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Chemical Equilibrium

+¢*Conditions For Thermodynamic Equilibrium:

A system is said to be under thermodynamic equilibrium when it fulfill the following

three main criteria—
(i) Thermal equilibrium: The temperature at all parts of the system will remain

fixed & unchanged.
(ii) Chemical equilibrium: Chemical composition will remain fixed & unchanged,

i.e. there will be no chemical reaction within the system.
(iii) Mechanical equilibrium: There will be no unbalanced forced between the

different parts of the system & also between the system & its adjacent
surroundings.

+Extent of a Reaction:

Extent of a reaction is a quantity that measures the extent in which the reaction

proceeds. It is usually denoted by €.
Consider the reaction,
A =B
Suppose an infinitesimal amount d¢ of the reactant A changes into B. The change of
the amount of A can be represented by the equation dny, = —d¢ & the change of B

isdng = +d¢.
The extent of the reaction is then defined as,
dnl-
dé = —
Ui

where n; denotes the amount of the i —th reactant & v; is the stoichiometric
coefficient.

*»*Variation of Free Energy with §:

Variation of change in Gibbs reaction energy (A,G) with the extent of reaction or

degree of advancement is given by the expression,
aG
AG = (?)P,T

s*Relation Between Ky, K & Ky:

Here, Kp = Equilibrium constant in terms of partial pressure.

K. = Equilibrium constant in terms of partial concentration.
Ky = Equilibrium constant in terms of mole fraction.
Let us consider a general reaction,

aA+bB = cC+dD

Email: prithwirajsasmal@gmail.com Page 1




©Prithwiraj Sasmal (Chemical Equilibrium) (SEM 3H)

Relation between Kp & K,-:

_ PEX P}
- PAx PP
For nmole ideal gas,
n
PV = nRT,Or,P = (V) RT = CRT
n n
[() RT1° x [(37) RT)*
n n
[(7) RT1e x [(37) RTT?
_[céxcs
e x ek
= K. x (RT)™"

where An = number of moles of product — number of moles of reactant.
Relation between Kp & K., :

We know, Partial pressure = Total pressure X Mole fraction. So,

We know, Kp

NOW, KP =

% (RT) (c+d)—(a+b)

P, =P Xx,

Pgp = P X xp

Pc =P X x¢

P, =P X xp
Now, KP=M
Pit X Py

(xc.P)¢ X (xp.P)®
~ (x4 P)% X (x5.P)P
x& X x&
x§ X xb
= K, X PA"

X (P)(c+d)—(a+b)

» Derive the relation between Kp & K.
Follow above topic
» Derive the relation between K, & K, of a chemical reaction.
We know for n mole of ideal gas —
Kp = K. X (RT)*" & Kp = K, X PA"
So we can write,
K; X (RT)* = K, x PA"
Or, K¢ = Ko (P/pp)™™ = K, V=47
» Establish the relation between Kp & K for the following reaction:

1
50,(g) + 502(9) 2 505(9)

Here,An =1 (1 + 1) __12
ere,An = 5) =73
We know,  Kp = K. X (RT)*"
1

= K, x (RT)2
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» Establish the relation between Kp & K- for the following reaction:
2N0,(g) 2 N;0.(9)
Here,An=1-2=-1
We know,  Kp = K. X (RT)*"
=K, X (RT)™?
» Prove that for an ideal gas reaction —

We know Kp = K, PA"
or, K, = KpP~"
Or,InK, = InK, — AninP

dink An
Or,( n x/ap) =-7 (proved)

» For N,0,(g) = 2NO,(g), by what factor would the value of Kp change if the
standard state were taken to be 0.5 bar instead of 1 bar?
We can write —

_ (Pno,/P®)* _ Pfo,
P (szzo4) Py, 0, P°

PO
Ko _PD_ 1 _
— = e~ = — =
Ker B 1,
07”, KPZ = 2KP1

» Does the equilibrium constant of a chemical reaction depend on : (i) Standard state
chosen for the reactants & products. & (ii) Stoichiometric representation of the
reaction?

(i) Let for N,0,(g) = 2N0O,(g), the standard state was taken to be 0.5 bar instead
of 1 bar, then—
_ (szoz/PO)2 _ PI\ZIOZ
P (PN204> - PN204 PO

PO
Kp, P 1
So,-22="Lt=_—" =7
Ker B 1/,
OT', KPZ = 2KP1

So, the equilibrium constant of a chemical reaction depend on Standard state chosen
for the reactants & products.
(i) Equilibrium constant of a reaction depends on the stoichiometry of the reaction.
Equilibrium constant of a reaction can’t be determined unless it is accompanied by a
balanced chemical equation. For example—

N, + 3H, - 2NH;

_ (Pun,/P)?
= (Py,/P%)(Py, /PO)?

SO,KP1
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Now, dividing the both sides of the above equation by 2 —
1 3
_NZ + _HZ d NH3

2 2
~ (Pun,/P%)
(Py,/P®)Y/%(Py,/P°)3/2
Hence, Kp, # Kp,, ie, equilibrium constant of a reaction depends on the

So,Kp,

stoichiometry of the reaction.
» How are the kp, at a particular temperature, for the following two cases related to
each other?
N, + 3H, - 2NH;

1 3
ENZ +§H2 d NH3

For first reaction,

(Pyu,/P°)*

£ = O, TP (B PO

For 2" reaction,

A (Pys,/P°)
o (Pr,/POYY (Py, /P2
(P /PO
O, (Kp,)" = (Py,/P%)(Py,/P%)® Ke,

Hence, Kp, = (Kp,)*.

» Kp is always dimensionless, is a function of temperature but is independent of
pressure for a ideal gas reaction equilibrium — explain.
Since in the expression of Kp, each term is ratio of two pressure, so it is
dimensionless.
Kp is a function of temperature because in an exothermic reaction with increase of
temperature equilibrium will be shifted to backward direction whereas in
endothermic reaction equilibrium will be shifted to forward direction.
But pressure only effects the equilibrium conditions and not the value of Kp because
partial pressures are so adjusted to provide the same value of Kp at the same
temperature. So, Kp is independent of P for a ideal gas reaction equilibrium.

+*Chemical Potential of an Ideal Gas:

We know,

dG = VdP — SdT = VdP (at constant T)

2
or,AG =G, — G, :deP

1
Applying this for n mole of ideal gas (PV = nRT), we get —
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P,
G, — Gy = nRTlnP—1

01", Ho — U4 = RT In—

If we now choose our standard state as the gas 1 atmosphere (u; = u° at P, =
latm), we get,

P
py = u® +RTIn (TZ)
In general we can write,

0 P;
Wi = U + RT In ﬁ

++*Van’t Hoff Reaction Isotherm:

Let us consider a general reaction,
aA+bB = IL +mM
where all the gases are ideal & kept at temperature T & pressure P.

Now, AG = Z GprOduct - z Greactant

Or,AGpr = (L, + muy) — (apy + bug)

P
Now, sushtituting p; = p + RT In (ﬁ)

P, Py
AGpr = [l (ML + RTlnﬁ) +m (,uM + RTlnE)]

fofet - rrnge) o i o)
( 506)' X ( o)™
( )“X(
( )l><( "

( 5)% X ( )P
Or,  AGpr =AG, +RTInQ,

(B )’x(ﬁ—%)m
(EAya x (Byp

The above equation is known as van’t Hoff reaction isotherm.

= [(Apf + mugy) — (apl + bud)] + RT In

= AG2, + RTIn

wher Qp = is pressure quotient of the reaction.

Under equilibrium condition, AGpr = 0, so,

AG%P + RT ln[QP]equilibrium
OT'AG%P = —RT In[Qp]equitibrium = —RT InKp
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**Van’t Hoff Equation in terms of K p:
AG® = —RT InK,

AG° 1\ [AG°®
So,InKp = = (ﬁ) =~ (z) <T>
d 1\[d [(AG°
or, g7 tnke) = = () LTT <T>l
According to Gibb’s — Helmholtz equation —
d (AG° AH®
252
d AH® AH®
So. gpnkp) == <_ RT2> - <RT2>
dInKp AH®
ot )
a(r)
Here AH® is standard enthalpy change of the reaction.
Assumption: Here AH? is assumed to be independent of given temperature limit

T, &T,.
Integrated form:

2
AH® [dT

2
,’-danPZT ﬁ
1 1

Kp, AH® /11 1
Or,In <K_p1> ZT(T_l_ T_z
AH® /T, — T,
) T( T,T, )
i For endothermic reaction, AH = +ve, then —
In <&> =+ ve,so0,Kp, > Kp
KP1 2 1
It means that equilibrium constant increases with increase in temperature.

iil. For exothermic reaction, AH = —ve, then —
Kp,
In E = —ve,s0,Kp, < Kp,
1

It means that equilibrium constant decreases with increase in temperature.
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+*Van’t Hoff Equation in terms of K ,:

We know, Kp = K. (RT)"
So,InKp =InK; + AnlnR + AnInT
dinKp dinK; An

o= ="ar T T

(AH)_danC+An
"\g72z) T Tar T
0 danC_(AH) An
Tar T \RTZ) T

We know, AH = AU + AnRT
So,AU = AH — AnRT
Comparing these two equations,
dinK, AH—AnRT AU
dT  RT2Z _ RTZ
For standard state,
din K, AU°
dT ~ RT?
Assumption: Here AU° is assumed to be independent of given temperature limit
T, &T,.
Integrated form:

2 2
fdlnl( = A—UO d—T
¢ R JT?
1 1
Ke, AU /1 1
OT,III(K—Cl) :T(T_l_ T_Z
AU® (T, — T,
- T( T,T, )
» Write the vant Hoff’s equation related to chemical equilibrium & temperature.
din Kp AH®
ar <RT2>

Here AH® is standard enthalpy change of the reaction.
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