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CHEMICAL EQUILIBRIUM

6.1.0 INTRODUCTION ,Q

Substances react with cach other to from products. In somc of the
eactions, the reactants arc completely converted into products at the cnd of the

renctions. Such reactions are called irreversible. /

Anyhow, there are certain reactions which do not proceed to completion.
Actually, the products which are produced, recombine with cach other to form the

original substances. They arc generally represented as
A+B ————— C+D |
‘A* and ‘B’ arc the reactants for the forward step while “C” and ‘D’ are the

reactants for the backward step. (U}
6.1.1 Dynamic nature of chemical equilibrium: ¢ .

- /
If we start the reaction with ‘A’ and ‘B’ as reactants in a closed vesscl, \~
then the reaction is fast at the beginning to form ‘C” and "D’ The concentrations of f w

‘A* and ‘B’ decrcase while those of ‘C’ and ‘D’ increasc continuously. At the” W‘i“}.

=
&

»
iy

same time, the rate of the backward stcp increases. A stage rcaches when the rates y
of two opposing reactions become cqual, This is statc of dynamic equilibrium. 7N |
So, the statc of dynamic cquilibrium is the state of reversible rcaction \u\;’i

\

when two opposing reactions occur at s

and products do not change with time.

6.1.2 Explanation of dynamic nature of chemical equilibrium:
This can be understood on 'he basis of kinctic molecular model. The Q/

molecules ‘of the substance ‘A’ and ‘B” at cquilibrium state collide with cach other -

to form ‘C’ and ‘D’. In a similar way, ‘C" and ‘D’ collide to give ‘A’ and ‘B’. It 1s

in a closcd system 1s a ccascless

a known fact that the collisions of molcculcs Sl0SCH SyStW 19 € B \}n
even at cquilibrium and the

" phenomenon.  So. this continucs to  occut, o A
e » ,
concentrations rematn nnchnn_l_?,l:d- Q/d} -Lm

6.1.3  Graphical explanation of

If we plot a graph o ~
Cactants and products on y-axis, then the rising curves arc obtained for the A
d obtained for the reactants, Fig. (1)

Products and falling curves an ¥4 A hl- *\)r\
. 295 ' (I’U‘h F(d*"

ame ratc and the concentrations of reactants: \ QQJ
\

4

chemical equilibrium: P

hetween time on v-axis and the concentrations of w{‘
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wr' ' The stecpness of the rising curve for the products decreascs with the
passage of time. In the long run, it becomes parallel to the time axis. _Thls 1S the
time of chemical equilibrium. From this time onwards the concentrations of the

- products do not increase further. Similar type of the p_aral!cl graph 1s obtained for
the rcactants. It becomes parallel to the time axis at cquilibrium stage.

If the reaction attains the equilibrium stage after 50% completion, then the

graphs can touch each other and they merge into each other to give a sing.e graph
at the time of equilibrium.

6.1.4 Characteristics of chemical equilibrium:

Al T_.h.c chemical reactions which have the reversibility and attain the
chemical equilibrium at a certain stage have the following characteristics.

(i) Concentrations remains the same:
~ The ,"}i?‘t,,“rf of reactants and products at equilibrium stage is called
~equilibrium mixture’and the |concentrations are called equilibrium concentrations.
They do not change after the attainment of equilibrium stage; -
(i1) Equilibrium constant is independent of initial concentration:
o W}‘-‘;‘(ﬁf concentrations of reactants are taken at the start of reactions, the
values of 'Kp'or 'K, remain the same under the given conditions

| The concentration ‘of the' speci equilibri ?
' — I. : - L l 3 i . ., . . es at "t u1]l 2 ; ame
. values whether ‘we start the rcaction in the vec brium stage, attain the '

' et on in the vessel in the fo; rection OF
backward direction, - 1 In the forward directio .-
(iv) Vessel should be closed:

! A reversible chemical reaction can
vessel is closed./No part of the reactants or

If the reactants or products or both are e |
L I T RL SR b e | dS¢C -

vessel, then equilibrium is disturbed; 5a5¢s and any of them escapes from the

(V) A catalyst does not change the e

- Acatslyst increases the rate of

by lowering t2 euergy of activation of th, — S 4

eqllilibrium pOSitiOfi. *' | . | ci reactlon,_ but it dOeS_DOt Change t_-he,.-'-




I e -
i) Free energy change is zero: Ak

At eq'.uilibriUm position| of the chemical reaction; Gibb’s frce encrgy
.chmga'is minimum, Any change taking place at equilibrium proceeds without the
| chmsolnfrw energy. In other words; : '

' AG = 0, atequilibrium stage.

6.2.0 LAW OF MASS ACTION gl

This law was given by C.M. Guldberg and P. Waagc in 1864. Thcy studicd
1 lot of reversible reactions and gave a generalization. A more general statement of
aw of mass action is that the rate of a chemical reaction is proportional to the

particular substance appears in stochiometric equation;

62.1 Equilibrium constant or equilibrium law:

Keeping in mind the law of mass action, we can have relationship between
concentrations of reactants and products with the rate constants of forward and

backward stcps.

Let us consider a general reaction,
ke ;
A+B+———C+

ke ,

" The co-cfficients for the reactants and products arc unity for thc sake of
convenience. The rates of reactions at cquilibrium stage dcpend upon the

concentrations of rcactants.

Rate of forward reaction oc [A][B]
Ratc of forward reaction = k [A][B]

Rate of backward reaction o [C][D]
. Rate of backward reaction =k [C][D]

k{ and k' arc the ratc constants for the forward and the reverse reactions.

At equilibrium stage the two rates arc equal.
k. [A][B] = k, [C][D]

K [C][D] T G L (1)

Br
k, _ [A][B]

According to this cquation (1), the concentrations of rcactants and
Poducts have a certain ratio and this ratio depends upon the forward and backward

4C Constants
X, I the ratio of two rate constants 'k and 'k, is put cqual to another constant
|

) th(:n )

This ‘K.’ in cquation (2) is called cquilibrium constant.

, =

oroduct of molar concentrations raised to a power equal to the number of times, the .




The square brackets denote the concentrations in moles dm™3,

e T+ 50, symbgy
"K' is used, when concentrations of ‘A", 'B', 'C', and 'D" are taken in moles dm™,

If the reversible reaction has co<cfficicents in the balanced equations as, |
aA+bB =———— cC+dD+ :-.--.

O s A
“cn Kc .. [A]I[B]b... a - (3)

Hence cquilibrium constant is the
products divided by the product of equi
cach concentration term is raised to the
substance in the balanced equation.

product of equilibrium concentrationg of
librium concentrations of reactants and
power equal to the co-efficients of the

This above equation is called law of chemical cquilibrium.

6.2.2 Explanation of law of chemical equilibrium:

We ‘have noted above that, while we write down the relationships of
equilibrium constant then the concentrations of each r

_ eactant 1s raised to the power
corresponding to the number of molecules in th

¢ balanced equation. It appears
contradictory to the basic thought of chemical kinetics. In the chemical kinetics we
say that the rate of a reaction is not essentially proportional to the concentration
raised to the power indicated by balanced equations. However, the power
cquilibrium constant expression. The reason is that the
factors in the rate cxpressions for the Opposing reactions always cancell in such a
‘way as to give the indicated expression for the cquilibrium constants.

6.2.3 Law of chemical equilibrium for non-ideal solutions:

It should be made clear at this stage, that the expression for 'K, which has
- been derived above is strictl

. y true for ideal dilute solutions. It in not applicable 10 |
- non-ideal solutions; If the solutions are

non-ideal, then' the chemical reaction
depend on the effective concentrations and not actual concentrations. We should
not consider the molar concentration. We know that non-ideal behaviour is show?
by a solution of substances in the case of jonjc specics. In that case, activities MUst
be used in the cxprcssion, 13 cxact Calculations are rcquired. The equilibnum
constant is denoted by 'K.'in such cases. Y e

C d
dc . ap

a b
dA . ap

K, =
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6.3.0 RELATIONSHIP BETWEEN DIFFERENT | .
{|  TYPES OF EQUILIBRIUM CONSTANTS ?'.'

The values of equilibrium constants for a certain reaction depend upon the
4 of ‘concentration chosen. Equilibrium constant 'K,' is employed when the

: uﬂl : : ' -3

" centrations are in partial pressures, 'K.' when concentrations arc moles dm™,
« ' when we have mole fractions and K, is used when we have simple number of
moles of reactants and products. Suppose we have a general reaction.

aA + bB cC+dD

The reaction under consideration is consisted of ideal gases. The activity
of each substance is proportional to the partial pressure and to its molar

|
conccntl'ati()ﬂ. . . . ,E

For an ideal system, we shall bc able to write down the expressions of 'Kp, 1
K. 'K, and 'Ky' as follows. ' -
c d l
Pc - PD
KP - a b J
PA - PB b
C d ' f
- Cc.Cp 4
Ke= 3 b 4
C A CB . | l:
d - |
X¢ . Xp _ ’ |
K - a b
Xa . Xp |
ne.ng {
K= —% . k
Na .Npg ) | 3 4 if
In these expressions the symbol p, C, X and n stand for partial pressure, h
moles dm™3, mole fraction and riumber of moles respectively ' L5 L g. l[

6.3.1 Relationship between K, and K.: - - o
Keeping in view the general gas equation, and the Dalton’s law of partial

Pressures, we can write down - '~ | ,((\)k
pV .= nRT SORR (1) 0
'’ is the name of any one of the component. okl | f’ |
nRT ' (\\ -
- P = "y - '
| ——— s 1 3 &
« Since 7= C;=conc. in moles dm™" .

p, = CIRT PR (2)
D, is the partial pressure of the gas ‘i’ in the mixture of gases, n, is its

U
L]

h n . _
{Mber of moles, “\%‘ is in the moles dm™ and has a unit of concentration: The«

Vol |
"Me and temperature as 'V' and "' are same for all gases;

-
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' ag 'A‘, 'B', IC|' 'D'_ .
In our reaction there arc gascous sub:mawlccs A°C01‘d1ng
to the above equation (1) their partial pressure

Ny
Py =7 RT=C,RT

e dl (3)
| s
Pe=V RT - CCRT
n, !
Pp = v_RT = CDRT
Let us substitute their values of partial pressures from set of equations (3)
In the expression of 'Ky, e, *
P’ P,
Ko= ==~ . .- - . M (4)
PaAPp

Putting values of partial pressures from equations (3) into cquations (4)

k — CcRDCRT) GO R+
. P (CART)a(CBRT)b CaA CbB (RT)a +b
Kp= KC(RT)(°+d)_(a+b)_

number of moles of reactants ng. S0, N; - ng'= An. With the help of equation (5)
We can interconvert K, and K., | ‘ .

6.3.2 Relationship betweel!-' K; and K,;

In order to derive the relationship.between K,' and 'K, we take the help
from Dalton’s law of partial pl'essures, that is .

...... (6)

| e CPTEE —— rtial pressyre of an depends upon::
L1 imi © STaction of that gas'and total pressurg 'pr gp g Mixture, The values o
partial pressures of four substances 1.c. 'A' 'B' | .

Ppo=X,P
Pg = X P

and 'D' are as follows.
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Putting these values of equation (7) in the cxpression of K, of cquation (4)

pcc pdD |
K, = A P 1 N Sy
p paA pbB (4)
(X:P)(X,,P)
Ke= ~ouo o5
o (XAP(XGP)
X¢ Xd (c+d
_ M gy et
KP_ xanbB p(a + b) hN\'U/\/\ AM — O
K,= K, (P)c+d-(a+b)
Let An = (c+d)—r(a+b) | \L\: — W ¢
So, K,= K.(P)™ AR S S ey (8)

This equation (8) shows that if we multiply 'K, with pressure of the
system with a certain power, then we get 'K,'. So in order to interconvert 'K,' and
Ky, we should know the total pressure of reaction mixture at equilibrium stage and
the difference ot number of moles of rcactants and products, i.c. 'An'. ‘

6.3.3 Relationship between K, and Kp: ,
We again take the help of Dalton’s law of partial pressures:
Since, p. = X.P

"N’ = total number of moles of reactants and products at
equilibrium sage
n. ;= number of moles of component “i*

§

So, D = .Nlp ' el 4 (9)

. Let us apply this relationship to calculate thc partial pressures of four
Mponents. ' '

n,

PA=SN P

=

B
P 'g,-P

Il

-

Pe=% P

n
Pp =7 P
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| Puttmg these values of partlal pressures from the set of equations (10) in
the expression of 'K, in cquatlon (4). |
Pc P -
Kp C D EXTTEr (4)
Pa pa =

"G

KP = nAa nﬂb 'ﬁ
(P \c+d)-(a+Db)
S (P)an
! . Kﬁk iK“(ﬁ) 3 _ ) BEOER ARy FHEAURR, L0, (11)
In order to know the relationship between 'K, and 'K,', we should know

the \}alues of total pressure, total number of moles of reactants and products and
the difference of number of moles of reactants and products. When we join all

these relatlonshlps then we can say that -

An
K, = Kc(RT)An = x(P)An = Ka (N)
If the number of moles of reactants and products are equal, then An=0

Hence, (Rﬁ° = 1(P)°= 1(%)0 =

So, "KP= K=K=K. .. (13)
We reach the important conclusion that when the number of moles of

reactants and products in a reaction are equal, then all equilibrium constants have

~ the same values.
6.3.4 Companson of various eqmlnbrmm constant values:

'If the number of moles are different, then the’relative sizes of dlﬁ'crcnt
equilibrium constants can be only estimated if we know the pressure, temperature
and the difference of number of moles of reactants and products.

For example, K, = K. (RT)?" |
(1)) . When number of moles of products are greater than those of

reactants, then An is positive: So,

K,> K.
When the number of moles of products are less than those of

reactants, then An in negative. So,

K, < K,
Anyhow the amount of smallness of K ‘than K. depends upon the

temperature of the reversible reaction.
‘N‘-""-

| 4 ___—_{_

(i)
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For reversible reactions we write down the cquilibrium constant expression
in terms of concentrations. The concentrations of the substances are given in units
of moles dm = or atm in the case of gases. The units of 'Ky’ arid 'K.' depend upon

~ the specific reactions.

Let us discuss two situations when the number of moles of reactants and

Pnﬂu:lts in the reversible r eaction are equal and then consider when t.hey arc
uncqudt.

Equal number of moles of reittants and products:

| In such cases, the units cancel with each other and Kc or Kp have no units.
Hz(ﬂ) + ]2(8) s 2H]®

K. = _H* = mol /dm’)? _
M) [l] ~ (mol/dn’) (mol /dmd) — > Nounits
K (pr)’ (atm)?

P (Pu,) (p1,) ~ (atm) (atm) > No units
Unequal number of moles of reactants and products: .

- Again there are two situations that whether the number of moles of products
are greater or less than those of reactants.

(@) The dissociation of N;Qqg) into NOyg has the following units
N204p 2NOy,
_ [NOyJ _ (mol /dm’)* _ 3 _ -3
KC — [N204] . (mOI/dms) - mOUdm = mOld.ln

" - (Prno,)’ ~ (atm)® _
? 7 (pno,)  (atm)

(b) The formation of NHjg) from Ny and Hyg,.
Nyg + 3Hyy =——— 2NH3y |

- [NH;]’ (mol / dm’)® b T

atm

= mol™ dm*®

(pNH3)2 B _(atm!2 _ -2
Kp - (pNz) (pH2)3 _— (atm) (atm)J (atnﬂ

6.4.0 TYPES OF CHEMICAL EQUILIBRIUM

Chemical cquilibrium are two types.
? (1) Homogencous equilibria
(1) Heterogeneous equilibna

Homogenous Equilibria:

0 In this equilibria, all components arc in onc phase. A system containing
"l¥ gases o totally miscible liquids are the best examples.
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Heterogeneous Equilibria:
In this cquilibria, morc than a single phase exist. Equilibrium betweep,
(1) solid and gas
(1) liquid and gas
(i) solid and liquid
(1v) ' solid and solid
(v) immiscible liquids
arc the some good examples.
6.4.1 Homogeneous equilibrium and law of mass action:
The gas phase reactions: |
The gaseous reactions may be divided into two classes.

(1) Those reactions in which there is no change in the number of
moles after reaction.

(1) Those reactions in which number of moles either increase or
decreases.

6.4.2 Reaction with no change in the number of moles:

Let us take the reaction between hydrogen and iodine. If number of moles
of I-I2 and 'L, are ‘a’ and ‘b’ respectively at initial stage of reaction, then

H,+1, =——=> 2HI
. ‘a? + ‘b’ 0 t=0
(a-x)+(b-x) 2x . t = equilibrium

Let “x” moles of H, disappear at equilibrium position. Since one mole of
H, reacts with one mole I, to produce two moles of HI, so ‘x’ moles of H, wall

react with ‘x’ order of I, to produce 2x moles of HI at equilibrium. Total number
of moles, (a + b) do not change in this case, because at equilibrium stage

(a-x)+(b-x)+x+x=a+b.
(A) Expression for K_:

Let us suppose that the total volume of the gascous mixture is 'V’ dm’. At
equilibrium stage, the cquilibrium molar concentrations of various SPEcics

involved are
M, = L_l
1] = ib_"ﬁl

moles dm™

moles dm™ B A (1)

2 |
[HI] = "\';E' moles dm=?

Remember that molar concentrations are denoted by square brackets [ )
K. = [HI]?
[H,][1,)
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Putting sct of equations (1) in this expresgion of K,
Ly
X = V
e =
V \"
4
(a - x) (b - x)

The factor of volume has cancelled, so change of volumc at cque: libriurn
stage does not disturb the K, valuc.

B) Expression for K:

The cxpression for partial pressurcs will be obtaincd by taking total
pressurc as 'P' and multiplying mole fraction of substances with 'P'.

Since, p, = XP
So,

' 305
e —————————————————————————————————————————

K, =

Pui=(a+b) "
The expression of K, is obtained, when concentrations arc put as partial

pressures in the following equation.

2

pl][ llllll
s 3

H, I

Now put valucs of partial pressurcs from sct of cquations (3) into cquation (4)
2X )2
_a+b)
Kp= 7, (b e p)
+bP atb

2
K, = _____ﬂl‘___-- ...... (5)

" (@a-%)(b-x)

The factor of total pressurc 'P' has canc
'ﬂdepcndcm of pressure of rcaction.
(C) -

or
clled out. It means that 'K’ valuc 1s

Expression for Ki:

For this purposc, we put concentrations in terms of mole fractions.
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Substances at cquilibrium have following values of mole fractions,
X = (‘l“_"l '
H, (a+b)
X = Lb_—_X)  eeeee (6)

I, (a+b)

X __ (2x) |
HI  (a+b) | -

Put the values from set of equations (6)
~[2x/(a + b!|2 '
K, =
(a-x)/(a+b).(b-x)/(a+b)

4X2 : M o itegd -k vt et s bt nsFnab o
K, = m | O e (7)

Relationship between K, K, and K.: _
- The three expressions derived above are identical i.e.,
KP = Kc — K B

If in a reaction, 'C' moles of HI are already present at the start of the
reaction, then the amount of HI at equilibrium will be (C + 2x), and the
cquilibrium constants can be expressed by, -

§C+2x! '-
K Kc K (a x)(b x) LA 12 W eneee (3)

6.4.3 The Reactions in whlch the number of moles i Increase:

Let us consider the thermal decomposition of the PCl Suppose initial

concentration of PCl, is ‘a’ moles and at equilibrium stagc (a — x) moles of PCls
arc left bchmd

PCl; ——— PCl, +Cl,
a ' 0 0 t=0
(a-x) X, x_ . t=cquilibrium
Now, total numbcr of moles at the start = g

‘The total number of moles at the eciuﬂibrium stage = (a - x) +x +x=(@+X)
The mole fractions of varlous gascs at cqmllbnum stage arc

x . ga ?{!

“(at+x)
X \
XPCJI'3=(a+X) e \ et (1
— x | .
Cl, (a+x)

The expressions for 'Ky, 'K} and 'K, arc dcﬁvcd as follows:




y

) Expression of K,

(PCI,) =ﬁ\’,—"l

[PCl] =5,
Cl] =5
W)F)
VJ\V
Since, K. = '—-—-———M:
| Vv
xZ
B, (a-x)V

The concentration in moles dm

307

of various gascs arc

The increasc of 'V' will decrease 'K, so to keep 'K.' constant, we have to
increase 'x'. It mean that the reaction moves to the forward dircction by increasing

yolume.
B) Expression of K:

The partial pressurcs arc obtained by taking the help of set of equations (1)

~(a-x
Ppci; ™ (a + x)

X
Ppci, ~ (a + x) P

P

F X
! plﬁl2 "~ (a+x) P
Ppy pmz
Since, K,= 3
pl’Cli

ie, when mole fractions arc multiplicd by total pressure of the mixture

 Putting the valucs of partial pressure from sct of cquations (4)

P
at+ix
| Kp = a-—XJ
*', [a+:< P

xl

(a* - x%)

dec Increase of pressure increascs
l’cas

K, = P

'K, To keep 'K constant, 'x' has to

¢. It means that reaction is pushed to backward dircction, by increasing

b

e e ————— = I e — =
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(C)  Expression of K, * | |
The value of 'K, can bc obtained by putting sct of cquation (1) in the

cexpression of 'K,
XPCI3 xCll
K = X | _ _ -
PCIS _ ' f |

Putting valucs of mole fractions

- EE)
K=

L 2 - '
. X 1
e . ¥ reees 6
Relationship of K and K_:

Since, PV = nRT for one molc of a gas
RT +x) RT 0 Jtee VT 1o ang
So, V=nT'__‘£a__;; s (D)
- becausc, n = (a + x)
Putfing the valuc of 'V' in equation (3)

x2 P R
K. = (a-x)@a+x)RT
x? P
K, = m y ;4 ,(8)
Divide equation (5) of 'K,' by that of 'K.' equation (8)
. KZ P - - _
As K, = @ — x) : cevess’ (4)
x% P . '
K. = @ — ) RT LT 2 (8)
K, .
So, K.~ RT
K: = K (RT)

Since, in this reaction An = |,

the general relation K, = K, (RT)2" is 'obtaincd..

Effect of pressure: |
It is samc as derived carlicr. Equation (4) shows, that at a constant

temperaturc an increasc of pressure would result in a decrcasc of 'x'. This mcans
that if pressure is increascd, the dissociation of PCl, must dccrcasc.

Effect of adding of any one component of the reaction at equilibrium stage: ,

If any of three (PCly, PCI; or Cl)) is added to the system alrcady
cquilibrium, lecads to a new cquilibrium position. For cxample, if Cl, gﬂsl 15
introduced into the system, the partial pressure of chlorine increases. Since Ko *° :
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M
constant in its. values, the partial pressure of PCI, must decreasc. This means that

the equilibrium would tend to move in the reverse dircction. It decrcases the degree
of dissociation of PCl..

6.4.4 Expression for the degree of dissociation of PCls: 1]
If ‘a’ 1s a degree of dissociation of PCI,, then (1 — &) of PClg is lcft bchind |
o |

i

from onc molc of PCl..
PCIS ":—:—"_—— P(:l3 + C12
1 molc 0 moles + 0 molcs t=10
(1-a) a a . t = cquilibrium
[PCl3][Cl2]

Since, . K. = __[-F(-:Ts]_

The concentrations in moles dm™ are obtained, by dividing the number of
moles by total volume of mixture V |

(2)(2) g Ve e ()

S, R T-w) T V(i-a)

1l -a
BTy Vv
Total number of moles at equilibrium stagc = (1-a)+a+a = (1 +a)
Applying the general gas cquation for (1 + o) number of moles of
reactants and products at equilibrium position. -

PV = (1 +a)RT
| +a) RT
or V = L_P)_—
Putting this value of “V" In above cquation (1)
a’P a’P
Ke= 1—a®)RT = RT (2)
2
or K. = 9}_{% (. being very small, can be 1gnored 1n the
' denominator)
,  KcRT
or al= Tp
[, RT ' _
or a = K-C_ﬁ_ ------ (3)
According to on (3), K and R arc constants. So,
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So, the degree of dissociation at any tcmpcraturc varics mvcrscly to the
square root of the pressure of the system. e A

The increasc of pressure will decreasc the degree Of dissociation of l"Cl5

SRR RIS S e S S A S AR
e
|
-
=
S’
E—

- We know that N
" K ' oy _
I =~ J p i 2 8 rldeal -
k 0, K= o= | (5)
' % Putting this valuc of K, from equatlon (5) mto cquatlon (3) .
: K
g . o = D
llq : P
. :r.“ l .
% or vk uc v—; | e TRy T e (4)
% In this way we obtain the same results, = =~ © o0 '-
t fs 6.4.4 Degree of dissociation from density measurements:
(e =

PCI, dissociates according to the reaction -

PCIS(g) 'l.__ PC] + Clz( ) ‘|

This reaction proceeds with an increase in volume at constant temperature

1
; ; and pressure and the total mass remains constant. The den51ty must decrease with
{ the extent of dissociation.

Let the initial concentration of PCls 1s ‘a’ moles The tota.l numbers ‘of

moles of all the compounds are 'a(l + «)', at equilibrium position, where ‘c’ is the
degree of dissociation. So, the total volume depends upon the number of moles

present 1n any system. The density of the system will be proportional to the
reciprocal of the total number of molcs present. in the system.

Let the dcn51ty of the purc PCl is d

- . -———
- E - . N ik o = T e T & .
- e .I-—-__--—"'.-_‘F-"‘h—l' - T ; . .'-'
3 = |

i - i i, o -

1
. d a " P
. } Suppose the density of the system at cquilibrium is *d.’.
| _ L |
So, & TUva)

| Dmdc these two cquatlons

_Q____ | +a |
d.
.dI
o - dg- ""1
s § = Q__ Le "

o dcgrw of dissociation of PCls can be :masu rc.d |l we know the density
of PCls aan *hist ¢f mixturc at cqunhbnum stagpe.

%
|
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6.4.5 The reaction in which the number of moles decrease:
gynthesis of Ammonia:

_ A typical c{-tmnplc °f_'°a°ﬁ°n proceeding with a decrease in the number of
moles is of ammonia synthesis. If 'x' moles of 'N,' are converted to products, then

I ' .
1x' moles of H," arc consumed to give '2x' molc of NH,. The initial concentration
of Nz is ‘@’ moles and that of H, is ‘b’ moles

N, +3H, 2NH,
a + b T=—— zro, t=o
moles moles

Let the volume of reaction mixture at cquilibrium is V’ dm?’, then the
equilibrium concentrations in moles dm™

(a— ]+(b—3x g 2x p o dpen?
v v ~— ¥ t = equilibrium
The expression of K., is

;o DY
T INJHP

Putting the values
5
V

K. = (a—x)[b-—h)s
V \Y ) |
4x2V?
K. = (a_x)(b_:;x) ...... (1)

If the volume of rcaction vesscl is incrcascd at cquilibrium stape then 'x'
has to be decreased to keep 'K.' constant. It mean reaction section gocs back .

Effect of pressure on K, of Ammonia Synthesis:

Supposc that the rcactants N, and H, arc ta
the molc fraction of NH, is X, then at cquilibrium stage

ken in the molar ravo of 1 : 3 at

the start and at cquilibrium

the combined molc fraction of the reactants s (1 — X).
Since N, and H, rcact 1 the ratio of 1 : 3, so the mole fractions of N, and

tively

o | 3
H, at cquilibrium arc 7 (1 - X) and 7 (1 = X) respee

"Since partial pressurc of any pas is |
(1-X)P | mole fraction x total pressurc" |

Now, p,. =

—
'
I

|l
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pzN“] '
AS, Kp - 3
Pn, Py |
e X2p
P | 3 3
{3(1 -'X) P} {3 (1-X) P}
256X2 | '

%= 21 - X) P2
Since, K, is a constant at constant tempcrature, therefore an increasc in the
total pressure ‘P’ will result in an increase of ‘X’ i.c., the mole fraction of NH, at

cquiiibrium. Thus an increase of pressure favours the formation of NH,. This is the

rcason why high pressure is used in the synthetic ‘manufacture” of ammonia on
commercial scale by Haber’s process.

6.4.6 Degree of dissociation of N,Oq:
——————
NOyy =~ 2N02(g)'
In this reaction the reactants and products are both gases. The reaction is
1appening with unequal number of moles, so the volume of the reaction system

incrcases. In other words, we can say that value of 'K.' is disturbed momentarly.
When the pressure is increased the number of moles of NO, decrease and that of

N,0, incrcasc. It means that the increase of pressure suppresses the dissociation of
N,0,. This is just in accordance will be Le-Chatlicr’s principle.

In order to.havq a_quantitativc relationship between pressure of the system
and the extent of dissociation, let us consider that we have one mole of N,O, in

dm’ of volume. Suppose that 'a' is the fraction of ']’ molec which is dissociated 1nto
NO,. This a 1s called degree of dissociation. '

N,0, &= 2NO,
1 mole 0 moles t=0

(1 = a) moles 2 a. moles t = equilibrium
Total number of moles at equilibrium stage=1 -a+2a=1+a

From the individu'al number of moles of reactants and'products and total
number of moles of mixture, let us determine the mole fractions of WO

o _ 2a
XN204 | +a XNO: T lda e (1

R e

N
Ll
|
.
.

i
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The expression of K, for this reaction is

2
P'No,

K. =
" Pnyo,

Now put the sct of equation (2) in the cxpréssion of Kp.
20 )
( l +a P)

Kp = ] -
(1+a)P

4a?P
| - o?
According to this equation (3) the value of 'K,' depends upon degree of

dissociation ‘e’ and external pressure 'P' of the system. If pressure is increased at

equilibrium stage, then 'a’ has to be decreased to keep 'K;' constant. In other
words, we say that incrcase of pressure pushes the rcaction to the backward
dircction. |

It should be kept in mind that all such calculations are based upon the
assumption that all gases behave ideally over the whole range of pressure. We can

rearrange the above equation by bringing 'a’ on one side and all the other factors

So, K,=

on the right hand side.
402 K,
(1-a?) P
Inverting the both sides of equation.
-2 P
402  K;
] — o 4P
ot - K, '

QHI._.
|
"/
|
Ealb=

1 4P 4P + Ky

— = —+1] - K

az KP P
Inverting again |

2 — __511_—
Taking square root
. " .
—_—L ceeees

or oG F = 4P + KP (5)

According to this equation, the degree of dissociation o is inversely

Proportional to the pressure of the system. yen s
6.4.7 Addition of an inert gas to a system at equilibrium:

An incrt gas is that which has no relation to the reaction. When it is added
0 an cquilibrated system, the cquilibrium may shift to a new position. The added

—1 %
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incrt gas increascs the total pressurc and as a result, the partial pressures of

other gascous constituents arc affected.

Let us try to discuss this effect
all the agents arc in gascous phasc.

A + bB =——— cC+dD

The expression of K;, for this gaseous reactions 1S

quantitatively. Consider a reaction in whicy

P°c P'p
s P'APs
Since, p. = XP
Hence p, = X,P Pe = XcF
Pg= XgP Pp=XpP

So lét us replace all the partial pressures by mole fraction and total
pressure.

1 .

So,  K,= ﬁi;‘; @ = K@Y e (1)
: o

Since X. = N

So, we can get the K as

n® . n¢
c"p (P P
KP e b (— — Kﬂ(_ uuuuuu 2
| . 0, g N) NJ (2)
Where “n’ represents the number of moles of any of the constitucnt. ‘N’ is
the total numbcer of moles and ‘P’ is the total pressurc of the system.

'Kp' 1s constant at constant tempcraturc. The number of molcs of the

products and thc rcactants control thc the factor 'G:-I')M'. Obviously, when

An = zcro, there 1s no change in the number of moles duc to the reaction. The first

tactor in the R.H.S. of cquation (2) will remain the same irrespective of the fact

that whether N incrcascs or decreascs. The following conclusions arc drawn. a

(1) In thosc rcactions where there is no change
addition of incrt gas to an cquilibrated s
cquilibrium. |

(2) If the incrt gas is added to a Systtm at con ' c In
thc total number of moles will res stant volume, thc incrcas

P! ult in d Cor_l‘csponding increasc In

in thc number of moles the
ystcm cannot affect the position of

- pressure and the ratio T wi : S
pic ¢ rauo 37" will remain the same So, the cquilibrium 1S not

affccted 1n any way.
(3)  When the inert gas is added to an cquilibrated system at constant

'N', the factor will

R.H.S. of cquation (2) will cith?

pressurc then as a result of increase in the valucs of
decreasc, hence the first factor on he

o
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decreasc or ir;::rcasc, depending whether 'An' js hositive or ncgative. If 'An
An

is positive, {-ﬁ) | dccrcascs and in order to maintain the constancy of K, |
the ﬁrst'factor should increas
happen 1if the forward reactio
number of mole of products |

€. It mean K, should increase. This can only
N 1s favoured, resulting in an increase in the

t'An' is negative, reverse will be the case.

in taken as unity. The gases are generally assumed to be ideal. This assumption

helps us to covert the activities into their p
let us take some typical examples of some h
1. Dissociation of CaCoO,:

CaCO, dissociates to give-Ca0Q and C'O2 . CO, is a gas and the other two

substances are solid. So, at equilibrium stage, the system is heterogeneous, when
the reaction 1s happening is a closed vessel. -

A

artial pressures. In order to illustrate it,
cterogeneous equilibria.

CaCO3(s) < Ca0+ CO,,,
The equilibrium constant of this reaction can be written as follows
4cao(s) 2co,
Ki= —p
CaCOJ(s) _
- The activitics of solid substanccs arc taken as unity, so
K, = 4o,

The activity of CO, is best measured in terms of partial pressures of CO,,.
In that casc, acozshould bc replaces by Pco,:

S0, K, = Pco,

This partial pressurc of CO, 1s simply the dissociation pressure of CaCO3.

2. Dissociation of ammonium hydrogen sulphide:

NH.HS is solid at room tcmperaturc. It dissociates into NH; and H,S gas
versible manncr. This system is consisted of onc solid and two gascs. The
Ol pressure of the svstem is duc 1o two gascs which arc formed. Since the two
S35¢S are produced to the same extent kceping in view their number of molcs, so
| [_ Cv have cqual contributions to thc total pressurec.

ina Ic

——-—_1' |
NHHS , =——— NH,  +H,S
Wly(,,) T8
K, = -;
- NI HS(s)

Since L) =
- —
. NH HS(s

SU_‘ 4 ]((Ja —

N

1 ( being solid undcer the reaction conditions)
N T
aN“J(g) ”:-\H”
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The activity of two gascs arc best cxpressed in terms of their partia)

| - pressures. So,
' Kp = Pnn, Pigs
‘ ' lPI lP'
Partial pressures of both gascs are =" and 5"
-
So K, = 'g' X §= PT |

It means that if we know the total pressure of mixture, we can calculate the
cquilibrium constant 'Ky Bl '

3. Dissociation of ammonium carbamate: |
Ammonium carbonate is solid substance, and it dissociates in a reversible
manner to give NH, and CO,,. - _ ot
NH,COONH,,, Nhg+COyg 0

This system is consisted of one solid and two gases !
» .

% NHy,) A0y
Ky = _ |
aNHzCOONH4(!) ' )
Since aNﬂchONl{4(B) =1 (being solid_under the given conditions)
Activities are best expressed in terms of partial ﬁmssurcs, SO
Kp= Pl
P P Peoy,
Total pressure of the system is due to two moles of NH, and 1 mole of

CO,. So, the contribution of NH, is twicc than that of CO, towards the total
pressure. o vy -

W [=— WI[N

PNH, P

P

Pco,

2
(2, (L 4
Ke = (3") ('5")='27P’

So the cquilibrium constant can be ca]c
reaction mixture, | -

ulated from the total pressure of the
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In order to do the quantitative discussion, we have 10 consider
thermodynamic aspects of chemical cquilibrium, With this help, we will be able 10

estimate the Wj]f‘c _°f K, at any temperature, Morcover, we can estimate the rate of
change of equilibrium constant with respect to temperature. We can also calculate

the value of exothermicity or endothermicity of reaction by calculating the ¥,
values at various tempcratures.

Let us take the help of following equation
AG® = -RThK, e (1)

This equation tell us that how the 'K’ value of a reaction dccldm the

spontaneity of chemical reaction, Greater the negative value of ‘AG™, greater the
spontaneity of reaction.

Differentiate this equation with fespect to temperature at constant pressurc,

The right side of this equation is differentiated by using 'U » V' formula, because
we have two vanablcs on the right hand side.

(ﬂgl)l, - -RiaK,- RT [%}Szl Jidess ()

Left idc of equation (2) shows that it is the ratc of change of standard free
energy change with respect to temperature.

Multiply this cquations by T°, we get

0 (AG®)) _ - .‘41:01n§2 _
T( | = -RTIK,-RTA=r2| (3)

The first term on the right hand side of equation (3) is simply equal to AG®
according to equation (1). So,
0 (AG . 0InK,
T (JaTJ-JP — ﬁG — RTQ[ a.r l ------ (4)

Equation (4) is applicablc on certain reversible reactions, If all the
substances which are reactants and products are in their standard states, then the

Gibbs-Helmholtz cquation can be writien as follows -

0 (AG)°
AGO"‘AHO — T(‘—.a']—'-'l-)f’ ”H.u“ (5)

Let us compare equation (4) and (3)

dT
dinK AH’
QI . —™  sesess
ol dT RT? | (6)

The partial diffcrenciation is converted to total one because there is only
on¢ independent variable and one dependent. |
. This cquation (6) 1 called Van’t Hoff equation or Van’t Hoff isochore.
AH* is the standard enthalpy change of chemical reaction, Left side of this
“Quation is the rate of changc of ('Jqui]ibl'lllm COTISta-nt with respect to temperature.
It means that when the temperature of rcaction changes, then its equilibrium

.
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ant changes. This rate of change depends upon the enthalpy change of
chemical reaction

6.6.1 Integration of Van't Hofls equation:

This cquation (6) can be integrated subjcct to the condition that 'AH? s the
constant over a small rangc of temperaturc. The intcgration will help us g
calculate the value of cquilibrium constant at any tempcerature, if we know the heat

of chemical reaction 'AH®, Actually, this aspect is the quantitative relationship of
K;' and temperature T.

dinK, AH®
dT RT?
Scparate the variables, by taking 'dT" on R.H.S.

—

'C’ is constant of intcgration.
Taking antilog on both sides
AH? —~AHP° 0
= C ~ RT e = pC. AH — —AH
KP - ) C™°C RT Aec RT
. (where ¢€ = A, another constant)
KP = Ae¢e -ﬁ-T_- ...... ' (8) |

cquation (8), value of 'K depends upon
temperature. When the temperature Increases, the 'K, also increKapses.pif 'AH® 15

. _# [ ] m * * .
positive. If "AH® is negative, then increasc of tmperature, decreases the 'K,' value.

of o . R O
The cquation (7) is the equation of a straight linc. T 'S Independent variable and

'In K;' is dependent variable. When a graph is plotted between ":}:: on x-axis and

In K;' on y-axis, then a straight line with negative slope is obtained Fig. (2). The
'AH |

slope of the straight linc corresponds to "R Ifwe put the values of slope and 'R

we can calculate the value of 'AH*,
: AH® .
[ TR slops 'a

~or  AH" = R (slope)




cemcalbquitbrun 2
Y | _

- 0 | AH®
N Tan O =Slopc= ~p—

‘I‘ : . AH® = R x Slope

YI
} o
Fig. (2) A graph plotted between In K, and 7. to find A1~

This graph is for those rcactions which are :;ndomcnnic, if the rcaction ls
exothcrmic, then the slope of straight linc will be positive.
6.6.2 Definite Integration of Van’t HofT equation:

When we plot the above graph of equation (7) we have to mecasurc at lecast
five to six 'K,' values at different temperaturcs, and then we arc able to calculate

'AH” for the reaction.

. For practical applications, it is morc convcnicnt to integratc the
"Van’t Hoff equation between two temperaturcs T,' and 'T,". Wc supposc that at

temperature T ', the equilibrium constant 1S 'Kﬂ' and at 'T,', equilibrium constant

1S 'sz'_

L

K, Ty

, AH° (dT
fdnK, = g |41
K, T,

1
Doing the integration and putting the limits

Koy _ éﬂf(_l___'_)
I~  -F .

Ky, R AT, 1

Kp, B é_lfsz_TI]

It means that if we know two temperaturcs and two cquilibrium constants,

hen we can calculate the enthalpy change 'AH™ of reaction under standard
“nditions

T
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6.7.0 THERMODYNAMIC CRITERION

‘ FOR EQUILIBRIUN;: 4

‘ A physical or chemical process is in equilibrium, when the Gibbs free 3
cnergy change is zero. | ]

Consider the following reaction in general, as | ..

? aA +bB+-..e.. = cC+dD+ eerer  eene (1)
The chemical potential of an element in related with activity of that 3

clement by the following equation. 4

{ "'I'i = l-lio + RT In ai - T (2) } |
'W' is the chemical potential of any of the specics. ]

So, the chemical potential of all the reactants and the products will be E

p.A=|.t°A+RTlnaA -.;

My =K+ RT Ina, 3

b= e +RTInag ' bk = 5¥ }' 

. Hp = 1+ KT Inay ‘
. Free energy change of a reaction is the difference of frec encrgies of
reactions and products §

Ell AG =2G, - 2Gy _ e (4) i
: Actually, free energy change is the difference of chemical potentials of
reactants and products. | :

| | 'AG = (cpc+dpD+....).-(apA+pr+ ..... )
,5 Putting the set of equations (3)
AG

|
)
-Fﬂ
O
+
e
-
5
8%
L
+ :
=
-‘:ﬂ
o
+
=
—
=3
=B
+

AG = (cp’o+dp°,+ ... —ap° A~ bR L)

----

- - — . W e, W e b e el - - ]
=

NOW, (CI.I.“C + dP-OD L - ) — (Cl-lnA + b}loB _ . ) =S ﬂGo

AG = AG®+RTIn——>

Where ‘a’ represents the activities. 'AG® which is equal to 'AG', when each
of substances involved in the reaction is in its unjt activity state, is called standard

be zero. Hence, )

4 - | = T T —— -
L Tl B | [ -
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The quotient in the parenthesis is cqual to K, which is called the

gquilibrium constant, ‘
So, AG® = =RThK _ voenee (7)
Substituting this value of AG® in equation (5), we get
' S a’. a"D
-AG = RTInK-RTIn—5——
* a', 2’y ...
-AG = RTnK-RT Znlna vereee (8)
a, a%; ..... ' '
Where Ynlna = h—4—— — = eeeee 9)
a*, a’g .....

If the reaction involves gases and also if all gases involved in the reaction
behave ideally, then activities may be replaced by the partial pressures and hence

from equation (8), we get _
-AG = RTInK,-RT2nlnp  ceeeee (10)

Where 'Zn In p' is given by a similar expression as cquation (9) using
partial pressure notation ‘p’ instead of ‘a’. |

Similarly, for molar concentration and mole fraction we gét .
_AG = RTlK.-RTZalnC - (11)
A6 = RTInK,-RTZnlnX weeee (12)
| Equation (10), (11) and (12) are also the expression for a reaction
isotherm.

The condition for spontaneous occurrence of reaction is that the frec

energy of the system should decrease. i.e., 'AG' should assume a ncgative value.
This is the case when In K < Zn In a. Therefore, when In K < 2n In a, the rcaction

“ﬂl occur spontancously.
WhenlnK=3nlna, AG =0, the system will be in equilibnum. Under
such conditions, no net reaction will occur in the system.

Applications:
() The free energy change gives the spontaneity of reaction.

() Ttis related with E.M.F. of the cells.
(i) K. or K, can be calculated.
) AN and AS can be calculated

~ AG = AH-TAS
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