CHEMICAL EQUILIBRIUM
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* 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,

1y o [A]9[B]? = k;[A]*[B]"

1 o« [M][N]" = Kk [M]™[N]"

* kr and k,. are proportionality constants.

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



ke MmN
~ fea = Ta]a[BP

* keq is called the equilibrium constant

* The equilibrium concentrations can be written in
terms of activities (a;), partial pressures (p;),
molar concentrations (c;), or mole fraction (x;) of
the species involved in the reaction.



EQUILIBRIUM EXPRESSION FROM
THERMODYNAMIC PRINCIPLES

* 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 = Ala + blp



* Where u, and ug are the chemical potentials of
A and B

 Similar, for the products we have
Gproduct = MUy + nyy

*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,

Aern — Gproduct _ Greactant

= (muy+nu,) — (auy + bug)



* At equilibrium, the free energy change AG = 0 so
that,

(muy+nu,) — (apus + bug) =0

* The chemical potential of the it" species in the
gaseous Is,

ui = i + RT Inp;

* Where p; is the partial pressure of the it
component and u{ is its standard chemical
potential (i.e., when the partial pressure of the it"
component is unity)



* Therefore,

m(uy + RT Inpy) +n(uy + RT Inpy)] —

a(u§ + RTInp,) + b(ug + RT Inpg)] = 0

or
p}\’fllpl?f _ 0] o o o

RTIn|—— | = —[(mug; + nugR) — (apg — bug)]
PaPB

o (Gproducts 'reactants)
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*or

m.n —AG°
(PAZPJ;/) _ e( =T )
(PAPB)
* Since AG°depends only on temperature and R is

the gas constant, hence the right hand side of the
equation at constant temperature. Thus,

Dy PN

PIDF

— constant = Kp

* This equation is the law of chemical equilibrium



* If the chemical potentials of various species are
expressed in terms of mole fractions ( x;), then

u; = u + RT In x;
* So that

XM XN
— Kx

a..b

X4 XB

* If the chemical potentials of various species are
expressed in terms of mole fractions ( ¢;), then

[M]™[N]"
[A]4[B]>




* If the reactants and products are not ideal gases,
then the thermodynamic equilibrium constant,
Ky, is defined as
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* Where a;s are the activities.
* For non-ideal, i.e., real gases

fu v
anfBb

Where f;s are the fugacities.



* For a mixture of real gases,
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* Where y;s are the activity coefficients.
* Hence,
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Van’t Hoff reaction isotherm
* Since

m.,.n m..n —AGP°
plng =K, and plng = e( RT )
PAPgB PaPB

* |t follows that

AG° = —RTInK,

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

It is very important in that it permits the
calculation of AG° of the reaction from the known
value of the equilibrium constant K, and vice-
verse



Distinction between 4¢° and AG

e AG° is the difference in the free energy of
products and reactants when all of them are in
their standard state

e This does not refer to the actual reaction at
equilibrium

* AG, 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 AG = 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 K, K. and K,
(a) K, and K,

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

P; = x; Py
* For the general reaction

aA + bB = mM + nM

Py = x4Pr, Pg = xgPr, Pyy = X3P, Py = XN Pr
And

pmph Xirx
Kp = I\Zl Il\)’ =( M g)p (m+n)—(a+b) _ Kx(PT)An
Py Pg X4 Xp



(b) K,and K,

* |n an ideal gas mixture,

PiV = TllRT
e So that

P, = (%) RT = ¢;RT

PA — CART, PB — CBRT, PM — CMRT, PN — CNRT
* And

Py Py (6‘7\?63
Kp —_ —_

~ PAPE \ c@ch

. )RT(m+n)—(a+b) — KC(RT)An
CACB

* Hence
Kp = Kx(PT)An: K. (RT)M



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

v4A(g) +vgB (g) = wY (9) + vzZ (9)

* \We define a quantity &, called the extent of
reaction, such that the number of moles of the
reactants and products are given by;



or

Ng = Nygo —
Np = Npo —
Ny = Ny
Ny = Nz,
ng = Nnjo

V4§
Vpé

Vy$
Vz$

1419

n; , = initial number of moles

v; = stochiometric coef ficent,negative
for reactants, positive for products
¢ = extent of the reaction

dTli = Vi df



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 ny, ng, ny, and n,
which we can express mathematically as:

G =G(T,P,ny, ng, ny, ny,)

The total derivative of G is given by:



4G — (f”G) iT
-~ \oT
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* where the subscript n; in the first two partial
derivatives stands for n,, ng, ny, and n,
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* Therefore;

dG = —SdT + VdP + ,LlAdnA + ,LlenB + ,Llydny

Hzdng
 Where,
G _ _
Uy = (—) = chemical potential
5nA
TP, ng,ny,ny



The fundamental of thermodynamics is given by

dG = —SdT + VdP + Z udn,

At constant temperature and pressure
(dG)T,P = 2 uidn;

But
dni = Vi d€

Hence,

N
(dG)T,P — Z u; vidé
i=1



e Or

(@) - S

=1

* Denoting the right side by AG,.,,,, 50O that

w; v; = AG
(dé)TP 2 L "1 rxn

=1
adG
d_f = VyUy + Vzlz —Valig —Vplp = AGyyy
T P

* AG,.,,, 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, d& > 0 and

dG
(d_§> <0 (forward rxn spontaneous)
T,P

* |f the reverse reaction is spontaneous, d¢ < 0 and

(d—G> > (0 (reverse rxn spontaneous)

ds T,P

* |f the equilibrium state has been attained, there is
no tendency for the reaction to proceed, and dG =

0, so that



dG Z
_ — u; v; = 0 (equilibrium
<d€>1p i Vi (eq )

i
* The situation is as represented in the Figure ,

with a smooth minimum in G at the equilibrium
value of &.

e 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 ¢, beginning
from either side of the minimum.
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Figure 7.1 The Gibbs Energy of a
Reacting System as a Function of
the Progress Variable.



* The chemical potential of a general substance i
in terms of its activity a;

u; = ui + RTIn a;

* Where u?'is 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:

N N
dG
— =Zviu? +RTZviln a;
d¢ .
T,P 1=1

1=1



* |f 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 Eqg.
vanishes and the change in G for 1 mole of

reaction is

a6 = | 1{(d—6) } de
0 d€ T,P

standard state

1 N N 1
=f zviﬂgdst:zviﬂff 3
O i=1 i=1 0

i —




e so that for 1 mole of reaction

N

AGO = ) vipf

=1

e |t follows that so that for 1 mole of reaction
N N

dG
(d_) = AGyypy = 2 viui + RTz v;ln q;
$)rp i=1

1=1

* Becomes

N
AGrpy = AG°P + RTZ v;ln q;
i=1



e Or
AG,,,, = AG® + RTInQ

e Where
(@) (a)"? T
_ Y Z _ Vy
° = @) aCag)s 1_1[“
N

AGyy, = AGS,,, + RTIn 1_[ a;”
=1



* 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, AG® is the change in Gibbs
energy when separate reactants in their
standard states their standard states. AG,.,, 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:

N
— Vy
=[]
=1

AG,.., = AG° + RTInQ

e So that



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

* Dividing the Gibbs energy (dG = dH - TdS) by d¢

6 =(),, = @), " (@)
e d€ T,P B d€ T,P df T,P

AG,,, = AH,. — TAS,



Gibbs energy of the reaction

* The fundamental of thermodynamics Is

(ay)VY(az)'z
(ag)va(ag)VE

* The reaction quotient now expressed in terms of
activities, a4

* Activity expressions are to be defined as we look
al
a) Chemical equilibrium
b) Electrochemical equilibrium
c) Acid-Base equilibrium

AG,... = AGS,, + RTIn



Gibbs energy, G

Extent of reaction,



EQUILIBRIUM CONDITION
* At equilibrium, AG =0
* So that the equation

(ay)'Y(az)Vz
AG = AGS,.., + RTI
rxXn rxXn n (CI,A)VA (ClB)vB
* Becomes
av)'Y(a,)Vz
N _RTln( y) Y (az)
(ag)VA(ag)vsB

e Or
AGP,,, = —RTaneq

K., = equilibrium constant



Thermodynamic stability and Kinetic
stability of a chemical reaction

Thermodynamic |Kinetic |Comment

AG <0 unstable |Reaction favourable

AG =0 stable Reaction can proceed if
Kinetic factor (e.q. T, P,
catalyst) are changed

AG>0 stable  |Reaction not favourable




