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EXAMPLE 9.3 Derive the relationship between mole
and the extent of reactions.

"‘2"0"‘22

2 =
Vij =V, the sum of the
be ertten as
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For the first reacti

For the second reac
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The mole fractions are ¢
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is given by [see Eq (7.36)] o
dGy, p = ZH; dr; ""E R
'* A p, is the chemical potential of component i. For the 1
the form . ,,‘|
dG;. p = ML dny, + ﬂM-an + Uy @
F By Eq. (9.2) dn: = v; dg, so that the above equation becor |
BT, (£.)y &5 T T
dGr p = (WLt + Vv + Vala +

= (Ipy, + mity — apts — bi

where — a, — b, [ and m are the stoichiometric numbers which @
for the reactants and € is the extent of reaction. In general, fo |

system, we can write Eq. (9.13) as .

.
5

Since the process is occurring at equilibrium condlﬂgn%
II
dGr p = T .

h
or

‘:‘F '
zﬂin"«.—-“'? +

This is the criterion of equilibrium for chemical r¢

Eq. (9.11), this criterion means i

(I, + mpty) — (@ A T

*
The left-hand side of Eq. (9.16) is the free energy chang;
under equilibrium conditions. Hence, AG = 0
The physical significance of the criterion ¢
Consider a simple chemical reaction equilibrium:
change in the number of moles of A = — d€ and ¢

This equation can be written in the followilna_ form

-l -
£ 3

- Equation 9.1

- extent of p,, 8) gives the slope of the cur

Ction as in Fig. 9.1, =
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direction of decreasi

and the backward reas

is zero. This occurs
equilibrium. The com

the minimum is the e
titerion of equilibri ‘
CUr at the equilibrium
©lin chemical equilibs
SeTey myst decrease a

J EQUILIBRIUM

Onsidey the

chemical re;

,t~ “Quilibriy conse K
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B oo

A Textbook of chemical Engmaeﬂn‘g‘:
£9~19) can also be written as
' fi

tandard state chosen is the pure €0
us systems, the s 0 _ 1 and Eq. (9.20) redgagg

the fugacity 15 unity. Therefore, /i L
K=1'I(f,~)"‘ =Kf :J
equilibrium constant in terms of the fugacity ¢
numerically

where Ky is an

solids, the equi
pot unity. B
Another equilibrium constant which 18 frequently used in

m constant in terms of partial pressures.
i 'Jw

K,= n@,)"” |

component in a gas.v”
Eq. (9.21) can be w

librium constant K and Ky are not

the equilibriu

Using the relation that fugacity of a
coefficient and the partial pressure,

K= Kf T n@;ipi)

Vi =T

we can write Eq. (9:23) as

Denoting T1(;)"" by K¢
K=Ks=K

This relationship is applicable for gaseous systex’iis*

K, =1 and Eq. (9.24) leads to VR
{ iR

K= Kf=

The numerical value of the equilibrium cons!
equation. Consider the decomposition of water v

the following equation:
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us, it is seen th
with the nume

o4 EQUILIBF

rical reaction represented

(9.16)

(o its fugacity in | e reaction mixture is related

o (9.26)

Suppose that 2 ‘ n_aay be called the standard state,

the free energy

‘ },“j 9.27)

i 2 eaising : ature in the standard state is the
Wm Eq (9.26) using Eq. (9.27) as,

same as that in

(9.28)

-I:'I.ll” !
ess the chemlcal potenual of all the

where a; is the act
components as in Eg'

(9.29)

| I

Wﬂﬂm*"’[;'_"
%a“ag

, ﬂ.nu' e

B . &

i h W ﬁ‘- 4
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e ()f Sta ] h ] o
owed in tHS = : 8
it uations, as S requires only tht;
any $ y. The temperature 1 i
the ite; ord state € for a substance 18
S a O i

hosen

F éuses as has been pointed out earlier, thf: stan
or , @t ; g )
. temperature of the reaction and at .unlt fuga&cuy‘

il ideal gas at this condition. For 1

the gas behaves as an .
pressure approaches | bar and AG? can be easily evi

K; and Eq. (9.31) becomes
AG® = —RT ]

The standard state of unit fugacity may not be conve
solutions. By convention, the standard state chosen :
4 the case may be, at a pressure Of 1 bar (or 1 2

temperature of the reaction.
9.4.2 Feasibility of a Reaction

lj“rom the values of standard free energy change, WI -all

feasibility of a chemical reaction, which will be: ef
be worthwhile to have some idea about whethér
search for catalysts and other conditions necess:
thermodynamically feasible, there is no point i
Investigation on improving the rate of reaction. f
a [en/-;ny reaction starting with pure reactants 1 :

5 ¢ncy to proceed to some extent, thougt
1€ equilibrium constant which, 1 \ ‘_)“gh '

gives the necessary infor ol iy
decomolior s mation on the the
apour to hydrogen and o

temperature

and pressur,

e. F o
constant for the reaction om the valueiiy

HzO |

' ™~ 18 found tg pe )
Vapour ig mﬁnitesimally :I?I?ll‘lit lt 4 1¢4°
at equili
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9.5 Device a S€i

ELLWPLE

™ als

the reactants and the prod

yhen . o
‘ hese series of StEPS &GE8

calculated for t
Solution  The free energy ché

gandard state are converted to produ

convenient path.
Let us assume

in Fig. 9.2.

Initial state:
pure reactants in their
standard stgte with
fugacities f, and f:

Pure reactants with
lugacities f, andj_“B

f“gaf:iﬁes faandfg |

m 1

equilibrium

the following computat on:
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Note that the parti
energy, by virtue o
but not on the equilil
Species present in

The Standard free enér
ag ®nthalpy of individy
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b 4 Tetbook of Chamical Engineerna THemE

decreases as the reaction temperature increases.'Altemauvz]‘:‘g: for : f. | :
equilibrium constant will increase with increase in tempera‘g by
If AH?, the standard heat of reaction, 18 constant, Eq. (9.36) on

x A (L i
1 g

K,
stant values at temperatures T and?’

may be used to evaluate the equilibrium constant with good results
The equation is exact if is independent of tergpera@e, A 1
interpolation or extrapolation of equilibrium constant 15 provided by plot
of temperature, which leads to a straight line z.accord.mg to Eq. ( 7)
The variation of the standard heat of reaction yvxth temperature m
the molal heat capacities of the various species taking part in the react
of temperature. Suppose that the specific heats at constant pressure :

function in 7.

K and K| are the equilibrium con

C),,=0c+[3T+}/I‘2
standard heat of reaction may

between the given initial and
en these terminal states for

ard heat at temperature Ty, AHy

Then the effect of temperature on the
heat of reaction is the enthalpy change
by devising any convenient path betwe
ily available. Assume that the stand
lculate the standard heat at temperature y§

A 1(

al reaction occurring at temperature T for which the hea

yccurring along the three paths as depicted in Fig. 9.3. ".‘

Reactants at
temperature T

at T, AHy 2

Enthalpy of cooling o il
the reactants, AH, 3

Reactants at

temperature T 18
- 4 : Standard heat of reaction E :
at T], AH2 —

f estimating the standard heat of reaction at temg

m from temperature 7 to Tl' The ent

4 CP.i dT: z
‘" Reactants ¥T;

T

rature 7'y, '.‘-'"

ith
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The constants appearing
% that we have 1
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The difference i
Eq. (9.53) also &

The Gibbs free energ:

given by Eq. (9.54)
10 give the stand arc

i“ﬁng that the enth:
i.i, we get the f
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