che

(ll sign and operntion,

Ilng.,lnccl'mg prol 8 88ic
ile with the thermody

eulmhlnmm conversion
oper ating
Lonversion 18 attained in p
fuasibility of chemical re
The progress and exte
Jike temperature, pren re,

methanol from carbon MONOXI(
waction are affected by cha
monoxide and hydrogen 1 th
hermodynamics of reaction 3

may be in conflict with the:
be illustrated by consic M"

ulphur trioxide, The rateé f

of rate alone it is better to O

the equilibrium conversion 1€

onversion is above 90%

belu-.r than the equilibr

M0l attainable in practice ¥
bc“ that can be expe .
Proposed new >rOC f

.mical process n. Ar
|1| pm(llltt\ Such tran .‘ |

¢ conditions on it, w “3. _
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He mole fractifl

here ng = ) ?:.
of the stoichiometr:

YAMPLE 92 Ag
initially, is underg

1
§LAEN

(a) Derive express
in terms of the
(b) Explain how

Solution (a) Equs
ystem to the extent Of
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d as the fracnonal'

al conversion can be treate
aif TaomE

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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the follo ng r

A
" s

pevelop expressig

Solution The

ol
I

For the first reacti

For the second reac

']
-

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
" and the produets
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£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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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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Assuming that act
reaction at 317 K

Solution ~ Sin:
fraction of i-butane

‘
.

9 -

-‘

Equation (9.31) gives:
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ge and equilibrium ¢

EXAMPLE 9.9 Estimate the standard free energy chan

the reaction
) + 3Hy (8) 7 2NHj3 (g)

free energy of forma
ly. The specific heat |

N; (g

d standard
i t th standard heat of formation an
%;eg(ﬂtl: be — . _ 46,100 J/mol and —16,500 J/mol respective

given below as function of temperature (K):
Cp = 2720+ 493 X 10T for Ny
-1 for Hy

G - 27.01 +3.51 x 10
Cp —2975+2511><103T for NH;

Solution The standard heat of reaction and standard free energy of )
estimated in Example 9. 7 3
AH® = — 92,200 J/mol; AG? = —33,000 J/mol

Also,
x 29.75 — 2727 = 3 %2101 = —48.8

Ao=2
-3x351)x103—3476x'

AB= (2 x 2511 — 493

Equation (9.46) gives B

92,200 = AH’ — 48.8T + 17.38 X 1075
_ AH' — 48.8 x 298 + 17.38 x 10
= K s

. AH' = —7.9201 x 10*. Equation (9.48) gives

=

_ 33000 =AH — AT In T - %B-TZ — ART
— _7.9201 x 10* + 48.8 x 298 x In 298 — 17.38 X 1078

g = 2105 — 2477.57 A
herefore, A = 14.169. Substitute AH’ and A into Eq. (9.47) and Ex

79201 488 1738 x 1073
nkK = - bAen e 4
e R InT + T T + 14.14

AG® = —79.201 + 488 T In T — 17.38 x 10°T

put T = 700 K in the above equations. Equation (9.58) glves ]
AG° 53,607 J/mol.

EX M1 LE 9.10 Evaluate the equilibrium constant at 609 K
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AGn _ 1= 530
600 o
= 76.4267

from Eq. (9.31), "
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~rielical Reaction Equilibria

B .
" aﬂected by changes in pressure, temperatur
! J activities are not, it requires that the activit? ¥
; ies
qy that the complex function of activiti
3 i activities, which
ains unaltered. The equilibriu  WHICH e Shave a1
em q m constant written in terms of :cet?n:d as equilibrium constant,
vities, K, and the equilibri
s & quilibrium

stant K which is written in te v

L.Ons, : ouj; systems employing i rms of the fugacities of the co

for gaseot™ ploying ideal-gas standard state throu hméJOnems were shown to be equal
gh Eq. (9.21).

of the co
m
ponents change with pressure in such

K =TI(f)" =K,

~ities can be written a 4
fugacilies * s product of fugacity coefficient and partial pressure of th t
of the componen

in the mixture.

]-c; =9, P) (9.60)
e Eq. (9:21) using Eq. (9.60).
K=K;= (¢, y,P)"

Rewrl

The above equation can be put into the following forms:

K = @19} @y P’ (9.61)
In the above equation, V = Yy=l+m-—-a= b, for the general reaction given by Eq. (9.11) and
P is the reaction pressure.
Let K, =T1¢;" and K, = Iy’ . Then Eq. (9.61) gets modified as
K= K¢KyPV (9.62)
62)

rms of composition. Equation (9.

d as an equilibrium constant in té
relating the equilibrium constant and the equilibrium composition.

an ideal gas, Ky is unity and Eq. (9.62) reduces 10
(9.63)
equations must be

K = K,P*
e variation in the
The change in K, means the change in

balanced by a corresponding change in the value for Ko :
number of moles during the reaction as

the equilibrium compositions. If there is @ decrease in the : .
tion, v will be negative. An increase in pressure in this case
1d would increase. On the other :

l\:'l'lthe case of ammonia synthesis reac : .
ill decrease PY and as a result, K, and the equilibrium y1€i& 70 ea
mber of moles, V will be positive and the equilil

;fl;?g reaction results in an increase in the nu
would decrease with increase in pressure. : o LY } =
The above observations are in agreement Wlthm@]%& Chatelier’s principle. In

where v is zero, which

E - IS ;

bg .6(9'62_) can be used to explain the effect of pressure on rgaﬁhons ,

Xplained by Le Chatelier’s principle. One would expect pressure to have no effect
W ETSIR

Sy
h as the water-gas shift reaction
CO (2) + HaO IR H, (g)

K, in Eq. (9.62) may be treate
provides the necessary expression
If the reaction mixture behaves as

Since, K is independent of pressure. th PY term in the above
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b me Eq
gat ] o :
P K, = mole fraction of M,/(mole fraction of M)" = (.15/0.85"
K, at 2 bar = 0.367/0.633"
m_r‘_:fort?.
0.15/0.85" = KP"™' = K

0.367/0.633" = KP"! = K x 2™!

second equation by the first,

., 0367 (085Y
= x| —— | =2.4467 x 1.3428"

* 0.15 0.633

we getn = 4

) solvIng,
In the synthesis of ammonia, stoichiometric amounts of nitrogen and hydrogen
1or where the following reaction occurs

N2 3 i1 3H2 = 2NH3

brium constant for the reaction at 675 K may be taken equal to 2 X () 7a
onversion of nitrogen to ammonia at 675 K and 20 bar.

sTAMPLE 9.14
ent t0 @ reac

® Xiu

The equil
a) Determine the per cent C
) What would be the conversion at 675 K and 200 bar?

drogen are in the reactant mixture. Let € be the

Solufion Basis: 1 mol nitrogen and 3 mol hy
— of reaction. Then the number of moles of various species at equilibrium are calculated using
B (93)as n, = n,y + v,£. Thus the moles of nitrogen, hydrogen and ammonia at equilibrium are,

wpectively, 1 - ¢, 3 — 3¢ and 2&. Total moles at equilibrium is = 4 — 2¢&. The mole fractions of
Hrogen, hydrogen and ammonia are, respectively,

1-¢ 31-¢ 28
4= 28 @i Reny ATk

T sum of stoichiometric number —L 3 = — 2. Equation (9.62) gives

K, = (KIKgP™" = KP )

I?'a Lo
L Ay :
Vl;“g at this result ideal behaviour is assumed, so that K, =1.
S p, . - g 7
We have the necessary relation connecting the equilibrium composition and pressure

el - 28)f
(- e)/4 — 28] 31 - &)/(4 = 2¢)]

=2x107* p?

N

46°4 - 26
el
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~hamical Engineering
«f Cher < e

36742 X 107 P

() bar,
e@ =28 _ 073488
1-8)

y 734856 — 5.4697¢ + 0.73485 = 0

: 0 1448. Fractional conversion of nitrogen,
Solving this, ¢

o= MilE _ o 01448
”r()
That is. conversion of nitrogen = 14.48%.
(b) When P = 200 bar,
(4 - 2¢
—T) = 3485
AF=re )

9.3485&2 — 18.697¢ + 7.3485 = 0

Therefore, € = 0.5375. So, conversion of nitrogen = 53.75%.

We see that the increase in pressure favours the formation of ammonia as this reaction s
accompanied by a decrease in the number of moles.

9.7 OTHER FACTORS AFFECTING EQUILIBRIUM CONVERSION

- The reaction conditions that influence the extent of reaction under equilibrium are the temperaiure.
- pressure, presence of inert materials, presence of excess of reactants and presence of the product
. of the reaction in the initial mixture. The effects of temperature and pressure on the equilibriur
~ composition have already been discussed in the previous sections. Here, we discuss the effects ¢
factors.

: - Rearrange Eq. (9.62) to the following form.

KA (9.6
5= e
¢
L Eq. (9.65) may be written as
V; (A
K, =TI~
f i. sl
, - r of moles @ © st
where i is any species taking part in the reaction and n; 18 the number 01 T ent in the*

3 X : . inert material 1S
the total number of moles in the reaction mixture, and if any inert f ‘7

N includes n; moles of inert material also.
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The equilibrium constan

gas. Calculate o
) .. o0 of steam A stream
(a) The fractional dlssoc‘lat'lo: of steam if the l'mmt .9
(b) The fractional dissociatio iag at .quilibrid
. s g |
Solution The mole fractions of the pecies it
| constant which is given by

Where v is the sum of stoichiometric numb(g GHS)'
ehaves a5 an ideal gas, Ky=1. Equation L=-=3 e

_ Vv on (¥
of varioys components as K, = Imy," Equad sy

_ “d extent of reaction at equilibrium as
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e

K = K,P'. Here, v = 0. Thus, K = K. Also,

e o] 867 L oep [ 11383 x 1000
RT 8314 x 2975 J g

so that now we have

K, =0.01= 265 R
(15-€)(77-¢)
or £ = 1.59
Mole fractions are:
0 15 L s
xygen: ———— = 0.
’e 100
! 77 — 1.59
Nitrogen: ———— =0.7541
100
2 % 1,59
NO: = =003
100
8
Inerts: = (.08
100

~ Partial pressures are obtained by multiplying the mole fractions by the total pressure. Ty
are given below: b
0,: 271.6 kPa, Ny: 1527.1 kPa, NO: 64.4 kPa, Inerts: 162 kPa

e mole fractions of the components under equilibriun

nitial mixture were free of inerts, th
_ £)/92, NO: 2¢/92 and the equilibrium constant vil

Oxygen: (15 — €)/92, Nitrogen: (77
en by the same expression as before:
26)>
g i AGR
Y (15 - &) - €

e _ 1 qm= 06
am 5

— 1.59 or the conversion of oxygen 18 ur
1

which means that €

. ' nce
) ] . z ¢ erts Wll] not mﬂllC |
which is the same as the conversion obtained in the presence of inerts. In |
the conversion in those reactions in which v = 0.
9.7.2 Presence of Excess of Reactants e -omeI:s
ol : . increasing e BT ol
When the reactants are not present in stoichiometric prggfzt;‘iﬁz,les f the product ﬂﬁd‘msplde of
s S 1 e num e : : {
of the excess reactant will result in increase 1 thum. T i evident from the left

conversion of the limiting reactant at equilibr1
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i i ions, n
stoichiometric proportt n

33.3% when CO becomes the limiting reactant.
to 33. :

19 Ethanol is produced by the vap

EXAMPLE 9- pour

the reaction:

The reactor operates at 400 K and 2 bar and tt
the ratio 1:3. The equilibrium constant is 0.
mixture. Assume ideal gas behaviour. Hov e

reactant stream contains stoichiometric quantiti

Hence,

Let £ be the extent of react;
Ethylene: (1 — &)/(4 — g),
Using these values, we get

194

This gives & = (

ibri i f water vapx
ilibrivim conversion O kN
We see that the equl e ol L
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s _“""’h.fﬂ: 7

3 Presence of Products
7 o f"“‘“""“ ol
any of the products of the -
TeACtion SO as to ectahlic U
addition of the products. ot m ;

9
_ (e initial reaction mixture contained
B es of that product formed by the
w jicated bY Eq. (9.67). Therefore, the
in he equilibrium conversion.

; decreases t

equilibrium constant for the reaction is K = 1, As
Calculate the fractional dissociation of ste
: a;;iucts on the equilibrium conversion.
i p[

Solution The mole fractions of the different species in the
rms of the extent of reaction as below:

Sume that the gas mixture behaves as ideal

am and discuss the effect of the presence of the

equilibrium mixture is expressed
in te

Component V; n; 6, mol "
ce -1 1 a — &3
H;0 -1 1 (- o3
CO, +1 1 (A + &3
H2 +1 0 el

ny 3
o _i Yo, __ [A+oPes _e+o

¢ Yoo Yo A= &/3[A-8/3] (- ¢

Solving the above equation, we get € = 0.333, which means that the conversion of water vapour

tt:ts reduced to 33.3% due to the presence of CO,, the product of the reaction in the reactant L4
¥ €am, : . .J. e I gl

E | Sl et .
SXAMPLE 921 A gas mixture containing 25% CO, 55% H, and 20% inert

is. The gases issue from the catalyst chamber in chemi 1 e

CO (g) + 2H,(g) > CH;OH(g)

"~ 4 Dregg
e ), Of 300 bar and temperature of 625 K. Assume that

. Solutjgy
gy ' M Krand K, are 4.9 x 10~ and 0.35 respecti

. Soluti,

1 " : ] = .

febe y, % 100 moles of initial gas mixture. e
Ot of reaction at equilibrium. ng = 100.
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this, we get € = 8.71. Mole fraction of nggoggp is obtamed asu
[20 — (&2)])/(100 - ¢) = 0.1714

L \"r'“ 8] };

and mole fraction of hydrogen is (% o ?;, S8 ,,r Site l.;{ i 1:
: rriy Tor Y iglon '4 i :J w4 S
[60 — (3&/2))/(100 - €) = 0. 5141 ’._ sty Ao

‘-“f ey !,L‘_ L ".‘
N vAn‘l ~ TR It A_'J 'qu iiiﬁ.'&l. ’
[ ;, u*fm il uui*,iﬂl‘é“'

v

Mole fraction of ammonia: |
/(100 — €) = 0.0954 o L

fole fraction of inert gas:

Analysis of exit gases from the reactor:

N, = 17.14%, H, = 51.41%, NH; = 9.54% and

LIQUID-PHASE REACTIONS e

" equilibrium constant as defined by Eq. (9.19) is gb;}ﬁ

3
L2 1 f,

3 ok I’Ia}ﬁ o

llld‘Phase reactions, the evaluation of egmll .
b . sh‘l’ between activity and composition. S

in the standard state, such a relationshi
The standard state for hquld-phase
~Perature. The fugacity in this si
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liquid at the pressure and temperature of the reaction f;. This is because, pressure has\\
effect on the properties of liquids. With this choice, the equilibrium constant bee . gy

3 OMmes e

Vv

K :n[ i ] :11[ L]
‘jl i ‘9(731

\

~—

The fugacity of a component in the solution is related to the fugacity in the pure state by #
where v, is the activity coefficient in the solution. Using this in Eq. (9.68), we get yf':y""’“

K = ”}’:' X".' = KY K:
(9.69

K, is an equilibrium constant in terms of activity coefficients. Accurate values of activity coeffic:

are rarely available and in practical calculations we set K, = 1. This is equivalent to assum e
the solution is ideal and @; = x;. The components present in large proportions obey Lewjg_;:g ‘hff
rule and for them the activity and the mole fraction in the solution are the same'. Ejgdu--
Lewis—Randall rule is not applicable, the assumption that K, = 1 is not a very serious limila’t]m‘r’
as the function denoted by K, may become nearly unity even if the individual activity coefficien;

are not. Thus

= Kx = nxi'" (970

1 For components present in low concentration, the standard state of the solute is usually the fictitious
~ or hypothetical state which would exist if the solute obeyed Henry’s law over a concentration range
extending up to a molality of unity. This hypothetical state is illustrated in Fig. 9.4.

Standard state

\? £

Henry’s law

=1

‘Actual behaviour

0 Molality, m; 1.0

Fig. 9.4 Standard state based on Henry's law.

: Iity and molality (mol/kg solvent) are related as o

.ﬁ = K,'mi dafd gfatc:

g the hypothetical stan

el

t and m; is the molality. Usin

where K; 18 the Henry’s 1aw constan
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| 49 HETEROGENEC

jthe study of heterogeneot

ygas phase that is in equilibr;
isn equilibrium we would ha
| ¢ gas phase as well as the p
 jquid or the solid phase as the ¢

991 Reactions in Solut5 )

The equilibrium in this reaction’

. The reaction may be
constant for the reactlon is evall
standard state at a pressure of 1 b
are coupled with equations for me

3 j‘p

- The reaction is assumed to f
between phases to mamtam vﬂ, :
on the liquid standard state,

 The third method involves thB'
A'is the pure jdea] gas at | bar, that :
;l;an ideal 1-molal aqueous soluﬁoii.

g,

qulllbria involvlng Purc

l

5 ‘f" By
"tty as o Pm;lqed the  the
- know, i defined as tk e rati
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he standard state for
| par; and for gaseous ¢

The molality of aqu cor

Fugacity of ethylenqj? ?

wefficient of water may be taken
L8 ] .1 J " »

+1.7271 x 105

450 caleulate the decompositi‘o’ti
4

soh‘ﬁo" From Eq (975), the c‘wm

&10001(,

_\Q"‘P‘)siﬁ s
N Pressure iat, 1000 K =

|
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olved for T, the temp
ates at high temperatures

The above equation is §

EXAMPLE 925 Solid calcium oxalate dissoci

and carbon monoxide: | |
CaC,y04(8) < CaCO5(s) +COg)

| '_'iliﬂ'-

The equilibrium pressure of CO between 670 and 700 K is given by
oy T

1nP=14.4-—267‘0—q

Solution By Eq. (9.75), K =pcq
Therefore,
[ 4 "I

9600
InK = 14.4—6—75 =0.1777 or K =1
By Eq. (9.31), : .

AG® =
By Eg. (9.36),

!

AHO

_dhk -
o7 = o < 4R Sao
T = et N

dr T2 .

Therefore, AHO -
=9600 R = 19814.4 k3
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Chemic,

R al Reaction Equilibrig
- golution  Basis: 100 mol of gag entering, 465

_vities of solid components can pe taken to pe Unity

e K = w - _acog
aFeO aCO aCO

ases are assumed to be ideal, then

e

4 =p, = P

uation for equilibrium constant gives

‘I ycozlyco = 0.403

& . : e

ent of reaction. Since the initial mixture ¢

' onsists of 20 mol CO and 80
f CO and CO, at equilibrium are (20 - BNy dhe

€)/100 and &/100, respectively. Therefore,

20 -¢

745. The equilibrium mixture contains 5.745 mol CO,. Moles of iron produced
of initial gas mixture. Also, 100 mol gas mixture at 1200 K and 1 bar is

100 x 22.4 x 107 x (1200/273) = 9.846 m’

n’ of gas = (5.745 x 55.8 x 100)/9.846 = 3256 g = 3.256 kg

R 2
!

‘may be ﬁib'l’e. When we consider the equilibrium
-

LOH 9.78)
- the presence of intermediate product,
p@cﬂedsm two steps in series as:
o (9.79)
E (9.80)

DI
1

in two or more steps, the presence .
mattheyaf”e‘?' ‘,
ith that of the main product.

o =4
ol
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: 11ib: 'um os.nn.‘ﬁi‘:f?
and let the corre
e initial reactan
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_»Chemical Reaction Equilibria
LY

o gIve ""mmr.m“d and a gas, the equilibrium const

o gas. If the partial pressure was lowered below this equi;;‘):-iwas equal to the partial

d if the pressure on the system was maintained above this'.lmalvalue SH Sy voOR)

For sunulmneou_s reactions in which all intermediate a;d l;_e‘ the formation of

 be considered for determining the composition milil products in the

pendent reactions and these were solved simulta;lzg:;llyt,?;::tfg “:ti;,(,;)s
n 9.10).

REVIEW QUESTIONS

9 How is it related to the mole fraction of

e were
all the inde

nean by the ‘extent of reaction
he reaction mixture?

cal reaction equilibria?

a chemical reaction. How is it related to Ky
m constant depend on the form of the stoichio

at do you I
the species in t
the criterion of chemi

metric

at 18
Define eqt

Does the num

jilibrium constant K of
erical value of the equilibriu

w is the equilibrium constant K related to the standard free energy change? Does K
vary with pressure?

What is the effect of temperature on the e
offect of increasing the temper

predict the feasibility of a re

quilibrium constant? Using van’t Hoff equation
predict the ature on endothermic and exothermic reactions.
How would you action from the value of the standard free
energy change?

How would the equilibrium yield inag

aseous chemical reaction be affected by increasing
the reaction? How

the pressure, if there is a decrease in the number of moles during
would you explain the effect of pressure on reactions such as the water—gas shift reaction,

u‘“ - .
ere there is no change in the number of moles?
gon 1s present in the

How would the equilibrium yield of ammonia be affected if ar

lesn gas fed to the ammonia conve o

“Xplai i : .

Sho in how the equilibrium constant for liquid-phase reactions 18 evaluated.

SHOW th & : :

ng ¢ the equilibrium constant in the decomposition of calcium carbonate into CO,
xide. Explain how would you

and llme G
tima o ui; squal to the partial pressure of carbon di0 e st
ecomposition pressure? What would happen if the CO2 pressure 1S pRauce

W thi valyeo
A Raction,
Mg g l)\;f’;eeds in two steps. The equilibrium constants for the indlv@uzl steps are
hat g ~y at would be the equilibrium constant for the overall reaction:
A s : :
M? How :vn ean by the number of independent reactions in @ chemically
ould you determine it?

Wy
1 Phase TUle a% Y
applicable to a reacting system? : t

reacting
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