmospheres is applied in practice.

(3) Catalyst. As already stated, low temperature is necessary for higher yield of ammonia. But
at relatively low temperatures, the rate of reaction 1s slow and the equilibrium is attained in
a long time. To increase the rate of reaction and thus quicken the attainment of equilibrium,
a catalyst 1s used. Finely divided iron containing molybdenum is employed in actual practice.
Molybdenum acts as a promoter that increases the life and efficiency of the catalyst.

Pure N, and H, gases are used in the process. Any impurities in the gases would poison the
catalyst and decrease its efficiency.



