CHEMICAL REACTION
EQUILIBRIA

The chemical process industries are concerned with the transformation of raw n?aterlals u_xto useful
products. Such transformation in most cases is achieved by means of chemlcal.reactlons. The
design and operation of reaction equipment are therefore quite an 1mpor{ant ﬁeld.m the chemijcg]
engineering profession. To be successful in this profession, the chemical engmeer. should.be
versatile 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. For example, in the synthesis of
methanol from carbon monoxide and hydrogen, the equilibrium conversion as well as the rate of
reaction are affected by changing the pressure, temperature
monoxide and hydrogen in the reactant stream. The influence o
thermodynamics of reaction, or to be specific, on the equilibriu

m conversion, in some situation may
be in conflict with the influence of these variables on the k

inetics of the reaction. This can be

ature as permissible, However, the
_— ff sharply with increase in temperature. The
conversion is above 90% at temperatures near 800 K, but it is only 50% at 950 K. It is clear that
both the kinetics (the rate) and the:rmod ) of the reaction must be considered

luable because it represents
( N experimental investigation
oint in trying improvement in the process
atalysts, if thermOdynamics predicts an equilibrium
hecessary for the Process to be economically viable.

Ive a better reaction rate, pyt it will not alter the
398

the best that can be expected from the reaction, It tells us whether of not a
of a proposed new process is worthwhile, There is no poi
by improving the rate by introducing suitable ¢
yield, of say, only 20% whereas a 50% yield is.
The choice of an appropriate catalyst may g
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b ield of the 5 » s )
yilibrium Y product. The emphasis in this chapter is on determining the conversion

Aibrium and on predicti . N R )
o equilibnum predicting the effect of controllable variables like temperature and pressure
on the conversion.

9.1 REACTION STOICHIOMETRY

The gcncraliscd representation of a chemical reaction is given by
0=ZvA 9.1)
!

whm. Ais t.he chemical syrpbol for the various species taking part in the reaction and Vv is the
soichiometric number. Consider the reaction

2A +3B 5 L +2M

This is a special case of the general form of Eq. (9.1), with v, = 1, vy =2, v4 = -2, and v = - 3.
In the general form, this reaction may be represented as

0=L+2M -2A-3B

The stoichiometric numbers are positive for products, negative for reactants and zero for inert
species. 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 i due to the reaction. For one mole of A disappearing in the reaction
Any= -1, Ang = -1.5, An, = 0.5 and Any = 1. We see that

An, _Ang _ Any, _ Any,

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

dn, _ é@.-gﬂ-_=i”_~'_
VA VB VL VM

hemical reactions the concept of ‘extent of reaction,’ also

It is denoted by & The reaction coordinate measures the

called ‘reaction coordinate’ is useful. . ]
Progress of a reaction and is defined as the degree 10 which a reaction has advanced. It has the
de is the same for each component, whereas the

avantage that the change in the extent of reaction : ‘ : . gty
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

For the thermodynamic analysis of ¢

-‘i'-'l- =de
Vi
or
dnl =V de (5:2)

For (he initial state of the system, that is, before the reaction, the value of £ s ZEro.
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EXAMPLE 9.1 Derive the relationship between the mole fraction of the components taking par
in the reaction and the extent of the reaction.

Solution et ny be the number of moles of the species initially present in the System gpq

. = n i where An; is the :
n; the number of moles present after the reaction. Thefl n; = mp + 9A'21') ields : Change In
the number of moles of i due to the reaction. Integration of Eq. (9.2) y
£
0
Therefore,
n;=nyp + Vi€ (9-3)
The mole fraction of component i in the reaction mixture is y;.
n ot ViE _ nmy+ Ve
= —i = _Tho Y (9.4)
In,  Zng+elv, ny+ €
where ny = ¥ R, the total number of moles initially present in the system and v = Vi, thg sum

of the stoichiometric numbers.

EXAMPLE9.2 A £as mixture containing 2 m

oles nitrogen, 7 moles hydrogen and 1 mole ammoni
initially, is undergoing the following reaction

N, + 3H, - 2NH,

(a) Derive expressions for the mole fracti
in terms of the extent of reaction.

"0=Zn,'o=2+7+1=10
V=ZV;=2-—1—3=

-2
_nN2-0+VNz£ 2-¢
)’Nz—\=\
no+£V 10—28
\
nH'o+V E —
Y, =—22 " H € 7-3¢

To+EV 102,

of reaction js = My, 0+ VN, €
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ot paring the two results, we see that
- VN, €
MN,.0

since the stoichiometric number is negative for a reactant, the conversion given by the above

eguation “_”“ be always positive. The relationship between conversion and the extent of reaction
can be written as

=IVN2 |£

NN, 0

Z

In gencral, conversion can be treated as the fractional extent of reaction and is written as

E

s ng/ vy O

EXAMPLE 9.3 Derive the relationship between mole fraction of species in multiple reactions
and the extent of reactions.

Solution When two or more reactions occur simultaneously, the number of moles of each
component changes because of several reactions. Equation (9.2) can be modified as

Here, v;; is the stoichiometric number for species i in the jth reaction and & is the extent of this
reaction. Equation (9.3) is modified to account for the multiple reactions, and the number of moles

of i after the reaction is

n'.=nm+§v--£- .7
The total number of moles is obtained by summing the number of moles of individual species.

n=2XZng+ leij:v,_jsj =ny + ;z_‘.(!ilw,;)s,
i

- ? Vs = V,, the sum of the stoichiometric numbers in the jth reaction. Then the above equation

¢ .
a0 be written as

(9.8)
n=ng+IVE
The Mole fraction of component i in the mixture is
Z v, E
Mo + i (9.9)

= 2 —
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EXAMPLE 9.4 A gas mixture containing 3 mol CO,, 5 mol Hz and I mol water is Undergojp,
the following reactions:

COZ + 3H2 - CH;OH + HZO
C02 + Hz — CO + Hzo

Develop expressions for the mole fraction of the species in terms of the extent of reactiop

Solution The total moles initially present,

n0=3+5+ 1=9
For the first reaction,
vi=-1-3+1+1=-2
For the second reaction, ‘
V=-1-1+1+1=0

The mole fractions are calculated using Eq. (9.9)

_3+(‘-1)X£1+(_1)X82_3"‘51—82

PyE I+(-Dxg+O)xe, 9-2¢
Similarly,
_5-3¢ —¢, : 1
yHZ - 9 — 281 ’ yCH30H - 9 — 261
- Lt £ + £':2 82
i 9-2¢ ° ch T 9- 2¢,

9.2 CRITERIA OF CHEMICAL REACTION EQUILIBRIUM

We have developed the criteria of phase equilibrium in Chapter 8. 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,

dGr p=0 (9.10)

criterion is quite general and is not restricted to physical transformations. When a chemical reaction
occurs at equilibrium there is no change in the Gibbs free energy of the system, provided th
change is taking place at constant temperature and pressure,

Consider a closed system in which a chemica] reaction represented by the following general

equation has been allowed to reach a state of equilibrium at a given temperature and pressurc:

aA + bB = IL + mM .10

An infinitesimal change is allowed to occur in the system whereby the number of moles of variovs
species change. The increments in the number of moles are dny, dng, dny and dny, for components
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A, B, L and M respectively. The free energy chan
and pressure is given by [see Eq. (7.36)]

ge for the process occurring at constant temperature

dGr p = Ey; dn, (9.12)

where g; is the chemical potential of component i. For the reaction under consideration, Eq. (9.12)
takes the form

dGr,p =y dng + py, dny + Ua dns + pg dng

By Eq. (9.2), dn; = V; dg, so that the above equation becomes

dG;',P. = (VLU + Vgl + Vallp + Vplip) dE (9.13)
= (. + mpy — ap, — bug) de

where — a, — b, [ and m are the stoichiometric numbers which are positive for products and negative

for the reactants and ¢ is the extent of reaction. In general, for an infinitesimal change in a reacting
system, we can write Eq. (9.13) as

dG}; p = X WV, de (9.14)
Since the process is occurring at equilibrium conditions, Eq. (9.10) should be satisfied so that
dGy p = X yv; de =0

or
v, =0 (9.15)

This is the criterion of equilibrium for chemical reactions. For the present reaction given by
Eq. (9.11), this criterion means

Iy, + mpty) — (apa + bug) =0 (9.16)

The left-hand side of Eq. (9.16) is the free energy change AG accompanying the complete reaction

under equilibrium conditions. Hence, AG = 0 under equilibrium. .
The physical significance of the criterion of chemical equilibrium can now be examined.

Consider a simple chemical reaction equilibrium: A 5 B. Let the extent of the reaction be €. The
change in the number of moles of A = — d€ and the change in the number of moles of B = de. The
change in free energy at constant temperature and pressure is found out by Eq. (9.14)

dG' = (up — Ka) de 9.17)
Thig equation can be written in the following form.
[EG_'J = fly = B (9.18)
9€ )1 p

E‘1uation (9.18) gives the slope of the curve obtained when the Gibbs free energy is plotted against

ex : 5 Fi
tent of reaction as in Fig. 9.1.
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Constants T and P
f
(gij >0
o€ T.P
!
(ig_J <0
de T.P

]
(ai) =0
()E T.P

Extent of reaction, £

Gibbs free energy, G

Fig. 9.1 Gibbs free energy of the reaction mixture versus extent of reaction.

The slopes given by Eq. (9.18) are not const
of composition, which varies as the extent of reactj

direction of decreasing Gibbs free energy G, the forward reactj
and the backward reaction (A « B)

» the reaction occurring ible and the tota] Gibbs free
energy must decrease at constant temperature and pressure.

9.3 EQUILIBRIUM CONSTANT

Consider the chemical reaction given by Eq. (9.11)

aA + pB - IL + mM
The equilibrium constant X or K, fo

r this reaction ig defined ;
ed i iviti
e tbrum contant K N terms of the activities of the
9.19)

Stoichiometric number
€ respective stoichiometric
fthe Component in the solution
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gquation (9.19) can also be written as

K:v»n[%&) T ¥

For gaseous systems, the standard state chosen

SR : is the pure component gas at a pressure at which
he fugacity is unity. Therefore, f° {1

=1 and Eq. (9.20) reduces to the following form:

K =TI(f)" = K, (9.21)
where K 1s an 'f:ql?ilibrium constant in terms of the fugacity of the components. For liquids and
solids, the equilibrium constant K and Ky are not numerically equal as standard state fugacities are
not unity.

Another equilibrium constant which is fre

quently used in the study of gaseous reactions is K,
the equilibrium constant in terms of partial P |

ressures. : l

K,=Tigy" (922

Using the relation that fugacity of a component in a gas mixture is equal to the product of fugacity
coefficient and the partial pressure, Eq. (9.21) can be written as ;

K=K, =T@p)" =0@)" @Y 9.23)
Denoting H@i)"" by K, we can write Eq. (9.23) as .
K= K= KK, 024

This rélétionship is applicable for gaseous systems. If the gas mi.x‘ture bchaves as an ideal gas, then
K= 1and Eq. (9.24) leads to

K=K=K 9:25)

The numericai value of the equilibrium constant depends upon the form of the stoichiometric
“Quation, Consider the decomposition of water-vapour into hydrogen and oxygen as represented by
the following equation: .

2H,0 — 2H, + 0,

* quilibrium constant K’ for this reaction is calculated as

2
K= ay, %,
="

4,0

© Same Ieaction may be represented by the following equation:
1

H,0 > H, + 50

The

Bamiisy. .
Wilibriym constant K” for this reaction 18
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- ki ic equation should be Specifie
Thus, it is seen that K” = (K’)"2. The fo'rm. of the stoichiometric eq d 2o,
with the numerical values of the equilibrium constant.

9.4 EQUILIBRIUM CONSTANT AND STANDARD FREE ENERGY CHANGE

The criterion of equilibrium, Eq. (9.15), can be written for the general chemical reaction TePresenteq
by Eq. (9.11) as

(IML"+ mHM) = (aﬂA + b‘lB) =0 (916)

The chemical potential of a component in the equilibrium state of the reaction mixtyre i

S relateg
to its fugacity in that state as given below

K, =RTInf +C (9.26)

Suppose that at the Same temperature, but at another state,

which may be called the standarq state,
the free energy of component i is ) . Then,

M =RTInf’+C (9.27)

C is a constant that depends onl

Y on temperature. Since the temperature in the standard state
same as that in the equilibrium

is the
state, C can be eliminated from Eq. (9.26) using Eq. (9.27

) as,
0 fo_ 0
Hi=H +RTIn=L = ;0 4 pr 1y a; (9.28)
7
where q; is the activity of Species i in the mixture, Express the chemical potential of all the
components as in Eq. (9.28) and substitute in Eq. (9.16). The resulting expression is

) 1
(it + mi) ~ @ + by) 4 RT 11 ad _,

(9.29)
aA aB
Equation (9.29) can be put into the following form:

(l#?, + m[.lgl) - (a‘ug + bﬂg) =-RTIy aLah"/;

8 (9.30)
a, ag
That is,

!
ZUV; = ~RT 1n Ao
aj af
The left-hand side gives the standard free energy change Ao the f;
» the fre

. | nying
the reaction when each of the Ieactants and (pe rod e € energy change accompa e
of the equilibrium constant (Eq. (9.19)], the agoveug:li IS in 1t.s staqdard state. Using the defin!
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e standard free energy change depends on the
- component and the number of moles involye
5 qumerical values of the equilibrium consta

l(_:mpcraturc, the specification of standard state for
d in the stoichiometric equation under consideration.

nt will be of no signifi 2 unl companied b
ifications for these th e gnificance unless accomp y
the specificatio ree factors. However, it is independent of pressure at equilibrium. The

ion stoichi e
offect of the rfiaC:i , fto'lchl;olmetry on the equilibrium constant has already been discussed. The
choice of standard state 1s being dealt with in the following section

g4.1 Choice of Standard State

Though the choice of standfird state in Eq. (9.31) is arbitrary and is left to our convenience, certain
conventions' are followed.m this choice. The choice of pure component standard state will be
convenient 1n many situations, as this requires only the specification of temperature and pressure
for defining the state completely. The temperature in the standard state is the same as that of the reaction.
If the standard state chosen for a substance is a solution, the composition must also be specified.

For gases, as has been pointed-out earlier, the standard state chosen is the pure component at
the temperature of the reaction and at unit fugacity. Fugacity will be unity at 1 bar (or 1 atm) if
the gas behaves as an ideal gas at this condition. For ideal gases, therefore, the standard state
pressure approaches 1 bar and AG® can be easily evaluated at this pressure. By this choice, K = K;
and Eq. (9.31) becomes

AG® = —RT In K; . - (932)

The standard state of unit fugacity may not be convenient for reactions involving solids, liquids or
solutions. By convention, the standard state chosen for solids and liquids is the pure solid or liquid
as the case may be, at a pressure of 1 bar (or 1 atm), the temperature being the same as the

temperature of the reaction.

94.2 Feasibility of a Reaction

From the values of standard free energy change, we can formulate an approximate criterion for the
feasibility of a chemical reaction, which will be useful in preliminary exploratory work. It would
be worthwhile to have some idea about whether or not the equilibrium is favourable, before we
%arch for catalysts and other conditions necessary (0 cause the reaction. If the reaction is not
FhemlOdynamically feasible, there is no point in pursuing a long and expensive experimental

Investigation on improving the rate of reaction. . . .
Any reaction starting with pure reactants uncontaminated with any of the products will have

¢ endency to proceed to some extent, though this may be infinitesimally small.‘It is the \{alue of
“!e equilibrium constant, which, in turn, is related to the standard free energy of the reaction that
Elves the necessary inf’ormation on the thermodynamic possibility of the reaction. Even the
*omposition of water vapour to hydrogen and oxygen will proceed to some extent L(;nder alm9§phf:nc
Mperatyre and pressure. From the value of the standard free energy change, AG”, the equilibrium

o
NStant for the reaction

Lo
Hzo(g)—aH2+-i 2

that the extent of decomposition of water

4208 k - 40 Thi ans
N K'is found to be about 1 x 107*. This me reaction is not thermodynamically feasible.

our is infinitesimally small at equilibrium and the
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If AG® for a reaction is zero, then K = 1, the reaction proceedS_ toa conﬁsiderable extent by,
equilibrium is reached. If AG? is negative, then K > 1, the reaction 1§ .qulC favourable. But ?}:e
situation becomes less favourable as AG® increases in the positive dlfCC'llon- It should be g,
mind that many reactions with positive values of AG? are certainly fe_aSlble grom the standpojp, A
industrial operation. For example, the methanol synthesis reaction with AG” = 46,200 kI /kmo| i
600 K is found to be feasible. This reaction is carried out at high pressure 1o. overcome y,
unfavourable free energy change. In short, there is no well-defined demarcation to separate favourapy,
and unfavourable reactions. The following guide may be useful as an approximate criterigp, for
ascertaining the feasibility of chemical reactions:

3
ein

AG® < 0, the reaction is promising.

0 < AG® < 40,000 kJ/kmol, the reaction may or may not be possible and needs further study,
AG® > 40,000 kJ/kmol, the reaction is very unfavourable.

EXAMPLE 9.5 Device a series of hypothetical steps for carrying out the gas-phase reaction '
@A +bB 5 IL + mM |

when the reactants and the products are at their standard state. Show that the free energy changes
calculated for these series of steps add up to give the same result as the one provided by Eq. (9.31).

Solution The free energy change accompanying the process in which the reactants at’their

standard state are converted to products also at their standard state may be calculated via any
convenient path.

Let us assume the following computational p

ath for carrying out the reaction, which is represented

in Fig. 9.2.
Initial state: >
pure reactants in their Final State:
standard state with )— —— — .| Products in their
fugacities f: el f:;) AG® stand.a{d state with
{ e fugacities f° and £}

AG,
Pure rcactants with Pure products witl(ij
fugacities f, and fy fugacities f and/u
AG,
AG,
Reactants with .
A - Products with
fugacities f, and f, AG, f g = -
. \ : ugacitic
in chemical 8 l?’;“é']fcr{]l;c‘:‘r;df"d
equilibrium equilibrium

Fig. 9.2 Hypothetical stages through which the reaction in Example 9.5 is carriedprut'

-
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;1o Step 4:  The reactants are initially in their pure form and are at their standard state of unit
fu"gaCi‘)’. aqd at the temperature of the reaction. Then they are compressed to a fugacity of the
eaction mixture at equilibrium. The free energy change for this process is AG;.

o b I 7 f
CHERE AG, = RT [a In ;'(‘) +bln f—% =RT (nd% + In a}) = RT In (a5 a5)
""" 'Step 2: The pure reactants are introduced to the reaction system through membranes permeable
only to single species. Since the fugacities of the components before and after this step are.the

same, the free energy change AG, for this process is zero. AG, = 0.

uStep-3:- The introduction of the reactants disturbs the state of equilibrium prevailing in the
reaction system. To bring the system back to the equilibrium condition the forward reaction occurs
at the given temperature and pressure. According to the criterion of equilibrium, this reaction
proceeds without any change in the free energy of the system. Therefore, AG; = 0.

Step 4:  The product gases are separated by means of membranes into pure components at the
reaction temperature and pressure. As in step 2, the free energy change in this process is zero. That
is; 4G4 = 0.

{!" Step'5: The pure components with fugacities equal to f; =f are expanded to standard state
fugacities, f°. The free energy change for this step, :
vas i D Fad

0 40 , | |
.AGS=RT[lln4‘—+mlni—MJ=RT(lln—l-+mvl_nL)=RTln( llm]

L M 4. am a; ay

Dbty

As the free energy is a state property, the standard free energy change, AG®, for the reaction should
be equal to the sum of the free energy changes in the above five steps.
That is, . |

| . ) 1y 1),
AGO=AG1 +AGZ+ AG3 +AG4+AG5=RTln (aAag)+RTln( ] ag}[)
; . ap

This can be written as
a a&
= AGO = —RT In [‘; h; =—-RTInK
a, ag

Which i same as Eq. (9.31).

%5 EFFECT OF TEMPERATURE ON EQUILIBRIUM CONSTANT

The effect of the operating variables on equilibrium can be qualitatively exp_lained by means of the
atelier’s principle, which states that a system at equilib:rlum when sub.Jected toa disturbance,
nds in a way that t’ends to minimise the effect of that disturbance. An increase in temperature

2 ' f absorption of heat. That 1s, the equilibrium will

the endothermic direction if the temperature is raised, fpr then, energy 15 absorbed as.Pe;t_
Similar way, the equilibrium can be expected to shift in the exothermic direction 1f the
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temperature is lowered, for then the reduction in temperature is opppsed. T'hus,. an endothermic
reaction is favoured by an increase in temperature and an exothermic reaction is favoured by 5
decrease in temperature. Or stated in another way, increased temperature favours the reactan in
exothermic reactions and the products in endothermic reactions._ _

The effect of temperature on equilibrium constant is quanu'tatlvely expressed by van’t Hoff
equation, which is developed below. The relationship of equilibflum .constant to t!]e Standard free
energy of reaction is given by Eq. (9.31). The standard state is identified by spemfymg a definite
pressure (or fugacity), but the temperature is always the same as that of the reaction mixture y
equilibrium. AG® and hence K will vary with this temperature. '

For a single species the effect of temperature on its free energy is predicted by Gibbs-Helmhol;
equation [Eq. (6.73)].

G __H
T . Jp. .- T’

For the substance in its standard state, Eq. (6.73) can be written as

dGIT)|_ _H (9.33)
dr T '
Note that the partial derivative notation is dropped from the above equation, as the standard free
energy, by virtue of the definition of the standard state, depends on the equilibrium temperature,

but not on the equilibrium pressure. Multiplying the above equation by v; and summing over al
species present in the system, we get ‘ B

”F@ﬂgﬂaz_sz?

T 2 9.34)

The standard free energy of the reaction and standard heat of react

o y : ion are related to the free eneréy
and enthalpy of individual species respectively as given below. .

0 _
AG"=LvGl, AH® =X V,H

R, the following result is obtained.

(d(AGolRT)} _ AHO

Using these in Eq. (9.34) and dividing both sides by

Substitute Eq. (9.31) into Eq. (9.35), we get
dinK AH°

Equation (9.36), known as van’t Hoff equation, predicts the
constant and hence on the equilibrium yield. AHO in Eq. (
is apparent that if AHC is negative, i.e. if the reaction

p: el
effect of temperature on the eth.brl“ I
9-36) is the standard heat of reacu(’“;m
1S exothermic, the equilibrium cons
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(eases S the reaction temperature increases. Alternatively, for an endothermic reaction, the
b cjum constant will increase with increase in temperature .

If AHC, the standard heat of reaction, is constant, Eq. (9.36) on integration yields

m XK __AH°(1 1 | 9.37)
K, R

gand K, are the equilibrium con'sFan't values at temperatures T and T, respectively. Eqnation (9.37)
may be used to evaluate. the qunhbnum constant with good results over small temperature ranges.
The equation 1 exact if AHO 1s independent of temperature. A reasonably accurate method of
nterpolation Of extr.apolatlon of equilibrium constant is provided by plotting In K versus reciprocal
of temperature, which leads to a straight line according to Eq. (9.37).

The variation of the standard heat of reaction with temperature may be taken into account if
the molal heat capacities of the various species taking part in the reaction are known as functions
of temperat;re. Suppose that the specific heats at constant pressure are expressed as a power
function 1n 1.

Cp= o+ BT + I | (9.38)

Then the effect of temperature on the standard heat of reaction may be developed as follows: Since
heat of reaction is the enthalpy change between the given initial and final states, it may be evaluated
by devising any convenient path between these terminal states for. which the enthalpy changes are

readily available. Assume that the standard heat at temperature T, AH?l , is known and it is desired

to calculate the standard heat at temperature T.
The actual reaction occurring at temperature T for which the heat of reaction is AHT may be

treated as occurring along the three paths as depicted in Fig. 9.3.

Products at

Reactants at ’ i >
temperature T

----------------------
----------

temperature T Standard heat of reaction
“at T, AHr

- . Enthalpy of heating
.Enthalpy of cooling ‘ , | the products, AH,
the reactants, AH,

Products at

Reactants at _»
temperature T

temperature 7 Standard heat of reaction
-~ atT, AH;

Fig. 93 Method of estimating the stahdard heat of reaction at temperature T given the standard
heat of reaction at 7.

L. The reactants are cooled from temperature T to T,. The enthalpy change for this step is

Ty T
AH = X J‘n,-cp,:dT= z jVICP.idT (9.39)

Reactants J1 Reactants T

2. The reaction is allowed to occur at temperature T,. The enthalpy change 1s

AH, = AHY (9.40)
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3. The temperature of the products is raised from T to T in this step. The enthalpy Chang, -
is ’

412 A Textbook of Chemical Engineering Thermodynamics

' T
T
= v.C i dT _
AHy= Pro:i‘:lllcts J.Tl ncmat Pro:iz:lcts J‘T, voE - (9.41)

The standard heat of reaction at temperature T, is obtained by adding the preceding three equationg

‘ T
T
. V,Cp, dT +AHD + Z ViCp ; dT

0
AHr =AH, + AH, + AH, =
T
‘ ; ‘ 2 Reactants J7; Products J7;

The above result can bé written as

T - 3
AHp = AHY + j (; v,.cpv,) dr (9.42)
T

The summation in the above equation is over all the species taking part in the reaction. Using
Eq. (9.38) in Eq. (9.42), we can write it as

T
AHp = AHY +j ACp dT

(9.43)
T
where
| ACp=Aa + ABT + Ayr® (9.44)
and
| Aa=Z v, AB=3X ViB, Ay=X Vi, (945)
Equation (9.43) may be expanded to yield the following result.
0 _ 0 _ 1 2 1
AHT AHT] + A (T Ti) + EAﬁ(T - 712) + 3AY(T3 e 713)
The constants appearing in the abo
R havepp g above equation can be grouped together to 3 single constant AH
AHR =AH'+ paT + B 12 Ay (9:46)
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| thcmuilibrium constant at one temperature. Equation (9.31) relates the equilibrium constant to the
sgandafd free energy change. Using this relalionship, we get

0 _ it '
AG" = AH —AaTlnT—ﬁ‘zﬁTz_%ﬂ_ART (9.48)

451 Evaluation of Equilibrium Constants

Fquation (9:47) can be used for the evaluation of the equilibrium constant, provided, we know the
dependence of heat (,:apacmes on temperature and we also have enough information for the evaluation
of the constants AH" and A. Assuming that the heat capacity data are available, the general methods
used for the evaluation of the constants AH’ and A are listed below.

Method1.. K may be calculated from the experimentally measured composition of the equilibrium
mixture using Eq. (9.19). If K values are thus known at two different temperatures, they may be
substituted into Eq. (9.47). The resulting two equations are solved for the constants AH’ and A.

Method 2. Standard heat of reaction at one temperature and one value for the equilibrium
constant that is determined by direct experimental measurements are available. The former is used
in Eq. (9.46) for the evaluation of the constant AH" and the latter in Eq. (9.47) for evaluating the
constant A.

Method 3. This method involves no direct experimental measurements for the equilibrium constant
and therefore this is thre most convenient and most widely used method. The method makes use of
thermal data only, usually in the form of standard heat of reaction AH®, and a standard free energy
change of reaction AG®. Then the constants AH’ and A are evaluated using Eq. (9.46) and Eq. (9.48)
respectively. ' _ ' :
AH® for a reaction may be evaluated from the standard heat of formation, AH?, that are
bulated for most of the compounds. The standard free energy of a reaction can be estimated from
the values of standard free energy of formation, AG} of the various species participating in the

action and their respective stoichiometric numbers as
AG® = Zv; AG), (9.49)

No“"g that the stoichjometric numbers are positive for products and negative for the reactants, the
v :
¢ may well be written as

AGY= £ WIAGY - I IIAG) (9.50)
" Products ! “f . Reactants : '
?;at ', the standard free energy of a reaction is the algebraic sum of the free energies of formation
© Products minus the algebraic sum of the free energies of formation of the reactants. When
“Ment enters into a reaction, its standard free energy of formation may be taken to be zero.

%55 .
Giauque Functions
[)ala

fu actions -are sometimes tabulated as Giauque
he

for cal ] f
cu ergy ol re
lation of standard free energy y very slowly with temperature. Two such

'i()n .
5. These are Gibbs free energy functions that var
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functions are in general use—the first is referred to 0 K and Fhe second referred to 298 K. Thege
are written as

0 HO »
G- H _ Gr — My
bo=—"7"" P8 =— = (9.51)
where G, Hp, Hy, are respectively- the free energy in the standard state at temperature T, the
enthalpy in the standard state at 7 and the enthalpy in the standard. state at 298 K. .Becapse only
standard state properties are involved, these functions depend only on temperature. This temperatyre

dependence is found to be very weak which makes these functions suitable for tabular interpolatiop,
Using the definition of free energy, we can show that

H? - H?
9o = TT O_S?
(9.52
H? — HY
o7 = =L = 298 Sg
From Eq. (9.51) we see that
Hg9s H(())
+ = —
D208 T ¢ + T
(9.53)

HY. - HO
Pr08 = 0o — (\298], 0}

The difference in enthalpy values, the terms in brackets in Eq. (9.53), needed fdr épp]ying
Eq. (9.53) also are listed in tables along with ¢,. The standard free €nergy change of a reaction may
be calculated from the Gibbs free energy functions. Equation (9.51) can be rearranged as

7 HY
TR ©54)
G 0

(9.55)
The Gibbs free energy at the standard state
given by Eq. (9.54) or Eq. (9.55) multiplied b

ey _ s
to give the standard free energy of the reaction, ¢ stolchiometric numbers add toget
AG? _ EZv,GP, T v, HO
= — =Yy ] i70,i _ ) 0
T T f¢0.l+ T ' —zvi¢29&i+-2‘v'£1&

Noting that the enthalpy of a substance

in.its standard state, K9
AH?.r', we get the following useful reg o

» 1S equal to the standard enthalpy

ults:
“To=EIvg,, + ZVibH

T (9.56)
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el , AG? I

- Zv,AHY . .
T ZVf¢’zgs,,-+-\_Tf'29&' 957

ote that the enthalpy of a compound i the standard
of formation, AH}" i- The standard free energy of a re
may be.used in Eq. (9.31) to calculate the equilibri

State, H,-o, is the same as its standard enthalpy

action determined using Egs. (9.56) or (9.57)
um constant.

EXAMPLE 9.6 Calculate the equilibrium constant at 298 K of the rléa.ction

N;04(g) — 2NO, (g)
given that the standard free energies of fo
Jimol for NO,.

 Solution Using Eq. (9.50) for the dissociation of N,O,,

Imation at 298 K are 97,540 J/mol for N,0, and 51,310

AG® = 2 x 51,310 - 97,540 = 5080 J/mol

From Eg. (9.31),

AG’= _RTIn K
which gives

0
i W80 . S00. y g 0o
i RT ~ 8314 x 298

Therefore, K = 0.1287.

EXAMPLE 9.7 The standard heat of formation and standard free energy of formation of ammonia
A 298 K are —46,100 J/mol and —16,500 J/mol respectively. Calculate the equilibrium constant

for the reaction
ki N, (g) + 3H;(g) = 2NH;(g)

4300 K assuming that the standard heat of reaction is constant in the temperature range 298 to

Solution The standard free energy of reaction is estimated from Eq. (9.50).

: 1AGO? | AG?
AG’ = Proicts ,Vil AGi'f - Rcagt;ants IV,' AGis

The TR — yields zero as the free energy of formation of the elements are zero.

AG°= x |v,|AGY =2 x -16,500 = -33,000 J/mol

Products

Ving g 9.31),

AG® _ 33000  _ 33105
InK = -5 =78314 x 298

K at 298 K = 6.0895 x 10°
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— _ 92,200 J/mol. This is 'a-ssgmed Constgy,
K = 2 x — 46,100 37) to evaluate the equilibrium Constay;,

The standard heat of reaction at 298 (O
- within the temperature range involved. Now use Eq. (

K __AH° l__l.)
by =R \T T,
X -92’200( L __1—)=—15.0344
I 0895 % 10° 8314 \500 298)

Therefore, the equilibrium constant at 500 K, K = 0.18

EXAMPLE 9.3 . n-Butaﬁe fs isomerised to i-butane by the action of cat.al-yst at moderate temperatures
It is found that the equilibrium is attained at the following compositions.

Temperature, K Mol %, n-butane
317 , , 31.00
391 43.00

Assuming that activities are equal to the mole fracti

ons, calculate the standard free energy of the
reaction at 317 K and 391 K and average value of

heat of reaction over this temperature range.
Solution Since activities are e

qual to mole fractions, K
fraction of i-butane and Ynp the mol

: = Yi/Ynp» Where y;, is the mole
e fraction of n-butane ip th

€ equilibrium mixture. Therefore,

AL317K, g 069

At 391 K, 057
Equation (9.31) gives

AGY = ~RTh g

AGy; = -8314 x 317 |, 22258 = _

In =2 éﬂg(i B
1 R > T
W28 ago
13255 ?‘(“- e o
Therefore, AH® = - 7218.02 J/mg]. .

Scanned with CamScanner



Chemical Reaction Equilibria 417

——

EﬂMP{JE 9.9 Estimate the standard free energy change and equilibrium constant at 700 K for
e reaction _

N, (g) + 3H, (g) » 2NH; (g)

given that the standard heat of formation and standard free energy of formation of ammonia at

298 K to be —46,100 J/mol and —16,500 J/mol respectively. The specific heat (J/mol K) data are
given below as function of temperature (K):

Cp=27.27 + 493 x 10T for N,
Cp=12701 + 351 x 10°T for H,
Cp=29.75 + 25.11 x 10T for NH,

Solution 'The standard heat of reaction and standard free energy of reaction at 298 K were
estimated in Example 9.7. \ ‘ (g

AH® = — 92,200 J/mol; AG® = — 33,000 J/mol
Also,

Ao =2 x 29.75 — 27.27 - 3 x 27.01 = —48.8
AB= (2 x25.11 — 493 — 3 x 351) x 107 = 34.76 x 1073

Equation (9.46) gives | ‘ . -
—92.200 = AH’ — 48.8T + 17.38 x 107>

= AH — 48.8 x 298 + 17.38 x 107 x (298)2
= AH’ -13x 104 ‘

Themfore, AH’ = —7.9201 x 10*. Equation (9.48) gives

=33,000 = AH’ — AoT In T—AZETZ—ART |

= -7.9201 x 10* + 48.8 x 298 x In 298 — 17.38 x 10 x 2987 — A x 8.314 x 298

= 2105 - 2477.57 A
Therefore, A = 14.169. Substitute AH’ and A into Eq. A(9.47) and Eq. (9.48), we get

5 3 |

nxo9201 488, . 1738107 14169 S (9.58)
RT R R

AG® = 79201 + 48.8 T In T — 17.38 x 10°T* — 14.169RT (9.59)

Py . .
AGOZ;;--IOO K in the above equations. Equation (9.58) gives K' =1 x 10™; Eq. (9.59) gives
3,607 J/mol,

E ‘
X{MPLE 9.10 Evaluate the equilibrium constant at 600 K for the reaction

CO (g) + 2H;(g) - CH;0H (g)

h
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given that the Gibbs free energy function
| o= Gt — Hao
298 T

for CO, H, and methanol at 600 K are respectively —203.81, ~136.39 and — ?49 l83 .leol K. The hey
of formation at 208 K of CO (g) and CH;OH (g) at 298 K are —110,500 J/mol and ~200,700 yjn

Solution The standard free energy of formation at 600 K is evaluated by means of Eq. (9.57)

0
AGO EV-AHf, 298, i
= EV;agg, i + — T
AGo = 1(- 249 83) — 1(- 203.81) — 2(- 136.39) + = [1- 200,700) - 1(- 11'0-,'5‘{60)] .
600 ‘ : 600

= 76.4267
From Eq. (9.31), 7 | e

0
N
T
76.4267
InK=- =-91
‘ 8314 = =

K =1.018 x 107
EXAMPLE 9.11 Calculate the equjlibrium constant for the reaction
N, (g) + 3H,(g) - 2NH; (g)

at 500 K, given that the free energy function

$o = G~ Hy
T

at 500 K for nitrogen, hydrogen and ammonia e respectively ~177.5, ~116,9 and ~176.9 J/mol K. T
function (H%g — H{) for nitrogen, hydrogen and ammonia ar

99
€ respectiv y 9, 8468 and
J/mol. The free energy of formation of ammonia at 298 K espectively 866 -

is —46,100 J/mol.
Solutign Equation (9.53) gives

Hyoe ; — HY ,
XV P08 = ZViPoi - ZV;{-ﬂT*OiJ

I

2(-176.9) - 1(- 177.5) - 3(- 116.9) - (2x%9920 — 1 % 8669 — 3 X 8468)/500
174.4 + 28.466 = 202.87 J/mol K

I

e — AA
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/”
Equalion (9.57) can be used to evaluate AGgoo-
” .
T

= 202.87 + 2(-46,100)/500 = 18.47 J/mol K

ol 1847
Therefore, InK=- —p = 22215
K=10.1084

06 EFFECT OF PRESSURE ON EQUILIBRIUM

9.6.1 Effect of Pressure on Equilibrium Constant

We have shown that the equilibrium constant K is related to the standard free energy change by the
equation, AG® = — RT In K, where K is defined by Eq. (9.19) as

!
K= aL M =TIlqg"
b i

A Op

3

The equilibrium constant defined above is independent of the pressure. By Eq. (9.31), the equilibrium
constant is known if the standard free energy of the reaction and the reaction temperature are
known. The standard free energy of a reaction is determined by the free energies of the substances
in their standard states. The standard states are defined by specifying a pressure and are in no way
dffected by the reaction pressure. That is, the standard free energy of a reaction, and hence, the
“Quilibrium constant are not affected by changes in the equilibrium pressure.

352 Effect of Pressure on Equilibrium Composition

m°“gh the equilibrium constant is unaffected by pressure, it does affect the equilibrium composition
N 835-phase reactions. This effect is explained qualitatively by Le Chatelier’s principle. Consider
i €Xample, the equilibrium in the gas-phase reaction A — 2B. When pressure is applied to this
Wstem, iy responds in such a way -as to minimise the effect of the increase in pressure. This is
r ‘C.Ved by decreasing the number of moles in the system, which in turn is achieved by the
l:act“’" A < 2B. Thus, increase in pressure decreases the number of B molecules and increases
e Mmber of A molecules. By the same reasoning we can deduce that in the case of the reaction
equlhbrium for N, + 3H, — 2NH. formation of ammonia will be favoured by an increase in
f}::lssure as there isza reducztion in [he3number of moles due to thislreaction. It sh(_)uld be remembered
: When the composition of the system changes in this manner in response to increase or decrease
Plessure, i does so without changing the equilibrium constant. ' ,
by XCept at very high pressures, properties of solids, liquids or solutions are not affec!ed appreciably
sglul::‘esmr& Therefore, the equilibrium concentrat?ons in reactions involving solids, liquids or
NS are not affected significantly by changes in pressure. S
O predict the effect of pressure quantitatively, the relationship between equilibrium constant

o
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Equation (9.19) defines the equilibrium COnStay,
ting system. The activities of the CoOmponepy,
As K is independent of Pressyre

and equilibrium composition must be established. E
as a function of activities of the species in the rea(ci: i
are affected by changes in pressure, temperature and comp ' .
and activities yarc notg, it re(fuircs that thepactivilies of the components change w1tl.1 pressure in gy
a way that the complex function of activities, which we have def-'llfe_d as equilibrium Constap,
remains unaltered. The equilibrium constant written in terms of activities, K, and the equilibriy,
constant K, which is written in terms of the fugacities of the components were shown to be equ
for gaseous systems employing ideal-gas standard state through Eq. O:2D).

K:"(f;)vi = Kf

Fugacitics can be written as product of fugacity coefficient and partial pressure of the componep
in the mixture.

fi=0,0:P) (9.60)
Rewrite Eq. (9.21) using Eq. (9.60). ! : % b g
K=K, =11,y P)"

The above equation can be put into the following forms:

K = @1¢}) (y¥i) p¥ (9.6)

In the above equation, v=2Xv,=l+ m—q —
P is the reaction pressure. S

Let K, =I1¢}" and K, = I1y!" . Then Eq. (9.61) gets modified as

e : : constant in terms iti tion (9.62
provides the necessary expression relating the equilibrium constang a‘:lfictz?g:sl_tll_gn: Equ:l)::lopr:) ;9&0“‘
uilibrium ¢

If the reaction mixture behaves as an idea] gas, K. is unie
» T¢I unity and Egq, (9.62) reduces to

oo diling: K= K,p" . (9.63)
Since, K is independent of pressure, the variat; '

b, for the general reaction given by Eq. (9.11) and

the case of ammonia synthesis reaction, v wil .
decrease P and‘as a result, K and the equilibrium .yielq + INCrease in pressure in this cas®
reaction results in an increase in the number of mq wf)ul
would decrease with increase in pressure.

The above observations are in agree
Eq. (9.62) can be used to explain the effect
be explained by Le Chatelier’s principle, Opea
such as the water-gas shift reaction .

Ment with the . ' P
e LY . . ]uonv
of pressure on reac hatelier's principle. In add

. . 0
Would ex tions where v is zero, which ¢a"7

CO(g + H,0 8) - CO(g) + (g)
y 2
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mc equillbl‘lum (-301-11])031(10"- in lhlS Case Can be explained by the eﬂcct of pressurc on Kr K¢
easures the dm_uatlon from.ldeal-gas behaviour, and jts value may change with change in pressure.
If K, decreases in any reaction, then K\ and the equilibrium yield would increase even when v is
er0. The effect of pressure on K, can be calculated from fugacity coefficients. It is seen that when

the compressibility of U_le Pfod}ICts is greater than the compressibility of the reactants, Ky decreases
with pressure, thereby increasing the conversion.

EXAMPLE 9‘12 A compound M polymerises in the gas phase at low pressure to M,, where n > 1.

(a) Show that the mole fraction of the polymer at equilibrium increases with increase in
pressure at constant temperature

(b) The mole fraction of the polymer in the equilibrivm mixture at 300 K is 0.15 at 1 bar and
0.367 at 2 bar. Find the value of 5.

Solution (a? The reaction is nM — M, There is a decrease in the number of moles during
the forward reaction. The increase in pressure therefore favours the polymerisation reaction and as
aresult, the mole fraction of the polymer at equilibrium increases with pressure.

(b) Pgom Eq. (9.62), K, = (K/Kg)P~". Assuming ideal gas behaviour, K, = KP~'. Here, v=1-n
and at 1 bar, _ :

Ky = mole fraction of M,/(mole fraction of M)" = 0.15/0.85"

K, at 2 bar = 0.367/0.633"
Therefore,

0.15/0.85" = KP™' = K
0.367/0.633" = KP*! = K x 2™!

Dividing the second equation by the first,

12 0367 [ 085 ) _ 54467 x 13428"
015 (0633

On solving, we get n = 4.

ExampLg 9.13 In the synthesis of ammonia, stoichiometric amounts of nitrogen and hydrogen
"€ 5ent 10 a reactor where the following reaction occurs

N, + 3H, — 2NHj;

The ®quilibrium constant for the reaction at 675 K may be taken equal to 2 X 107%,
@ Determine the per cent conversion of nitrogen to ammonia at 675 K and 20 bar.

(b) What would be the conversion at 675 K and 200 bar?

Jolut 1 i i reactant mixture. Let € be
EXte lution Basis: 1 mol nitrogen and 3 mol hydrogen are in the the

B " Of reaction. Then the number of moles of various species at equilibrium are calculated using
. _ : es of nitrogen, hydrogen and ammonia at equilibrium are,

v)asn; = p. : mol ’
"Spec i = njp + V;£. Thus the | moles at equilibrium is = 4 — 2. The mole fractions of

"ilmgtwely » 1 - g 3 - 3¢ and 2¢. Tota :
®1, hydrogen and ammonia are, respectively,

|
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1-¢  3(1-¢ 2¢
4-2¢ 4-2¢ 4-2¢

The sum of stoichiometric numbers, v =2 - 1 — 3 = — 2. Equation (9.62) gives
: 2
K, = (KIKgP™" = KP

In arriving at this result ideal behaviour is assumed, so that K, =_1' 7
Thus we have the necessary relation connecting the equilibrium composition ‘and pressure,

[2e/(4 - 25)]2 92 x10"* P?
[(1 - &)/(4 - 26) [3(1 - £)/(4 - 26

That is,
2 2
@28 51074 p2
27(1 - ¢)

€4 - 2¢)

(o = 36742 1072 P (9.64)
(a) When P = 20 bar,

E4 -2¢)
(1-¢)

2734856 - 5.4697¢ + 0.73485 — 0

Solving this, £ = 0.1448. Fractional conversion of nitrogen,

= 0.73485

v.le -
4 =—‘—=e=0.1448
)

That is, conversion of nitrogen = 14.489,
(b) When P = 200 bar,

€4 - 2¢)

Ao = 73485

9.3485€% - 18.697¢ 4 7.3485 =

Therefore, € = 0.5375. So, conversion of nitrogen = 53759,
We see that the increase in pressure favours the f . -
i i ormatl . . n 1s
accompanied by a decrease in the number of moles, on of ammonija as this reactio

9.7 OTHER FACTORS AFFECTING EQUILIBHIUM CONVERSION

The reaction conditions that mﬂu'ence the extent of reaction under e
pressure, presence of inert materials, presence of excess of
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fihe reaction in the initial mixture. The effect
mposition have already been discussed in the

other factors.
Rearrange Eq. (9.62) to the following form,

s of temperature and pressure on the equilibrium
previous sections. Here, we discuss the effects of

K =—pvV
: ¥ (9.65)

K, in Bq. (9.65) may be written as
. Vi
K, = “[%) ‘ (9.66)

where i 1s any species taki.ng part in the reaction and n; is the number of moles of i. N represents
the total number of molels in the reaction mixture, and if any inert material is present in the system,
Nincludes n; moles of inert material also.

N=Xn+n
Combining Egs. (9.65) and (9.66) we obtain

n Y’ K
I —LJ =N"Mni=—P"
N K,

or

K (NY
i =— (—J (9.67)
FOK\P \

oly changes in the reaction conditions that results in an increase in the right-hand side of

Eg (9.67) leads to an improved conversion.

74 Presence of Inert Materials

.Dih“ing the reaction mixture with an inert material will increase N in Eq. (9_.67). This will .result
"an increased conversion. if v is positive. That is, if the reaction procee'd.s with an increase in the
Mmber of moles presencé of inerts in the system will increase the equilibrium yield. The effect,

: i tions. The presence
We sep. ic . of increased pressure 1n such reactio
°¢ Is just the opposite 10 the effect anied by a decrease 1n the number of

of j g
moll::ns il decrease conversion if the reaCt'lﬁnh;sv: i::: Iil:‘ll;luence on the degree of completion if
’ . . 1 g :

s gy the inerts present in the system oles during a reaction.

1§ ze o ™z . : umber of m
810, that is, if there is no change If the n

1 mol water vapour is undergoing the water-gas

1 bar.

) = CO,(g) + Hz (g)

co(g) + H,0 (g
- 1. Assume that the gas

The 6 mixture behaves as ideal
8, Quilibrium constant for '

the reaction is K
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(a) The fractional dissociation of steam m . -
(b) The fractional dissociation of steam if the reactant stream is diluted with 2 mol Nitrogey,

Solution The mole fractions of the species at equilibrium are related to the equilibriyp,
constant which is given by

K= _y
¢
where v is the sum of stoichiometric numbers. Here, v=1 + 1 — 1 = 1 =0. As the gas mix’ture
behaves as an ideal gas, K= 1. Equation (9.65) gives K, = K = 1. Ky is related to the mole fractions

of various components as K, =11 yi" *. Equation (9.4) gives the relationship between mole fractions
and extent of reaction at equilibrium as

No+ Ve
Ny + gV

Yi =

(a) The mole fractions of the constituents in the e

quilibrium mixture are expressed in terms of
the extent of reaction as given in the table below:

Component V; N, mol i
ey I I (1-er
g 1 1 a-on
Co, +1 0. &
H2 +1 0 &
) 2\
K,=1=20M _ @) en 2

Yeo¥mo (- ey = /2]~ -(T:-:)T
Solving the above, £ = 0.5.

Conversion of steam z is obtained from Eq. 9.5)

)
This means that 50% of steam is con

-(b)

verted in the reaction.

Component m
o T

H,0 =l : (1 - g4
H2 +1 0 €4
N, 2 &/4

% 
\
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Ky=1=200 _  @ayeny g2
Yeoduo [~ &/AI[A - eya] ~ (1- e

EXAMPLE ?.15 Ammonia synthesis reaction 1s represented by

N, + 3H, — 2NH;,

T;w ;eactan[t- stream c6(?7nsnsts of 1 mol N,, 3 mol H, and 2 mol argon. The temperafure and pressure
of the Teac 1on are 675 K.and 20 lbar. The equilibrium constant for the reaction is 2 x 107
Determine how the conversion of nitrogen is affected by the presence of argon.

Solution  The total number of moles of the initial mixture, ng= 1 + 3 + 2 = 6.

v=Xvy=-1-3+2=-2

Mo + Vi€ _ Mg+ Vi€

: ng + €V 6-2¢

Component v R, Mol Yi
N -1 1 (1 - £)/(6 — 2)
B -3 3 3(1- o6 - 2¢)
NH; +2 0 2¢/(6 - 2¢)
A 2 |
N 6

[2e/(6 — 291 %107 x 207
(= £)/(6 — 28] [3(1 - £)/(6 = 26)

3
1 (3
[e/(3 —i)ﬁ/ _ 2 x 1074 x 20% x 5 (5) =0.1350

3
[(-e/3-elll- £)/(3 - £

EQ_:_le = 03674
(1-9
onversion of nitrogen decreases to 10.22%

So] 3
: ple 9.13) achieved in the absence of argon.

e & Ve get, £ = 0.1022. Thus,
Presence of argon, from a value 0

it 1s seen that the ¢
f14.48% (Exam

|
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9.7.2 Presence of Excess of Reactants

: : ' ing the number
When the reactants are not present in stoichiometric proportlonS,1 lmg:?tsltanirzducts a[r):iri(r;f ergoles
of the excess reactant will result in increase in the number f)f m‘?des ¢ Feoin The: fithand sl:deved
conversion of the limiting reactant at equilibrium. This is evl enleS Pl oxnns reécta [(.)f
Eq. (9.67), the value of which increases when the number of mo i e nt js
increased. Therefore, it is desirable to supply all the reactants except the limiting In excesg

: i i spect to the limij
of the stoichiometric requirement, in order to increase the conversion with resp € limiting
reactant.

EXAMPLE 9.16 One mole steam undergoes the water-gas shift reaction at a temperature of
1100 K and a pressure of 1 bar.

CO (g) + H,0 (g) - CO,(g) + Hz (g)

The equilibrium constant for the reaction is K = 1. Assuming ideal gas behaviour, calculate the

fractional dissociation of steam in the following cases and discuss the effect of the presence of
€Xxcess reactant on the extent of reaction. ‘ ‘

(a) CO supplied is 100% in excess of the stoichiometric requirement.
(b) CO supplied is only 50% of the theoretical requirement.

Solution Basis: 1 mol water vapour present in the reactant stream.

(a)
Component V; Njo, mol ¥
—— Wl
floo =l 2 @2 - 83
: . L. (1 - e/
Co, +1 0 &3
H, +1 0

€/3
no : \
Therefore, \

82

W

\\ —
I-&@- €) 1
Therefore, £ = 0.667 and z = 0.667/] = 0:667. Tha i i
o al 1s, conversjop of steam is 66.7%.

Component "

' i
CO W

H,0 -1 { 0.5 - gy1.5
CO, +1 5 (1 -¢y1s
H, +1 g1.5

ol
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ﬂerefore,

82

—_—
g (0.5—6)(1—8)
fherefore, € = 0.333; z = 0.333. So on]

'We see that the equilibrium convers
goichiometric proportions, it increages {
0 33.3% when CO becomes the limitin

1

y 33.3% of steam get converted.
1on of water vapour was 50% when the reactants were in

0 66.7% when CO was present 100% in excess and falls
g reactant.

0.7.3 ‘Presence of Products

If the m;u;:a?ac;tlgn :n;xture contained any of the products of the reaction, then the number of
moles 0 product formed by the reaction so as to establish equilibrium will decrease as

indicated by Eq. (967) Therefore, the addition of the products to the original reactant stream
decreases the equilibrium conversion.

EXAMPLI?‘ 9.17 A gas.mixture which contained 1 mol CO, 1 mol water vapour and 1 mol CO,
is undergoing the following reaction at a temperature of 1100 K and a pressure of 1 bar.

- CO(g) + H,0(g) - CO,(g) + Hy(g)

The equilibrium constant for the reaction is K = 1. Assume that the gas mixture behaves as ideal
gas. Calculate the fractional dissociation of steam and discuss the effect of the presence of the
products on the equilibrium conversion.

Solution The mole fractions of the different species in the equilibrium mixture is expressed
in terms of the extent of reaction as below: o

Component v n; g, mol ¥;
(6(0) -1 1 (1-#973
H,0 -1 1 (1 -8
CO, +1 1 (1 + &/3
H, +1 0 €3

ny 3
Yeo, Vi, [(A+e/3leld _el+e)
Ky=1=—"—"=17"n31-e/3 (-ef
} YeoYuo [ e)3] [(

0.333, which means that the conversion of water vapour

Soly;
Ing the - te= Lty
above equation, we g€ the product of the reaction in the reactant stream.

Fts Teduced to 33.3% due to the presence of CO,,

5% CO, 55% H, and 20% inert gas is to be used for

PLE918 A gas mixture containing Zat alyst chamber in chemical equilibrium with respect

Met ,
i hano Synthesis. The gases issue from the ¢

CO (g) + 2H2(8) 2 CH;OH (g)
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at a pressure of 300 bar and temperature of 625 K. Assume that the equilibrium mixture formg an

ideal solution and K¢ and K are 4.9 x 1075 and 0.35 respectively. What is the per cent conversigp
of CO? .

Solution Basis: 100 moles of initial gas mixture.
Let € be the extent of reaction at equilibrium. ny = 100.

v=-=1-2+1=-2

The mole fractions in the equilibrium mixture are calculated using Eq. (9.4)

_ Mg+ ViE ng+ V;E
- np+ev 100 -2¢

Component V; n;o, mol Yi

CO -1 25 (25 - &/(100 - 2¢)

H, -2 55 (55 - 2€)/(100 - 2¢)

Inert gas - 20 -

CH,;0H +1 0 &(100 - 2¢)

no 100
For gases, K = K. Therefore,
K
K). =L p-v
Ky
€/(100 - 2¢) 49 x 10-5
= : 2
(25 - €)/(100 - 2€)] [(55 - 2€)/(100 — 20 a5 <300
£(100 - 2¢)?
| 7 =126
(25 - €) (55 - 2¢)
Solving this we get € = 15.25; fractional conversion of CQ
lv;l e
1=——=1525/25 = 061
4 My ‘

Therefore, 61% of CO gets converted.
EXAMPLE 9.19 A gas mixture consisting of 60¢, H .- '
over a suitable catalyst for the production of émmonia?, 20%_N2 and the rest inert gas is PE‘S.S?,j

! 3
E Rzt 5 H, » N[—I3
The equilibrium constant K, = 1.25 x 1072, The

preSSure is mai
' i aint
behaviour for the gas mixture. Determine the ¢

Omposition of aned at 50 bar, Assume ideal £35

€ gases leaving the reactor.
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Solution  Basis: 100 moles of the reactang gases

1 .3 '
V= __= i
275 +1=-1
Component v, R 161 ‘
i0s Yi
N
HZ -1/2 20 [20 - (&2)]/(100 - &)
o -3/2 60  [60 — (3&/2)]/(100 - &)
. 3 +1 0 g(100 - g)
nert gas. = 20 =
ng - 100
Since,
, . K)- = KPP_V
Then,
e/(100 - €)

20~ @00 ol (60— Geayioe - 07207068

£(100 — €)
[20 — (e/2)]"* [60 — (3&/2)]

= 0625

Solving this, we get € = 8.71. Mole fraction of nitrogen is obtained as

(20 — (&2)1/(100 - ) = 0.1714

and mole fraction of hydrogen is
[60 — (3€/2))/(100 — &) = 0.5141

Mole fraction of ammonia: ,
£/(100 — £) = 0.0954

Mole fraction of inert gas:
0.0954 = 0.2191

1 -0.1714 - 0.5141 -
Analysis of exit gases from-the reactor:

51.41%, NH3 = 9.54% and inert gas = 21.91%

N, = 17.14%, Hy =

%8 LiQuID-PHASE REACTIONS

i i Il chemical reactions.
The equilibri ant as defined by Eq. (9.19) i applicable for all che
lum constant 3
x=04a"
prium constant using this equation requires a

For |; - uili
or hq“id-phase reactions, the evaluation of €q
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relationship between activity and composition. Since, activity ls'tgedrat:](c):eofh?iti?\iiigysfo th.e
fugacity in the standard state, such a relationship can be established o fiouidat 1 \bar f:ile is
specified. The standard state for liquid-phase reactions may bff the PU;C lqth e ar; the
reaction temperature. The fugacity in this state is not much different from the fugacity of pure

. i e .
liquid at the pressure and temperature of the reaction f;. This lS.b-eCfiUSC. pl'eStSa!:]ft e :::0‘:“;)5' negligible
effect on the properties of liquids. With this choice, the equilibrium cons

‘i"i j‘;"i
K=HF% =nbﬂ (9.68)

The fugacity of a component in the solution is related to the fugacity in the pure state by f = yxf,
where y; is the activity coefficient in the solution. Using this in Eq. (9.68), we get

i

K= n}’:i X,.v" e KY K, (9.69)

K, is an equilibrium constant in terms of activity coefficients. Accurate values of activity coefficients
are rarely available and in practical calculations we set K, = 1. This is equivalent to assuming that
the solution is ideal and a; = x;. The components present in large proportions obey Lewis-Randall
rule and for them the activity and the mole fraction in the solution are the same. Even if Lewis—
Randall rule is not applicable, the assumption that Ky = 1is not a very serious limitation as the
function denoted by K, may become nearly unity even if the individual activity coefficients are not.
Thus

K=K, = (9.70)

For components present in low concentration, the standard state of the o]
or hypothetical state which would exist if the solute obeyed Henry’s law
extending up to a molality of unity. This hypothetical

ute is usually the fictitious
= over a concentration range
state is illustrated in Fig. 9.4,

N T—

Standard state

1

Actual behaviour

0 Molality, 1.0

Fig. 9.4 Standard state pageq on Henry'g |
aw,

The fugacity and molality (mol/kg solvent) are related a5

-

Jr=HKim, 9.7

N

4
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/
dhere K; is the Henry’s law constant and m; is
(oo be showp that the standard state fugacity
od the molality are equal. That is

the molality. Using the hypothetical standard state,
is equal to the Henry’s law constant and the activity

a; = m, (9.72)

-t thi ice for the standard
With this choice andard state, a very simple relati ip exi W ivi
. ’ elationsh
e concentration for cases where Henry's law is Epplicable ip exists between the activity and

59 HETEROGENEOUS REACTION EQUILIBRIA

In the study of hf:te_ff’genéo_us'r_eaction equilibria presented in this section, we are concerned with
1gas th_‘s_e t_hat 1s 1n equilibrium with a liquid or a solid phase. When the heterogeneous system
is in equilibrium we would have to consider the equilibrium with respect to chemical reactions in
e gas phase as well as the phase equilibria between the components in the gas phase and the
liquid or the solid phase as the case may be.

09.1 Reactions in Solutions

Consider the reaction between a gas A and liquid B to produce a solution C.
A(g) +B(1) — C(aq)-
The equilibrium in this reaction can be studied in different ways:

1. The reaction may be assumed to take place entirely within the gas phase and the equilibrium
constant for the reaction is evaluated using the standard state for gases, i.e. the ideal gas
standard state at a pressure of 1 bar and the reaction temperature. The resulting equations
are coupled with equations for material transfer between phases to maintain equilibrium.

o occur in the liquid phase with simultaneous transfer of material

2. The reaction is assumed t _ _ nster
The calculations of reaction equilibria are based

between phases to maintain equilibrium.
on the liquid standard state.

3. The third method involves the us

A is the pure ideal gas at 1 bar, th pure
In an ideal 1-molal aqueous solution. The equilibri

e of mixed standard states. Thus, the standard state for
at for B is pure liquid at 1 bar, and for C it is the solute
um constant in this case may be evaluated

as
PRI L. (9.73)
- adg (fA) (YBXB)
:\;l.the above methods give the same results for equilibrium compositions, but the values for
Wlibriy constant depend on the choice of the standard state.
99 NPT
.2 St g ' Liquids
N Equilibria involving Pure Solids and Liq
hep : tion with gases, its activit
a S P heterogeneous reactl g ’ Y
hay . PUTe liquid or a pure solid 1S involved 11 2 ; much different from the standard

es stem is not . .
ure of the sY ity to the fugacity in the standard

e
g, , '2Ken as unity provided the press of the fugac

* Actjy; . : io
ity as we know, 1s defined as the rat

\ i
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S
state. The fugacity in the standard staté is almost equal }to'that in the e(]u111br1u11n state, as these 1y,
States differ only in their pressures and not in their temperatures. Pressure, "";1 €SS extremely high
has only a negligible effect on the properties of liquids and solids. Where the Sta“_dﬁf'd State f,
solids and liquids is taken at 1 bar or at low equilibrium vapour pressures, the activities of pure
solids and pure liquids may be taken as unity at moderate pressures. Therefore, the €Omposition of
the gaseous phas

¢ at equilibrium is not affected by the presence of the solid or liquid.

9.9.3 Pressures of Decomposition

Many solid compounds decompose to give another solid and a gas, as in the calcination‘bfvf;;‘a]c}u'm
carbonate to CO, and lime, o
CaCOs(s) — CaO (s) + CO,(g)

The equilibrium constant for this reaction is

is the ideal-gas state at 1 bar, the standard
of CO; in the equilibrium mixture js equ
equal to its partial pressure at low press

he standard state for gases
state fugacity is equal to unity and therefore, the activity
al to its fugacity, Jeo, .

But fugacity of a component is
ures and, therefore, Eq. (9.74) reduces to

K= :U-C02 .
This is the equilibrium partial pressure exerted by CO, and its valu
If the partial pressure is lowered below this equilibrium value, C

eventually disappear. On the other hand, if the pressure on.the System is kept above the e:qui'librium
partial pressure, CaO will combine with CO, resulting in the formation of CaCoO
For a general solid decomposition reaction Tepresented by ' i

aA (s) - IL (s) + mM (g)

(9.75)

e depends only on temperature.
aCO; will decompose and will

- the above treatment can be generalised as

= - 0
K..=a;;=pg=exp( AG J

RT (9.76)
or
]n D — :A(ﬂ - 0
mRT ~ ~ upr QH® - TASY) ©.77)

In the above equation, m is the stoichiom AHO f
. ) to
reaction and standard entropy of reactior respectively, - and AS? are the standard hea

EXAMPLE 9.20 Ethylene gas reacts with water formip

& aqueous solutipn of ethanol.
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. heium IMeasurements at 5 l
qu’lh-élz shanol and 95.0% 30 K and 85 bar showed that the aqueous phase contained 1.5%

mole), . (mple) water. The vapour phase analysed 48% ethylene. The fugacity
Coeffl‘?‘e“.t for ethylene is estimated to be 0.9. Evaluate the equilibrium Zonstﬁnt.

‘ "sbluiioh Equation (9.73) may be used for evaluating K.

i gy

K = ac o mCszOH
apag (fc2H4)(7’_H20xH20)

W.s.tandard state for aqueous _so'lution is 1 molal solution; for water, it is pure liquid water at 1
wr. and for gaseous ethylene, it is the pure ethylene at 1 bar.

The molality of aqueous solution = moles ethanol/kg water
= 1.5/(95.0 x 18 x 107%) = 0.8772 mol/kg water

Fugacity of ethylene is denoted by szHu and it is estimated as
fC2H4 = ¢C2H4 ﬁczn,, = ¢C2H4 Y, Hy P=09 x 0.48 x 85 =36.72 bar

The mole fraction of water is close to 1 so that Raoult’s law is applicable. Therefore, the activity
wefiicient of water may -be taken to be unity.

= 08772 _ 15146 x 1072 (mol C,H,)/(kg water bar)
36.72 x 0.95

EXAMPLE 921 Calculate the decomposition pressure of limestone at 1000 K.

WErsg. CaCOs (s) = CaO (s) + CO,(g)
tion as function of temperature is

243427 + 11.8478T In T - 3.1045 X 10777
_ 4.1784 x 10°/T

Thf standard free energy of this reac
AGY = 1.8856 x 10° -
+ 17271 x 1087

Solution  From Eq. (9.75), the decomposition pressure is Pco, = K, where K can be calculated by

AG®
K=¢exp|~ 'E—T__

0 + 81842 - 3105 + 172

| Al 1000 K
N AG® = 1.8856 x 10° — 24342

25186 |- 0048=p
25186 |_q
K =exp (’ 8314 x 1000)
Dey,
OMpac:,:
Position pressure at 1000 K = 0.048 bar

|
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| iy . ined. Pco, = K =1,
The decomposition temperature at 1 bar can'now be determined. Pco, SO that

; —372
AG® = 0 = 1.8856 x 10° — 243.42T + 11.8478T In T — 3.1045 x 10T
+ 17271 x 10°57° - 4.1784 x 10°/T

The above equation is solved for T, the temperature at dcéomP051t1°“’ 1180 K.

EXAMPLE 9.22 TIron oxide is reduced to iron by passing over it a mixture of 20% CO and (g,
N, at 1200 K and 1 bar.

FeO (s) + CO (g) — Fe (s) + CO,(g)
The equilibrium constant for this reaction is 0.403. Assuming that equilibrium is attained, calculate

the weight of metallic iron produced per 100 m? of gas admitted at 1200 K and 1 atm. Gas mixture
may be assumed to behave as ideal gas.

- Solution  Basis: 100 mol of gas entering.
The activities of solid components can be taken to be unity.

_ are aC02 _ aC02
re0dco  Aco

K

If the gases are assumed to be ideal, then

a=p;=yP
and the given equation for equilibrium constant gives

Yco,/yco = 0.403
Let € be the extent of reaction. Since the initial mixture consists of 20 mol CO and 80 mol Ny, the
mole fractions of CO and CO, at equilibrium are (20 - €)/100 and g 100, respectively. Therefore,
£
20-¢
Solving this, € = 5.745. The equilibrium mixture contains 5,745 mol CO,. Moles of iron prdduced

= 5.745 per 100 mol of initial gas mixture. Also, 100 mo] £as mixture at 1200 K and 1 bar i
equivalent to ‘

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

=0.403

Iron produced per 100 m’ of gas = (5.745 x 55.8 x 100)/9.846 = 3256 g = 3.256 kg

9.10 SIMULTANEOUS REACTIONS

With a given set of reactants many reactions may be possible. W . ebrjum
yield of methanol in the reaction ble. When we consider the equilib
by the methods already discussed, we are in fact j

gnoring the presence of intermediate prod*®"
eaction proceeds in two steps in series a5
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e T N oo st gt =

CO + H, - HCHO 3 (9.79)
, ; HCHO + H, > CH,0H (9.80)
For the thermodynamic analysig
of intermediate products can Sorzletu::sabr: i:Ctlon that proceeds in two or more steps, the presence

: rium ar igible i : : :
The above assumption is implici; ¢ negligible in comparison with that of the main product.

cOnSiSting of only CO, H2 and CH3OH
is very unstable, but in many other situ
mixture at equilibrium also should pe

AG® = AG) + AG?

' gy change in the overall reaction. Since AG? = — RT In K, the above equation
gives

K = K1K2

Ky and K; are the equilibrium constants for the individual steps and K is the equilibrium constant
for the combined reaction. For a given value of K, an infinite number of combinations of K; and
K; are possible such that K = K 1K,. For example, let us take K = 107 and consider the cases where
® 10% = 1071% x 105, (b) 10 = 102 x 102, and (c) 10 = 105 x 107'°. For case (a), the
toncentration of intermediate products at equilibrium would be negligible and correct result would
be obtained by considering only the overall reaction. For case-(b), there would be considerable
amounts of intermediates at equilibrium and their presence cannot be ignored. For case (c), the
*Quilibrium mixture would be mostly intermediates. The use of an overall equilibrium constant for
be calculation of equilibrium compositions is limited to cases where the intermediate products are
"t present in significant quantities.

In addition to the formation of intermediate products, which subsequently reacts to form the
f"_lal desired products, many side reactions may also occur within the system. For example, starting

" the pairs CO ‘and H, some of the possible reaqtions are:
CO + H, » HCHO
CO + 2H;, - CH;0H
CO + 3H2 -> CH4 + Hzo
2CO + 5H, — CHg + 2H0
3CO + 6H2 —> C3H7OH + 2H20
I donr.
r?lle?a‘hng With methanol synthesis, it was
Vielg “OMparison with the steps involved in the s
U P0ss‘z Particular component is to be determine

. SIble regc bstances involved.
p°sslbe actions between the su are to be considered.

10 redyc ions that . o3
e the number of reaction
In the'general case when all intermediates and final products must be considered, it is necessary

assumed that the side reactions proceeded at a nelg!ig‘ible
he synthesis reaction. Theoretically, when the qu:ll.hbl.'lum
d, we should consider simultaneous equilibria in
However, for practical calculations, it is
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that the equilibrium equations of all reactions must be satisfied by the compositions of the syster,
at equilibrium. Determination of the equilibrium compositions involves simultaneous solution of
r equilibrium equations where r is the number of independent reactions that can be written. Afte;
determining the number of independent reactions as explained later, the equilibrium constant i

evaluated for each reaction by

K; = na™ (9.81)

The mole fractions can be related to the extent of reaction for each reaction and the resulting

equations are solved simultaneously.

_pY Vij.
Here the suffix j is used to represent the jth reaction under consideration. The above equation is
written for all r independent reactions. Assuming the equilibrium mixture to behave as ideal gases,
these lead to r equations relating the composition to the pressure and the equilibrium constant.

| K,j=K;P"" (9.8

The method can be illustrated by considering the following simultaneous reactions:
aA + bB — IL + mM ' (9.84)
(9.85)

IL + b,B — myM + nN

m constants be K; and K, for the reactions indicated by Eqs. (9.84) and (9.85)
corresponding extent of reaction be & for reaction (9.84) and ¢ for
] reactant mixture is assumed to consist of 1 mol A and x mol B. The

s reactions can be calculated using Eq. (9.9).

Let the equilibriu
respectively and let the
reaction (9.85). The initia
mole fractions in simultaneou

g TorEi iy

yi_rt_ ”04‘?",'51'

The mole fractions of various components are

(1—ag)[l +x+(@+m-a- by)€, +~(m;_,. +n-1- b.z)gz]

YA=

YB = (x— b & — bzsl)/[l +x+(+m-a- bl)el < (mz +n-1- b2)52]

yo= & - eIl +x + (I + m—a-b)g + (my+n—1-by)e]

= (mé+ mye)l[l + x + (I + m—a—b)g + (my + n-1-byel

yy= n&fll +x + (I + my—a—-Db)&+ (my+n-1-b)g)

These are substituted into the following eq}lilibrium re]gtions_
AL _ g prrm-a-b) 9.86)
Ya g
y]\"/;2 yl,:l =K P—(m2+n-l-b2) (987)
1 b 2

YLYB
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These two equations are solved simultaneously to obtain the variables € and &,. Equation (9.9) can
pow be utilised to evaluate the equilibrium compositions.

EXAMPLE 9.23 ' Five moles of steam reacts with one mole methane according to the following
reaction at 850 K- and 1 bar, .

CH, + H,0 - CO + 3H,, K, = 0.574 (9.88)
CO + H,0 - CO, + Hy; ~ K, =221 (9.89)

Calculate the composition at equilibrium assuming ideal gas behaviour.

Solution Number of moles of a component at équilibrium =m=np+ X .Vi, j€j
J

Let & and &, be the extent of reactions for reaction (9.88) and (9.89) respectively. Thus at equilibrium
the number of moles are, : : :

CHyr 1 - g, H,O0: 5 - ¢ - &, CO: g - &, Hy: 3¢ + &, CO,: &

Total number of moles at equilibrium = 6 + 2¢,. The mole fractions of various components in the
equilibrium mixture are: :

CHy: (1 - g)/(6 + 26),  H;0: (5 - & - £)/(6 + 2¢,)
CO: (& - &)(6 + 2¢),  Hy: (3g + £)/(6 + 2¢),  COy: &£/(6 + 2g))

K, = Yeo Vi, _ (€, - &) Bg, + &,)°

: You, Yo (1 =€) (5 - & - £,) (6 + 2¢,)?
k2o | &3e +e)

»2 = -

YeoYu,o (E1-€)05-¢€-¢)
vi=1+43-1-1=22 w=l+i<1=1=0

Substitute these into the following relationships.

K, =KP™, K,,=KP™"

Note that K; = 0.574, K, = 2.21 and P = 1 bar. The resulting equations are solved for € and &,.
Assume a value for g and calculate & by each equation. These two &, values are plotted against
€. This is repeated for various assumed €, values. The intersection of the two curves gives the
Solution, £ =0.9124; and ¢, = 0.623. The mole fractions are evaluated by supplying the values of
& and g, The results are: ' ‘ "

CH,: 0.0112, H,0: 0.4415, CO: 0.0357, H,: 0.4307 and CO,: 0.0804
i
%11 PHASE RULE FOR REACTING SYSTEMS

We have used the criteria of phase equilibrium to develop the phase rule for non-reacting systems
Chapter g,

G

F=C-m+2
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The criterion of phase equilibrium is valid even “{hen chemica.l rz&;ctlfons occtl.r within the System,
However, the phase rule needs modiﬁcation'for it to b?'apphca N 'Ort tedacling 5(51'5“3“15- This jg
because for each independent reaction occurring, an additional concsltram '1131 IIZHPOSC;E 0(111 the systep,
through Eq. (9.15) or (9.31). Thus, the number of degrees‘ of free om w]: e reduced by one fy
each independent chemical reaction. If r independent reactions occur in the system, then the phage

rule becomes
F=C-m-r+2 | (9.90)

For example, consider a system containing five components distributed between two phases. If the
number of independent chemical reactions occurring is one, then the number .Of degr.eeslof freedom
. willbe 5—2 -1 +2 =4, Assuming that the reaction occurring is a gas-ph_a§e Isomerisation reaction
involving two of the components (say, A and B), we can write the equilibrium relationship as

K =24
¥B

This in fact is a relationship between T, y, and yg. Only two of these three variables are therefore
independent. As the degree of freedom is 4 it means that in addition to these three variables, two
more variables are to be specified to define the intensive state of the system uniquely.

O. A. Hougen, et al., define the number of independent reactions that must be considered as
the least number that includes every reactant and product present to an appreciable extent in all

phases of the equilibrium system, and accounts for the formation of each product from the original
reactants. It can be determined as follows:

-1. For each chemical compound present in the system, equation for its formation reaction
from its elements is written. '

2. The elements that are not present in the system are eliminate

: - i d by properly combining the
equations written 1n step 1.

The number of equations, r, that results

| ] _ alts from the above procedure is equal to the number of
independent chemical reactions occurring.

EXAMPLE 9.24 Determine the number of de

grees of freedom i o sisting of
CO, CO,, H,, H,0 and CH, in chemical equil 1 @ gaseous system con )

ibrium.
Solution The number of independent chemica

1 reactions o ing i is first
i i : ee stem
determined. The formation reactions for each of the urring in the sy

compounds are written:

C+ _:12'02 — CO 9:9Y)
C +0,- Co, 9.92)

H; + %02 - H,0 (9.9%)
C+ 2H; —» CH, (9.94)

The elements C and O, are not present in the

g system. C is elim;i : 99!
(9.92) and (9.94). Combining Eq. (9.91) with Eq. (9.92) we ‘gseftfllmmated first, from Egs- (

)
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\

‘ 1
: CO, —» CO + 502 (9.95)
; Combining Eq. (9.91) with Eq. (9.94) gives

] |
CH,+ S0, — CO + 2H, (9.96)

Equations (9.95), (9.96) and (9.93) form the

) new set from which O, is to be eliminated. Combining
Eq. (9.93) with Eq. (9.95) gives 2

‘ CO, + H, - CO + H,0 (9.97)
Equation (9.93) is combined with Eq. (9.96) to give

3H2 + CO » CH4 + Hzo (998)

The‘ equations that remain after this elimination process are Eqgs. (9.97) and (9.98) which represent
the _1ndep¢ndent chemical reactions occurring in the system. Therefore, r = 2. Equation (9.90) gives
the degrees of freedom as F = C— 7 — r + 2. Here C = 5; m=1 and therefore, F = 4.

SUMMARY

Thermodynamics of chemical reactions is mainly concerned with the prediction of the equilibrium
conversion attainable in a chemical reaction and the effect of operating conditions on the degree -
of completion of the reaction. The criterion of chemical equilibrium requires that for a chemical
reaction occurring at equilibrium, there should be no change in the Gibbs free energy of the system
at constant temperature and pressure. If the system is not in chemical equilibrium, the reaction
occurring must be irreversible and the total Gibbs free energy must decrease at constant temperature
and pressure (Section 9.2). :

The equilibrium constant K for a reaction was defined in terms of the activities of the reactants
and the products as

K =Ia/

Where g; is the activity of component i in the reaction mixture and v, is the stoichiometric number
of i (Section 9.3). The equilibrium constant was related to the standard free energy change by
Eq. (9.31). Thus the numerical value of the equilibrium constant depends upon the temperature,
the form of the stoichiometric equation and the definition of the standard state for each component.
However, it is independent of the pressure at equilibrium (Section 9.4). Equation (9.31) also provided
an approximate criterion for feasibility of reactions. If AG? for a reaction is zero, then K = 1, the
Teaction proceeds to a considerable extent before equilibrium is reached. If AG? is negative, then
> 1, the reaction is quite favourable. ’
The effect of temperature on the equilibrium constant was quantitatively expressed by van’t
Hotf equation [Eq. (9.36)]. For an exothermic reaction, the equilibrium constant decregse_s as the
feaction temperature increases and for an endothermic reaction, the equilibrium consFapt ~w111 increase
With increase in temperature (Section 9.5). Three methods for the evaluation of equilibrium constant
Were discussed; the one which made use of thermal data in the form of standard heat of reaction
» and a standard free energy change of reaction AG? at a given temperature was found to be

A

Scanned with CamScanner



N

440 A Textbook of Chemical Engineering Thermodynamics

the most convenient and widely used. The usefulness of th.e. G}auque functions for tabu]atipn of
: i f the equilibrium constant was also estab|jgp,

standard free energy of reactions and calculation o q tlie) cOmPpOSItion at Eduilihs d,

The equilibrium constant is independent of pressure whereas th P qui 1brlgm

. X : is a decrease in the number of moles dy,

varies with pressure as evident from Eq. (9.62). If there. isa the pressure. wh Uring
the reaction, the equilibrium yield would increase with increase In the. pr i Creas if the
reaction results in an increase in the number of moles, the equilibrium y K?ld hulan d'decrease With
increase in pressure. It was also shown that the effect of the presence of inert gas in the.reactam
stream on the equilibrium conversion was just the opposite of the efft?ct of pressure (Sectlonv9.7)_

For liquid-phase reactions, the equilibrium constant may be written as K = K, K, K, is ap
equilibrium constant in terms of activity coefficients, which may be a.ssumed, equal to unity. For
components present in low concentration, the activity and the molality are eq.ual (Section 9.8),
Under heterogeneous equilibrium (Section 9.9), a brief discussion on thf: reaction bet\.,veen a gas
and liquid resulting in the formation of a solution and reaction equilibria in w!uch a _solld or liquid
reacted with a gas, were provided. Also, it was seen that for reactions in which solid compouns
decomposed to give another solid and a gas, the equilibrium constant was equal to the partial
pressure of the gas. If the partial pressure was lowered below this equilibrium value the solid would
decompose and if the pressure on the system was maintained above this value, the formation of
solid was favoured. For simultaneous reactions in which all intermediate and final products in the
equilibrium mixture were to be considered for determining the composition, equilibrium equations
were written for all the independent reactions and these were solved simultaneously (Section 9.10)

REVIEW QUESTIONS

1. What do you mean by the ‘extent of reaction

: : : "? How is it related to the mole fraction of
the species in the reaction mixture?

2. What is the criterion of chemical reaction equilibria?

3. Define equilibrium constant K of a chemical reaction. How is it related to

4. Does the numerical value of the equilibrium constant
equation?

K; and Kp?
depend on the form of the stoichiometric

5. How is the equilibrium constant X related to the standard free energy change? Does K
vary with pressure? gy

6. What is the effect of temperature on the e

: . . quilibrium constant? Us; *t Hoff equation
predict the effect of increasing the temper U SIE A FHOTeS

. ature on endothermic and exothermic reaction’:
7. How would you predict the feasibilit

energy change? y of a reaction from the value of the standard ffe?

. : gaseous chemical react; increasing
the pressure, if there is a decrease j ac"‘)fc‘l be aff‘:}?ted'bi[ljgn" o
: uring the rea -
woulyeu ex.p]am e Eftfe(.:t of pressure on reactions such as the watge s shift reactio™
where there is no change in the number of moles? - r-ga

9. How would the equilibrium yield of am

. monia be
synthesis gas fed to the ammonia convert

er?
10. Explain how the equilibrium constant for 1iquig.

.o the
affected if argon is present 1N th

phase reactions is evaluated.

Scanned with CamScanner





