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Learning Objectives for today’s lecture

e At the end of this week’s lecture, you should
be able to:

— Describe the concept of reaction coordinates as it
applies to chemical reactions.

— Describe and determine the expression between
mole fractions of the components in a chemical
reaction and the extent of reactions for both
single and multiple reactions.

— Explain and derive the criteria for chemical
reaction equilibrium.
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INTRODUCTION TO CHEMICAL REACTION
EOUILIBRIA

= The design and operation of reaction equipment requires the
versatility of Chemical Engineers with the thermodynamics and
kinetics of chemical reactions.

= Thermodynamics predicts the equilibrium conversion that would be
achieved in a chemical reaction and also the effect of operating
conditions on it,

» whereas the kinetics deals with the rate or speed with which the
desired conversion is attained in practice.

= Thermodynamic analysis can also give information about the
feasibility of chemical reactions.

= The progress and extent of a chemical reaction are affected by
changes in the reaction conditions like temperature, pressure,
composition of the reactants, etc.

» The influence of these controllable variables on the thermodynamics
of reaction, or on the equilibrium conversion, in some situation may
be in conflict with the influence of these variables on the kinetics of
the reaction.
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INTRODUCTION TO CHEMICAL REACTION =
EQUILIBRIA

= Thus, both kinetics (the rate) and thermodynamics (the equilibrium)
of the reaction must be considered in the choice of reaction
conditions in the commercial process for any chemical reaction.

= Equilibrium conversion of a reaction sets a limit and provides a goal
by which we measure improvement in the process.
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* The generalized representation of a chemical reaction is given by
0 = Z V,'A!'
i

. 8-1
= where A is the chemical symbol for the various species taking
part in the reaction and n is the stoichiometric number.
= Consider the reaction
. 2A+ 3B — L + 2M
= This is a special case of the general form of Eq. (8-1), with n, =1,
ny,=2,n,=—2,and ng =-3.
» The stoichiometric numbers are positive for products, negative for
reactants and zero for inert species.
» |n the general form, this reaction may be represented as
. O=L+2M-2A-3B
= The changes in the number of moles of various species taking part in
the reaction are in direct proportion to their stoichiometric numbers.
= Let An, denote the change in the number of moles of component |
due to the reaction.
= For one mole of A disappearing in the reaction
= An,=-1, Anp =-1.5, An, = 0.5 and An,, =
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Any, Ang Ang  Any

Va VB VL VM

= For differential amounts of the species, the above result can be
written as

= \We see that

dn, dng dn. dny
VoA Vs VL Ym

» For the thermodynamic analysis of chemical reactions the concept of
‘extent of reaction,” also called ‘reaction coordinate’ is useful.

» [tis denoted by e.

= The reaction coordinate measures the progress of a reaction and is
defined as the degree to which a reaction has advanced.

» [t has the advantage that the change in the extent of reaction de is
the same for each component, whereas the changes in the number
of moles are different for different species taking part in the reaction.

» The extent of reaction and the number of moles taking part in the

reaction are related as  dn;
= de dn; = v; de
. V, or i — Vi 8-2
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U For the initial state of the system, that is, before the reaction, the
value of € is zero.

U To derive the relationship between the mole fraction of the
components taking part in the reaction and the extent of the reaction.

4 Let n,;, be the number of moles of the species initially present in the
system and n, the number of moles present after the reaction.

4 Then n, = ng, + An,
d where An, is the change in the number of moles of i due to the
reaction.

U Integration of Eq. (8-2) yields

E‘
An,-=v,-j' de =v; &
0

d Therefore,
Q n; = njg + Vi€ 8-3
O The mole fraction of component i in the reaction mixture is vy,
n; My + Vi€ N + Vi€
a Yi = = 8-4

=Z‘.n,- —Zn,-o+82v,- Ny + EV

dwhere nyg =), n;pand v = ) v;
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A gas mixture containing 2 moles nitrogen, 7 moles hydrogen and 1 mole
ammonia initially, is undergoing the following reaction:

N, +3H, — ~ 2NH,
Derive expressions for the mole fractions of various components in the reaction
mixture in terms of the extent of reaction.

Solution
Equations (8-3) and (8-4) relate the mole fraction of various constituents in the
system to the extent of reaction.

So, no=2n,-0=2+7+l=10
and v=2Xv,=2-1-3=-2
(a) For mole fraction of N,,
y _Mp ot VN8 2-¢
2 Ny + EV 10 - 2¢
(b) For mole fraction of H,
Py, 0t Ve, & 7-3¢
e ny + EV 10 - 2¢
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(c) For mole fraction of NH,
PNH,0 + VN, E _ 1+ 2€

INH; = ny + €V 10 - 2¢

0 MULTIPLE REACTION

 Also relationship between mole fraction of species and the extent of reactions
can be develop for species in multiple reactions.

O When two or more reactions occur simultaneously, the number of moles of
each component changes because of several reactions.

O Equation (8-2) can be modified as

0 dﬂi 2% V"’j dEJ 5.5

O where v; ; is the stoichiometric number for species i in the jth reaction and g;

IS the extent of this reaction.
O Eq.8-3 is also modified to account for the multiple reactions, and the number
of moles of | after the reaction is

N B | 8-6
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O The total number of moles is obtained by summing the number of moles of
individual species.

n= Zn,o + ZZV, GEj =Ny + Z_'.(Z_Zv,-,j)ej
Jj\i

O Let }; v; ; = v;, the sum of the stoichiometric numbers in the jth reaction.

O Then the above equation can be written as

J
U The mole fraction of component | in the mixture is
. ntO + z sz “J
== _
d no ony+ Zj‘. VE; 8-8
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EXAMIPLE o

A gas mixture containing 3 mol CO,, 5 mol H, and 1 mol water is
undergoing the following reactions:

CO, + 3H,——CH;0OH + H,0

CO,+H,— CO +H,0O
Develop expressions for the mole fraction of the species in terms of the
extent of reaction.

Solution The total moles initially present,
Nnp=3+5+1=9
For the first reaction,
n=—1-3+1+1=-2
For the second reaction,
n=—1-1+1+1=0
The mole fractions are calculated using Eq. (8-8)
For CO,

9

3+ xEg+ (=) XE _3-&-8&
Lets do for the remaining.
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Solution -
Similarly, for H,: Vi, = 5-3¢ - ¢,
- 9 - 281 ’
For CH,OH: y S
3OR. CH1OH —
3 9 - 2¢,
l+& +¢€
For H,0: Yo =~ 128 =
— 2&
__ &
For CO: Yeo = 9 - 2¢,

CHE 415 — CHEMICAL ENGINEERING THERMODYNAMICS II



*n“:"“"'-‘@_’
Department of Chemical Engineering, LMU :"':;‘"’ lﬂ““f:‘,,_%

3 Y

2, L

CRITERIA OF CHEMICAL REACTION EQUILIBRIUM "

a

L 000

U

DO

At constant temperature and pressure, the transfer of materials from
one phase to another under equilibrium is found to occur with no
change in the free energy.
Stated mathematically, ,
dGy p =0 8-9

This criterion is quite general and not restricted to physical
transformations alone.
Similarly, when a chemical reaction occurs at equilibrium there is no
change in the Gibbs free energy of the system, provided the change
IS taking place at constant temperature and pressure.
Consider a closed system in which a chemical reaction represented
by the following general equation has been allowed to reach a state
of equilibrium at a given temperature and pressure.

aA+bB—— IL + mM 8-10
An infinitesimal change is allowed to occur in the system whereby the
number of moles of various species change.
The increments in the number of moles are dnA, dnB, dnL and dnM
for components A, B, L and M respectively.
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CRITERIA OF CHEMICAL REACTION EQUILIBRIUM

a

oo

DO

The free energy change for the process occurring at constant temperature
and pressure is given by
-
dGy p = ZLu; dn, 8.11

where mi is the chemical potential of component i.
For the reaction under consideration, Eq. 8-11 takes the form

dGr p = H dny + Ly dny + Up dny + Ug dng
By Eq.8-2, dn; = v;de so that the above equation becomes
dGr,p = (MLl + Vmlim + Valla + Valip) dE 8-12
= (luy + mpyy — als — bug) de

where — a, — b, | and m are the stoichiometric numbers which are positive for
products and negative for the reactants and e is the extent of reaction.
In general, for an infinitesimal change in a reacting system, we can write Eq.

8-12as dG;'!p - Z H!‘VI‘ de
Since the process is occurring at equilibrium conditions, EqQ.8-9 should be
satisfied so that dG}‘p - wv; de = 0
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CRITERIA OF CHEMICAL REACTION EQUILIBRIUM =

2y =0

Q This is the criterion of equilibrium for chemical reactions.
O For the present reaction given by 8-10, this criterion means that

(Iuy, + mny) — (aup + bug) = 0

O The left-hand side of Eq. 8-15 is the free energy change dG accompanying
the complete reaction under equilibrium conditions.
O Hence, dG = 0 under equilibrium.
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