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Introduction

The digestion of food in our body, the rusting of iron, the spoilage ofmin(wi_
other reactions occur in our daily life. A large number of reactions are careat . |
'ﬂiﬁ’erent ih,duslrics which give us a large number of useful products er ”‘
fibers, drugs, dyes. soaps and detergents and many other useful prodump?:
reactions are reversible while others are irreversible. g |
The reactions which accur only in one direction are called ;
reactions. In these reactions. reactants are completely c-.:on\-‘crted into prody
produets are not reconverted into reactants. These reactions go to commm«%
are shown by putting a single headed ammow ———) between the reactast
produets. Examples of such reactions are: :
iy= 9RO, Elgstric discharge 21 2RO
i) AgNO,, +NaCl,, — AgCl, +NaNO;,,
iii) Burning of fuel
iv) Digestionoffood
A chemical reaction which occurs in forward as well as reyerse diirectios
called reversible reaction. In these reactions, reactants are converied into prde
and products are reconveried into reactants. These are slow reactions. I
reactions never go to completion, hence called incomplete reactions. Thet!
shown by putting the double arrow with double barbs (—— ), pointingin 0
directions, between the reactants and products. The double arrows of equal
also show equilibrium. Examples of some reversible reactions are:

Forwind resction

bl &=———r—2 2HI

1) 20 Reverse reaction -

) '

Forwird reaction

. . + 3N 7 ,*} '? -

") N-*” € Reverge reaetion “NH"“'
’ __Forvard reastion

wat _*’ v 3 e T ,.’ -

”‘) 280:““ U“ﬁ' S Reverse reatilon WS().': "

Forwand reacion

iV) H:Om < — 1~|~‘()'Ul

Reverse reaction

All chemical reactions are considered to be reversible and they N‘G‘
of equilibrium under suitable conditions. A rovercible chemicd) B 8
dynami¢ process. The word equilibrivm means “a state in which OP
are balanced”". Itmay be static (at rest) or dynamic (in constant motio" véb‘
finger at rest is the example of static equilibrium and the earth that reva™

iy isthe example of dynamic equilibriym |
(244)
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I Reversible Reactions and Dynamic Equilibriam pastr e
1.1 Concept and Explanation | ' AR

the state in which the rates of forward and reverse reactions. are same and the
concentrations of lflc reactants and products remain unchanged with time is called
ernical equilibrivm. Chemical equilibrium may be physical or chemical.
 pauilibrium between two phases of the same substance is called physical
cquilibrium bccausc. the changes that take place are physical proc‘esseé. The
onyersion of water Into vapours in a closed container at a given tcmpemmre IS an
gample of physical equilibrium. The rate of evaporation is higher than rate of
- wadensation at the start when water vaporizes within a closed container at constant
kmperature, but after some times, the rate of evaporation becomes equal to rate of
wndensation. At this stage liquid and vapours are in the state of dynamic
tgullibrium i.¢. the number of molecules leaving the liquid surface is equal to the
amber of molecules returning back to the liquid. At equilibrium the pressure
oerted by the water molecules at a given temperature remains constant and is
wlied the equilibrium vapour pressure of water.
Liguid (water) %"u'mm'“ 2 Vapours (steam)
Condeasation

- Chemical equilibrium is a dynamic state because reactions continue to oceur,
0! because they occur at the same rate, no net change is observed on the
Mroscopic fevel.
- The study of physical equilibrium gives useful information such as the
;mh'brium vapour pressure. However, chemists are particularly interested in
"Meal equilibrium processes because they are involved in many biological,
s‘“'\'csl;hand cnvimnr.n.enta] processes. Consider ’th‘c reversible rtfgctign whiclT
h“huixf _5 dﬁ@ﬂlposntwn of colourless frozen dinitrogen tetraoxide mnto dark
T ogen dioxide!

N __Forwand reaction.
Diy = 2 2NOy,

»

<

.

; ferse reaction
Whep some amount of pure N,Q, is placed in an evacuated flask at room

h "dlure, fome brown colour gas appears which shows the formation of NO,

e, - 1T concentration of NO.-in the flask increases and the brown colour

epy. 'i,"“'éver, the reverse rcactio‘n can also starts. As the reaction proceeds, the
Uation .. ; : .

3 %O::;f Teactant (N,O,) goes on decreasing, so th.e mtc. of forward x:caclmu
] M feasing. On the other hand, the concentration of product (NO. ) goes
| *80the rate of reverse reaction also goes on increasing. When the rate
(245)
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g s foorwm;d reaction becomes cqual to rale of reverse reaction, the mamionfﬁf:&q
State of chemical equilibrium and the concentrations of reactants and st -
become constant. Now the change in colour is stopped. In fact, you gep oo
-ch‘ange_ at this stage, although the forward and reverse reactions are going.\dn,-

continuing forward and reverse reactions make the equilibrium a dyvnamie pre
All chemical eéquilibriums are dynamic. Once the state of chemical equilibﬁ“;
established. it will last forever if conditions are nol chaqgcd. »

Considera general reaction, in which A reacis with B to produce Candp

' Farwand roacticn _
A T r% (_—‘_7' 7"’ =T » '\ : I )

(Reactimis) HOVETSe Ieactom {Prodicts)

Let us consider initial concentrations of A and B are equal. The conoenuﬂé ‘
of reactants A and B decreases and thal ol products C and D increases whenmaﬁ,
proceeds in forward direction. Hence, 10§ % :
the rate of forward reaction goes on - i Nz psi
decreasing while that of reverse |, Q‘{’X

\

reaction goes on increasing and a point - | 4
{10 ]

is reached at which rate of forward -} ™ & J
reaction becomes equal to rate of | & \ _—
reverse reaction. This is called = |o: ii_) |
equilibrium point. At equilibrium, R 77

product and reactant lines are parallel 5

o 20 15 30 35 40 Sox SRSy
T e—

to each other. The change in Figure 7.1: Concentration-time Grglh
concentration of reactants or products is called rate of reaction. .
" The mixture of reactants and products in the equilibrium state 15 K07
ilibrium mixture and the unvarying amounts of reactants and produetsarss
equilibrium concentrations.

R of the reaction The reactions can

- reverse directions.

ARG SR

reactions are still

- propertics of a systemare | The reaction has not stopped !
ot at equilibrium. tates are equal (both forwat foyl
e reactions arc still takingplace 8t H T8

v P
- —

()
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i cteristics of Equilibrium State | cyplanation
I e —— ’ i — : Bl —
",I’{;c' {CroscOpIc PIOCESSEs continue The forward and reverse reacth
§ but nothing appesrs to be happenin
| the forward and reverse reacti v
. 23 € saime rates. e e
a‘u}'ﬁ;;m isachievedina closed system A closed system is a system that does nomlm{
the exchange of matter with the surroundings,
l so the equilibrium 15 attamed where both |
reactants and products can react and recombine
with each other.
e AL 2 S| 27 R T e TR B A o
“The concentrations of praducts and reactants | There is no change in the concentrations of
- remainconstantatequilibrium reactants or products in a system of dynamic
el cquilibrium, They are being produced and
' destroyed atan cqual rate. Equilibrium does not
Mo mean that concentrations of rcactants an
‘ products arg all equal.
The same equilibrium mixture will result under

! Equilibrium can be approached from either
side the same conditions, regardless of whether the

reaction is started with all reactants, all

products or a mixture of both. For example, the

proportions of Ny, Hyy and NH,,, are the

é ‘ same at equilibrium no matter whether the,
‘ reaction is started with N, .. Hy, or whether
' , the reaction is stated with Nh}m or mixture of

both, !

Naggy+ Iagy e=——2 INHy

Catalysts do not affect equilibrium | Catalysis speed up the rate of forward and
nirations reverse reactions equally. We get the same

' concentrations of reactants and products at
' 4 equilibrium, whether the catalyst is present in

the reaction mixture ornot. AN ‘

“*Mical equilibrium in which reactants and products are in same physical state is

1 '*'%Ogénﬂouschcnﬁcal equilibrium. Forexample,
qug)”'o-: ' > 2INO,

. eous Chemical Equilibrium |
jsmh‘?mlcal equilibrium in which reactants and products are in different
“Halesis called heterogeneous chemical equilibrium. For example:

(247)
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7.1, awof Masc A ction sxpression for Equilibri
% @_ﬁ»t Mass Action and kExpress | tu

) — —

law of mass action was pn.\lnlulcd by
professor of applied mathematics and technology
Cato Maximilian Guldberg and professol of
chiemistry Peter Waage in 1864 at the university of
Oslo. Norway. This law states that:

“The rate of reaction is directly
proportional to the product of active masses of the
reactants”,

By active masses we mean molar
concentrations of the reactants and products for |
dilute solution. It is expressed in moles dm 4 ¢ _\,1 Guldbera

\ : : Peter Way
~ Consider a general reversible reaction. (1836-1902) (15331900
) Forward =
Benrape >y C +D
Reverse
{ Reactands) (Products)

According to law of mass action, the rate of forward reaction is direely
proportional to the product of molar concentration of reactants A and B.

R, = [A][B] or

R, = K Al[B]

Where, K; is the rate constant of forward reaction. Similarly, the rait‘f
reverse reaction is directly proportional to the product of molar concentraioa®
products C and D.

R, =« [C][D] or

R, = K[C][D] '

Where, K, is the rate constant of reverse reaction. At equilibrium state, WEY
forward reaction is exactly equal to the rate of reverse reaction.

Rate of forward reaction = Rate of reverse reaction

Ry = =ALIR

.

or  KAIB] = K([C]D]
K, _ [AD]
or K,  [AlB)

(248)
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(C]D]
o N TA]B]
. _ Product of molar concentrations of products
o K Product of molar concentra:

concentrations of reactants

K_is called equilibrium constant of the reaction. It is defined as: The ratio of

concentralions 0 fproducts to the concentrations of reactants atequilibrium is called
uilibrium constant. It has concentration of products in the numerator and
ncentration  of reactants in the denominator. In gascous equilibriums,
wocentrations of gases are shown by partial pressure and K, is used instead of K.
(onsider the more general reversible reaction:
~ gA+bB &—= cC + dD
- Where a, b, ¢ and d are the coefficients of balanced chemical equation. At

equilibrium state,

[C]c[D]d — Concentration of products
[A]"[Bl"\

Concentration of reactants
Egquilibrium constant

¥ - Product of concentrations of products (raised to power equal to coeffcients)
¢ . . *
- Product of concentrations of reactants (raised to power equal to coeffcients)

- Thecoefficients appear as exponents (powers) of concentrations in the
fuation of K_.

Haracteristics of Equilibrium Constant A s
 Fquilibrium constant is independent of initial concentrations of reactants and

¢5ata given temperature. : T

" 1t doeg noy depend upon the direction of reaction. The same equilibrium

—“Mtvalue is obtained whether the reaction is started from the reactants side or

! e products side.

l‘s Value changes with temperature and 18 constant at constant tempcwlurc.

. SValue depends upon the coefficients of reactants and products in a balanced

| n:‘gllalion. :

o igher value of equilibrium constant is the indication of higher value of
| COMpared to the reactants atequilibrium and vice versa.

~ MOlar eoncentrations of pure solids, pure liquids (in heterogeneous

(248)
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& equilibria), and solvents (in homogeneous equilibria) do not apmil
equilibrium constant expressions
Units of Equilibrium Constant

When the number of moles of reactants and products in balancey S
equations are equal, then K_has no unit. For example:

CO + H,0 &————= CO, + H,
] i | dm ) moles dm™)
R . —!’—(_O:.J_[.E']._ = (n]U m T =3 — No un'.
[COJ[H0O] (mol dm Ymol dm )
When the number of moles of reactants and products are unequal,
has units, For example:
o [NH3]: A (mol dm*)
4 [Nz][Hz]3 (mol dm " )(mol dm )"
(mol’dm™)

(mol dm *Ymol’dm )

mol‘dm™®
moldmi?

- m0|2-$ dm- 6+12
= mol *dm**

But in usual practice, the units of K_and K., are not written.

7.1.3 Relationship Between K K, K and K,

Relationship Between K_and K,

Hence, 3
= [C] [D]d ce Cd
Saime T %= —=—b

Square brackets or “C” show mol;
When all the
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piration Of each gas is taken in terms of partial pressure, and the equilibrium

antis expressed by Ko
e )L’
hl\ p 3 l, R Tt rersessssaayg ‘ : ’

Where P, is the partial pressure of gas A and P, is the partial pressure of gas

The value of K. 15 generally different from K because the partial presstres of

reactants and products are not equal to their concentrations expressed in moles per
decimeter cube. If we know the value of one, then we can calculate the value of the

other by using the general gas equation.

According to combined gas law:
PV = nRT or

P
P =—(RT)
V(_

The conventional unit for n/V is mol/dm’ thatis equal to Molarity.
Hence, for gascous reactants A, B and gaseous products C. D the above

‘tquation can be written as:

P, =P¢‘—<RT) or P, = [A](RT)
P, = %(RT) or B, = [BJ(RT)
P = "ch'r) or P = [CIRT)

B, = S2RT) or B~ [DIRD
By putting the value of P, Py, Pc and Ppin equation (1),
k - Cr®Dy. DIRT

" [AF®TY. [BFRT

k- [CIDIRT -
[AF[BI’ RT)""*
kK - [CID) (c+d)-(ath)

" armr
(CY d \ ‘
{{%F;\lb = K, he:nce-,theab‘ove:ﬁq“ﬂ“‘”‘“““be

5 (251)

we get

written as,
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RTY (ii)
- k‘.(Rl) ............... |
Where. R is general gas constant, I'1s absolute temperatyre T
in the number of moles between products and reactants of gases, g, Am‘)ﬁ
An = (c+d‘)—(a+bl - |
An  =(Sumofmolesof gaseous products) - (Sum of moles of |
When number of moles of reactants and products are equal, ‘htna. "

tozero,and K = K.

@ k. ==

As we know,

£ |
K, = K(RT)" }

Hence. -

“ NO,] (R B Where, An=1

L ,.
- K, —

(b) o

Asweknow, .
Hence, P

B = [N}I3]2 )

Ky = s Ll G )

L
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R ctntl0"3“'P between K and K, ot il
According (© Dalton's Law. llu, partial ]’rsturc of'a gas is equal to the product of
mole fraction and total pressure, SR
Pﬁ = xi P‘l 1 "
Where, P, is the partial pressure of a gas, X, is the mole fraction of a gas a :‘
pyisthe total pressure of the gases. The values of parnal pressures of gases A, B, C.
nd Dare:

Py

=XA"PT
= X5 Py
Pe = Xc. Py

t P == XD P-[
¢ By putting the value of P (. Py, P and P}, in equahon (1), we get

K, = (XCP.-WXpPT)" o
- (XR)XR)
_ XOXpEy e s

K, - (X°)(X‘:§) (B, W
: (XA)(XB)

K

—= Uy 7O g g ————

3 'TIXJ(X%)

-”K, KR o K=K

Fﬂl'one mole ofa gas:

K = .(RT)“ b o )

;‘ 1 Ntmbe rof moles afmctants and products are equal, then An 1s equal
(253)
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Relationship between K,and K,

When concentrations of reactants and products are laken in termg of

moles, then equilibrium constant is expressed by K, According to Dalton/s i

mole fraction of'a gas is equal to number of moles of a particular gas divideg by" |

number of moles of all gases present in the mixture.
0

X, =80
llT

Where, X, is the mole fraction of a gas. n; is the number of moles ofy
Ny is the total number of moles of gases. We know that,

e Gl

Hence, by putting the value of X, in this equation, we obtain
n

P = Hi— Py

For the reactant gases (A and B) and product gases (C and D), the
will be:

P, = ',:; P
P, -;':-g-.PT
Fe “%%-Pr
PD=';—$.P,.

By putting the value of P,.P

Gry - Pl G2 Py

I

S A Mg 5o 9t
NevDp ¢td
s (nT)( n, NP

G G2 By

As, Neo Ny
(‘n‘,‘; )( 'ﬁj'z')

1
: — K
@D

(254)
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mﬂﬂh!’(‘. o | |
- Ko(Py) o K, K, (Py)
Far pie mole of @ gas,

RT
=V
Pherefore, .

Ny K.,( R—\? ) ................. (1v)

(When number of males of reactants and products are equal, then An is equal
a0, andall the equilibrium constants have the same values, hence

K‘= KT' L Kl = Kn
14 Calculation of Equilibrium Constant
giibrium constant of chemical reaction is calculated from the values of

asiration. of partial pressures at equilibrium, In cases where the equilibrium

st s known, the concentration or partial pressure values at equilibrium may
tesermined.

hlmoma,usedm the manufacture of fertilizer, is prepared by the reaction of
mﬁd hydrogen gases. At equilibrium, the concentrations of nitrogen,
0, and ammonia are 0.030M, 0.037M and 0.016M respectively,

Mox N+ 3Hy, —— 1NN,
| %umtion-of-nitrogen = [N;] =0.030M
L enintion ofhydrogen = [H,] = 0.037M

~enttion ofammonia = [NH.1= 0.016M
1|

-Ke'.foﬂtaction =9
o NZ(Q) + 3H2(8‘ _(—: 2NH)[1\
| Wmhguon(w: 0030 0037 0.016

_, ,.-,;_\'.194030]_[”‘0 77

= 168.46 or 1.68%10°
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racti 2:
‘osgone gas (carbonyl chlo VP
in the First World War as a chemical weapon,

: ;,;.\M,OTCO and C1, gases. At equilibr
| COCI, are 0.011 M, 0.045M and 0

co '!{aﬁ 100°C for the reaction given below?
| COw * Clzcs) = Lo

 Example7.3
Calculate the concentration of SO, gas, used in the manufacture ofif[1
the help of the reaction give below: - i

2805 + Oz < -
The concentration of SO, gas is 0.59M and that of O, gas 1§ 0.45M.The C, Vel
of thisreactionis4.32.

Solution:
Concentrationof SO; = [SO,] =7

Concentrationof SO, = [SO,] = 0.59M

ConcentrationofO, = [0;] = 0.45M
Value of K, =432
Atequilibrium, .
280, * Oy — 28059 '
(SO,
or

K, = ——
(SO, (0]

(S0’ = K, [S0,]70]
By putting the values we get,
[SO.J" = (432)(0.59)%(0.045)

[SO,]" = 0.0677
By taking under root on both sides we have, |

[S0,] =V 0.0677

L[S°3] = ().26M

256 R
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concentrations of products to the ¢
notatequilibrium is called reaction quotient (Q,).

The ratio [CT'[D]*/ [AJ'[B] at equilibrium s equal oK .

The ratio [CT'[DT"/ [A]'[B] that is not at equilibrium is equal to Q_.

We say that. the reaction quotient is an expression which has the same form

a the equilibrium constant except that the concentrations in reaction quotient are
0t necessarily those at equilibrium.

The equilibrium quotient is also used to determine whether the reaction is at
“quilibrium or is not at equilibrium, The reaction is at equilibrium when Q. isequal
K(Q.= K.) and the reaction is not at equilibrium when Q. is not equal to
K(Q=# k),

The reaction quotient is helpful to determine the direction of reaction. We
0 determine he direction of chemical reaction by comparing the values of Q, and

Y There are three possibilities:

i]).hc Q.may be Jess than K, greater than K orequalto K.

! If Q, is less than K, (Q, < K.), then reaction will proceed in forward

Sirection (fromleft o ri ght) to attain the equilibrium.

i) :A*bB —— ¢C+dD o . :

U0 Q. is greater than K, (Q, > K., the reaction will proceed in 3 reverse
(257)
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direction (from right to left) to attain the equilibrium.

aA+bB « - ¢C+dD |
iii)  If Q, is equal to K, (Q, = K_), then the reaction is at equilibrium | ,,“'l
notmove in any direction.

aA+bB —=— cC+dD : '\

Determination of Extent of Reaction .

Extent of chemical reaction means that how much reactantis converted intg mi

at equilibrium. There are three possibilities: ‘ 1

i) If K_is very large: [tmeans that if K valueis greater than 10 ( K?lﬂ’hﬁgi’
forward reaction takes place to greater exient and reverse reaction iy

place to smaller extent. The forward reaction is almost near 10 compleliomFu;“

SRRpIC YO0 see—e——o-230;

[0F
[04)°

The equilibrium constant value for this reaction is very large which .
that the concentration of product is very large as compared to the c‘onccﬂm

K, = = 3P* at25°C

reactant at equilibrium. The large value of K at equilibrium tells us that the 78
amount of reactant is changed into product. K.
i)  IfK_is very small: It means that if K_value is less than 107 (K<10 ,
reverse reaction takes place to greater extent and forward reaction takes FE2
smaller extent. For example:

R e——2 Hoot B

H.][F
-[-—“—]Lsz-]— = 10" at 2000°C

=

The equihbnum constant value for this reaction 1s very smﬂ“ \\’\.
that thc COﬂC(’:ﬂtl’atlon ofpl'OdllCt iS \'ery Sma" as compared to thc conc@ o

reactant at equilibrium. The small valye of K, at equilibrium t olls 1 hat
quantity of reactant is changed into products, |

jii)  IfKis neither very large nor very small: 1t means that it &«

range of 10 *to 10°, then both the forward and reverse reactions t2ke Jlacet”
an equal extent. For example:

calue B

(258)
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\“s S - ' NQ)

-

[NO,]
he ™ [N OT = 0.36 at 25°C
ad
() N+ + Uy = 2 2NO
[NOT’
o TN_ﬁOT: 0.1 at 2000C

Atequilibrium, the molar concentration of products and reactants are almost
equal.

7.2 Factors Affecting Equilibrium
The ratio of products to reactants in the equilibrium mixture is known as the position
of chemical equilibrium or equilibrium position. The ratio of the reactants and
products can be changed by changing the conditions of a reaction at equilibrium.
Many useful chemical reactions are reversible in which the reactants are not
completely converted into products and the amount of products decreases. The
chemists are interested to increase the amount of products by shifting the
equilibrium in forward direction. The factors that affect the equilibrium state of a
themical reaction are concentration, pressure and temperature. The effect of such
;i:ugcs on equilibrium state can be best explained with the help of Le Chatelier's
EoRe . T (Y
¢Chatelier's Principle >
1 Louis & Chiatelier was a French chemist specialized
Mining engineering and interested in glass and ceramic.
studied the effect of concentration, pressure and
ature on a number of reactions in equilibrium state in
- This principle states that, if a system in equilibrium is
d by some change, the system will shift so as to

fact the effect of the change. : Henni Louis Le
This principle can be applied to all types of dynamic |(~; '}:‘f‘;‘;‘m
ili (1850-19:

librium e, for physical and chemical systems,

Plications of [e-Chatelier's Principle o

U5 explain some of the most common applications of this principle in the
nowi“RChangcs.

(239)
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7.2.1 The Effect of Concentration Change
Consider asystem is in equilibrium
RS e————> C+ D

{Reaetants) (Products)
i) Ifweincrease the concentration of anyone reactant Aor B or both of
the reaction moves from left to right in forward direction. The equiljhyy
reestablished with a higher concentration of product.
i) Ifwe increase the concentration of anyone product C or D or both of
the reaction moves from right to left in the reverse direction to increase thea
of reactant at time of equilibrium. '
ii1) 1f we decrease the concentration of reactant A or B or both of them,
reaction moves from right to left in reverse direction. This effect is reduced
decomposition of products to produce reactants. i}
iv) If we decrease the concentration of product C or D or both of them. hen
reaction moves from left to right in forward direction forming more product fe
equilibrium is reestablished. _
In all of the above cases the equilibrium position changes due 10 changenl
concentration of reactants and product. But the equilibrium constant (K)
does not change when we change the concentration of reactants and products: 3
Consider the example of the reaction of equilibrium mixture of N, H,and¥
N:'(g) ¥ 3”2(2) = 2NHHg| ,
If the concentrations of N, or H, or both of them are increased: &
equilibrium will shift in the forward direction and greater amour of
produced when the equilibrium is reestablished. If we remove some amout &
H, or both of them from the equilibrium mixture, then the equilibrium yill 3
the reverse direction and NH; is decomposed to produce N, and Hx H
increase in the concentration of reactants favours the forward reaction!
decrease in the concentration of reactants favours the reverse reaction- -
- Consideranother familiar example of equilibrium mixture of Nz 0:%
- N?’(s$ * 02(51 —= 2NO,,, it
If we increase the concentration of NO by adding some amount i
equilibrium mixture, then the system will shift in the reverse directio™
reduced by the decomposition of NO to produce N, and O,. [T W€ tjc. .'
concentration of NO by removing some amount of it from mc-cquihbn >
then the system will shift in the forward direction to produce more ™
(NO). Hence, the increase in the concentration of products favours

(260)
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on whereas the decrease in the concentration of products favours the forward
[

o
n’“c' "‘n. - N

rabke 7.2 The Effect of Coneentration Change on Equilibrium Position and

ol - ].
» N

| Equilibrium shifts = = g
Llo the product side , Changes 23t W'
i Equilibrium shifts | e ‘No
1o the reactant side | Changes  effect
- — . = SPGSSEE
- Equilibrium shifts ¢ No. |
J to the reactant side ] ‘hanges | M X
e — A
Equilibrium shifts | No
Changes
cffect

| to the product side

AL ol e T |

122 Effect of Pressure or Volume Change
According to Le Chatelier's principle, if the pressure of an equilibrium mixture of
gses 1s increased by decreasing the volume, at constant temperature. the reaction
$ilfis in the direction of fewer moles of gas molecules. If the pressure of an
suilibrium mixture of gases is decreased by increasing the volume, at constant
Eperature, the reaction shifts in the direction of more moles of gas molecules.
Pressure or volume change produces sharp effect in gaseous equilibriums
¥here the total number of moles of reactants on the left side of equation is not equal
bthe total number of moles of products on the right side of equation. Examplesare:

fﬁrmaﬁon of Ammonia
cmidcrthereaction,
NJ(S! t 3”2(g) < =2 2NH3m
. When pressure is increased or volume is decreased at equilibrium, the
F“"" moves from left to right in the forward direction to increase the amount of
NK. t(NH3). In this case, the equilibrium position shifts to the right (product side)
Ve remaing constant.

';%h“on of PCl,
| PC‘:‘el’eaction,
g &———= PCly,, + Clyy

i e g PIESSUTE S increased at equilibrium; the reaction moves from rght to
irection of decreased volume to increase the amount of reactant (PCl).
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In this case, the equilibrium position shifts to the left (reactant side) hy Kl
constant. ; _ |
The effect of pressure or volume change 1s not applicable:
(a)  When the system involves solids and liquids. They are 0ot affecte b
changes in pressure because they are almost incompressible. Consider ghe e
the water gas (mixture of CO gas and H, gas) is produced when stea jo .. "
through red hot coke (carbon). e
”20(!-'/ i (.13-9 == L.()a*.: ' ”:‘1',:'
When pressure is increased by decreasing volume, the equilibriumw

from right to left in the direction of fewer moles of gas molecules. In this ez
ignore the volume or concentration of carbon because itis present insolidstag,

(h) When the total number of moles of reactants 18 equal to the total numbery
moles of products in gaseous phase homogeneous equilibriums,

Consider the following reaction,

N:lg) 3 (").’{11'- «— 2 2 N(')lg.) .

When pressure is increased at equilibrium, the rate of both the forwards
reverse reactions will increase to the same extent and the equilibrium will nots
in any direction because the total number of moles of reactants is equal m‘h‘ .'
number of moles of products in this reaction. In this case, both the equlibi
positionand K _are notchanged. 3
(c) When an inert gasis added to the equilibrium mixture. Whenanor )
gas (inert gas) such as neon which is not part of the equilibrium system(res==
and products) is added, the total pressure of the gases increases in & rigid 0%
but it has no effect on the partial pressures or concentrations of the
products. Thus it cannot affect the equilibrium position (i.c, the relative am®®”
reactants and products) of the system. Nitrogen and noble gases are frequetts
as inert gases. |

‘ to the side that has
volume ' fewer moles of
e 8as molecules

‘ B - nﬁ ‘."Al . -, -
| Decmse In pressure to«ﬁeiﬁde.ih?h:
| or increase in volume greater moles of
| | 235 molecules
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7.2.3 Em‘c‘"fT“."'Pt‘l'alurcChange T S
Changes in concentration, pressure, or volume alter the g
without altering the value of the equilibrium cons;tnnt..ﬁé%“
constantcan be altered only when the temperature of the 5,.5@;,,
According to Le-Chatelier's Principle, exothermic reactxons :
decrease in tempergmM and endothermic reactions are favom-e& fb‘y-' |
temperature. A reaction in which heat is evolved is said to be exothermic w sa
reaction in which heat is absorbed is said to be endothermic. Forexotﬁeum "c
reactions heat is regarded as one of the products and for endothermic reactions heat
isregarded as one of'the reactants, s

(3) Consider the example of the formation of nitric oxide:
Endothermic
Mot Oiie) &=—=2 2NO,, AH = +90.25 Kjmol '

Exuthormic

Here, the forward reaction is endothermic and the reverse reaction is
exothermic. In this case the forward reaction is favoured by rise in temperature and
the reverse reaction is favoured by fall in temperature. Actually a temperature above
3000°Cs used to increase the concentration of product.

(b) Consider the examp!le of the formation of ammonia:

' Exothermic ; - ,
N?[g) + 31{34” < ZNHI“:) AH =-46.11KJmol ‘

N

Endothermic

Here, the forward reaction is exothermic

#nd the reverse reaction is endothermic. In this W
Gase, the formation of ammonia is favoured by
Gecrease in temperature. The increase in  |A reaction which is exothermic §
mperature shifts the equilibrium to the left 3&‘: .:?;f g oo R

ion and the ammonia will decompose to it
Produce nitrogen and hydrogen gases. Thus the < _
“Mmonia should be synthesized at low temperature. But at low temperatuse, the
P 'd reaction is very slow and takes a long time tc.> reach the ethbnuqx _stale._
“®refore, a moderate temperature of 450-500°C is used to decrease time of
’i&ﬁﬁbﬂum and a pressure of 200-300atm is used to prevent the decomposition of
Mmonig and get the sufficient amount of .product .(amm«)fna).
g Tt fempee o i P L
e OBemic peacion “an increase in temperature shift the e ) the rig
-‘ ;-mc’eas;t:::m;s:t l:: :;f;lcuct. As zewsull of this, tl.lc yalue of I'(c }ncrcascs.
\[:;r N exothermic reaction, an {ncreasc in temperature shift the equilibrium to the

Ied !‘andincmses the amount of reactant asaresult of this the value of K decreases.
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. Changeto Direction of

i g O

eeastin boertae . '

for mmxzwmm Equilibrium shifts

reaction o to the product side

s | i

temperature for an Equilibrium shifis

endothermic reaction to the reactant side

Incrcasé 3 = ’—‘_ TCE

for an ex:’l:t:mmmre Equilibrium shifts

reaction | to the reactant side

Decrease in B, ,

At . Equilibrium shifls :

Le;:&e:m z :;::i':)n . to the product side Changes
7.3 Industrial Application of Le-Chatelier's Principle (Syn
of Ammonia by Haber's Process) |

Ammonia is unusually valuable compound and is used in the manufatie
fertilizer such as urea, (NH,),,CO and diammonium hydrogen pi¥=
(NH,),HPO,. It is also used in the manufacture of explosives sueh '&S'v
(trinitrotoluene), as a refrigerant and as a cleaning agent. It can also be used
manufacture of polymers such as nylon and rayon. Chemists earlier discoV
the ammonia is produced by passing electric spark through a mixture of hyd
and nitrogen gases.
Elecine spark
Na + 3Ha &=——= 2NHy,,
But unluckily they failed to produce the maximum amo
because the reaction is reversible and its rate of forward reaction 15 oeg
room temperature. This problem was solved in 1912 by a
German chemist Fritz Haber (1868-1934) who developed
the process for the synthesis of ammonia. The Haber
discovered that the adequate yield of ammonia is obtained
by the reaction Of hyflmgen and nitrogen at about 450-
500°C at @ Pressure of about 200-300 atmospheres in the
f an iron catalyst. This method is known as

unt of

resence ©

Haber's proces®
(264)
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The experimental conditions must he adjusted o get the maximuim yicld of
ammoniama suitable time and ol o reasonable price ,
(i) Reactions occur more rapidly when the reactant concentrations are high.
According 1o Le Chatelier's principle, at equilibrium, an increase i the
pentration of any one reactant (N, or H,) shifts the equilibrium to the right and
inereases theamount of product (NH ),
i) According to Le Chatelier's principle, the high temperature increases the rate of
peaction, but for exothermic reactions. it shifts equilibrium to the left and
equilibrium constant value decreases.
{iit) The total number of moles of reactants is greater than the total number of moles
of products; hence, according to Le Chatelier's principle, the greater amount of
product is obtained at higher pressures. The pressure is, therefore, increased on the
equilibrium mixture to shift the equilibrium to the right.
{i¥) The high temperature does not favour the forward reaction; therefore, the
mcrease in the reaction rate is achieved by the use of catalyst. The use of catalyst
enhances the speed of reaction. Hence the synthesis of ammonia is carried out at a
Eﬂte temperature of about 450-500°C in the presence of an cffective catalyst

C

fich as Fe, 0, mixed with KOH, Si0,and AlL,O,. The catalyst is not cffective below

| Theequilibrium mixture has nearly 35% ammonia by volume. The equilibrium
ukture js cooled by refrigeration coils below 0°C (B.P. -33°C) until ammonia

Buces the concentration of the product. The continual removal of ammonia shifts
i equilibrium to the product side and increase the yield of ammonia, It also
events the decomposition of ammonia into reactants.
- Haber was awarded a Nobel Prize in chemistry in 1918 for the synthesis of
monia. After nearly five years Carl Bosch (1874-1940), the engineer, solved the
Mcering problems and developed the industrial process on a large scale. The
'Process is, therefore, sometimes also called the Haber-Bosch process. The

'''''''

8 awarded the Nobel Prize in 1931 for his work on high pressure reactions.

The nitr,

Bengas is obtained fromair which is an endless source of nitrogen.
(265)
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7.4 Solubility Product and Precipitation Reactions

The process of solubility is very important. For
example, we flavour foods because of the solubility of
table salt and sugar in water, X-rays technicians give
patients the suspension of barium sulphate to drink
before taking X-ray of the large gastrointestinal tract
(Intestine and stomach). Barium sulphate is a sparingly
soluble salt. It is a good absorber of X-rays and is used

to improve the clarity of X-rays, The Ba™* ions present

in the BaSO, are toxic. Since it is very slightly soluble,
hence it is taken orally without threat. The concept of
solubility and solubility product helps doctors to
reduce the prevalence of painful kidney stones, and
tooth decay. It enables the doctors to make the
ingestion of compounds safe. The concept of these
reactions helps engineers prevent the formation of
deposits in water processing and distribution systems.

Some ionic compounds are soluble (NaCl, NaNQ, etc.) and the others &

slightly soluble orinsoluble in water,

For very slightly soluble salts (AgCl, PbCl,, Pbl,, BaS0,), the dissocié®
very small and concentration of salt may be considered as constant. For ex _-_-
when BaSO,, a slightly soluble salt, is placed in water, it dissolves until @5
solution is obtained, and then equilibrium is established between the ions a8

BaSO, inthe solution.
BaS0,,) —— Baﬁ;)?

According to law of mass action,

2+ 2.
KC = LBa 1[§04 J
[BaSO,]
Where,
K_is equilibrium constant and [Ba™ [SO*
_ : $ 4
Ba', SO; and BaSO, inthe solution,

As the salt 18

SO

Hog)

(266)
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gram per 100 gnm' R
it is said (0 be sojuble e
solubility of a subes,.
substance is said {o
insoluble. If the solg
ranges between these py
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o be sparingly soluble Ti
insoluble substances @

o

actually wvery slight

], [BaSO,] are concét™

slightly soluble, the coneentration of undissolved Sl
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Therefore,  [BaSO,}=K

Thus,
K, = (B l[g(ﬂ
" KK = [Ba*]fs03]

R

K, 15 the product of two constants K. and K and is known as solubility
pmduct The pfodl'lC( of‘ molar concentrations of positive and negative ions in
equilibrium state with solid salt ata given temperature is called solubility product. It

i'mpmsent«-i !)y Ksp- The value of K shows how much saltis soluble in water.
Solubility product is temperature dependent and increases by increase in

lemperature.

Applications of Solubility Product
;Pndiction of Precipitation

Many environmiental and biological processes involve
the precipitation of slightly soluble ionic compounds. W
The calcium oxalate, a slightly soluble salt, |Reaction that occurs when

'Mitates out in the kidney and forms a kidney stone. |cations and anions of two
Acommon problem for chemists is to determine the |different aqueous solutions

Grection in which a reaction proceeds to reach mﬁx ":”c:u“}’:z
Huilibrium. For example, will the precipitation |precipitation reaction.
tction of BaSO, proceeds in the forward directionor

Uihe reverse direction or the reaction is at equilibrium when we mix the aqueous
Wlutions of BaCl, and Na,S0,? To answer this question we need to calculate ionic
M““ and then compare it with K ;. There are three possible relationships
*Ween ionic product and K, thatareas follows:

'Pv l!z K. ionic product, solution is unsaturated and precipitation does not occur.

£85e more solid dissolves and increasing the ionic concentration until ionic

v

P
Q

)i =S
N ,Km': lonic product, the solution 18 supersaturated and precipitation occurs,

| I . ’ p . »
g lonjc concentrations until ionic product =K.

(267)
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i) If K = r

w = lonie product, solution 18 saturale «d and precipitation doeqnm
cause the reaction is at equilibrium.
The solubility and Solubility Product
The solubility and the \Ohlbllllv product of a slightly soluble salt are ng
Solubility is expressed in g/dm'. It can also be expressed in mol/dm’ ‘e ,0;
product is unit less,

The solubility is temperature dependent. It can be increased for moa
ionic compounds, by increasing temperature. The solubility of ionig ¢ Do
determined by experiments, and by the use of solubility data, the value of sqfy
product is calculated. The values of solubility can also be calculated from sol

product values. Solutes with very low solubility have very small solubility pr 1y
values. ? H

Tablc 1.5: Solubuht) produu LOﬂbi"ll\l \alucs l'or some ionic compoundsm 25°C.

—

mmple 7.4

The solubility product constant value (K, o) for ZnS is 3.0 % 10
solublllty at25%C.

solution:
The equation for the dissociation of Zn§ is:

Zns(t) — Zl'l+ + Sz'

(268)
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Initial concentrations (M) ()
Equilibrium concentrations (M),
Theexpression for the solubility product ¢
Ky = [Z07)(S"]

30107 = (s)(s)

30x107 = ¢

By taking under root on both sides,

s =/3.0x10
§ = 548%10"°M

onstant is:

BaSO, at room temperature is 1,03x10 "M,

(A .

ValueofK, forBasO, = ?
ubility of BaSO, = 1.03x10°M

roduct constant, K, value for BaSO,. The solubility of

Thesolubility equation for BaSO, is:

| "2
P BaSO,, = Ba,, + SO,
nitial concentrations (M): 0 0
Equilibrium concentrations (M): 1.03x10° 1.03x10°
The solubili product expression for solubility product constant is:
b = [Be][s0}]
e = (1.03%107°)(1.03%107)
= 106x%10"
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7.5 Common lon Effect \Keep in mi . &
The process in which the degree of ionization ol a weak T
electrolyte is decreased by the addition of a strong Fi:ecm’l!ﬂc S 3 comg,
electrolyte having a common ion is called common 10n ::i ;:crci:“d“m cleciy
effect, e an aq iy
This process is used to decrease the solubility of compotinds. - |
slightly soluble electrolyte (salt) by the addition of | oy iz et |
strong electrolyte (more soluble electrolyte) having a | sompletely in

|

2

s
) 4
v

common ion. Forexample: are called gy,
Consider the ionization of less soluble salt: clectrolytes while g
= L 14 = A > compmm d' mﬂ Py,
CaCO;y = Cagy+ COy g CH,COOH,  which
According to law of mass action, ionized partially i
5 dilute solutions gre ¢
2 2 ons are o4
_ [ca?][cos] weak electrolytes.
S [CaCO,]

When CaCl,, a more soluble salt, is added to the solution of
will increase the concentration of Ca™" ion (common ion) and it will shift
equilibrium from right to lefl, hence CaCO, precipitates out from the solution.

1 . ] , 4 ~ -
(,8(,1-.1'-_')(.__._? CH(‘;':_”* 2(1

(acy) v

T Py
CZ&CO;“’, o = Ca(aq'|+ (‘(-)qus

Thisisaccording to Le-Chatelier's Principle,

Consider the ionization of moderately soluble KClO, in water,
KC!OJ 1) m K:éqp i ClO; (uq)
According to law of mass action.

K] C103 |
" [KCIoy]

When more soluble salt of KC]
soluble KCIO,, then as a result of this
increases, it will shift
from the solution.

KChy —= K-(.am % Clc-nq‘»
KCIO,(,, ¢——— Kt‘um + ClO

is added to the saturated solution &
e the concentration of K ion (com™™
equilibrium from right 1o left, hence KCIO, precipt™

- » 4(‘-“"
This is according to Le- : N s
effect. : Chatelier's Principle and is known s €0"=

(270)
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> The product of molar concentrations of positive and negatiye

~ equilibrium state with solid salt at a given temperature is called e
- product constant. Tt reflects the solubility of a °°m1’°‘md
- solubility products valuc of a compound, the greater the s
~ compound. 2

\: - :Wﬂnds likéNaCl, in the preparation of buffersandin g lita
ST ANeS et g L e

- 3 0

A=

o e S g 1Y -
Q.1. Fouranswersare given for each question. Select the correctone:
i)  Thereactions thatoccur only in one direction are kKnown as

(a) Reversible reaction (b) irreversible reaction .

(c) spontaneous reaction (d) non-spontaneous reaction
ii) Thereaction will proceed in the reverse direction when

(a) Q.<K. (0)Q. =K,

() QK (@ Q.= (K "
iii) Which of the following change will favour the formated
adequate amount of ammonia at equilibrium in the reaction. £

below:
Ny + 3Hyy — 2 NH;,

(a) By decreasing pressure (b) by increasing pressure

(¢) byaddingammonia (d) by removing nitrogen
iv) A dynamic equilibrium s disturbed by

(a) Concentration change (b) pressure change

(c) temperature change (d)all of these

v) Whatis the unitof K_ for the reaction:
2805 T Om) ———= 280,34,

(a) moldm™ (b) mol‘dm”
) mol'dm"” (d) moldm” s
Sn; When the total number of moles of reactants and ‘“Oduc”
then the equilibrium state 1s NOT disturbed by:

(@) Concentration change (b) pressure chang®
(©) Wmm change (d) catalyst ; dm‘w -
vii) Exothermicreactionsare favoured in the f dir®®

(272)
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equilibrium will shift thesystem -

(a) Decrease mtemperature (b)incm”inm,pm ture 73
(¢) addingacatalyst (d) removal of reactant 5§
yiil) When HCl is added 1o the aqueous solution of NaCl, the AP S

(a) Increases (b) decreases

() rcmtfm‘s SEee (d) first decreases and then increases
ix) Precipitation occurs when

(a) K, <ionic product (b) K_>ionic product

(¢) K, =ionicproduct (d) /K, <ionic product

x)  The forward reaction almost near completion if the value of K. 1s:
(a) Verysmall (b) very large

(c) unity (d) zero

Fill in the blanks with suitable words given in the brackets:

i)  The reactions in which products are reconverted into reactants are
called . (reversible/irreversible)

ii)  Allchemical equilibria are (static/dynamic)

i) Law of mass action was given by in 1864. (Bosch /
Guldberg)

iv) For thereaction, CH,)+H,04,7 CO+ 3H,,, the increase
n pressure favours the of products. (decomposition /
formation)

v) If K,, is to / than ionic product, the solution is

Saturated. (greater/ equal)

vi) The removal of the amount of any one reactant from the container at
.(to the left/to the nght)

“i) Solutcs with very hlgh SOl“bllny have very
solubility product values. (small/high)

¥iii) For endothermic reactions, the equilibrium constant value
Wiﬂeteue in temperature. (increases/decreases)

s ~acut 2l activation energy of chemical reaction.

Habq- was awardcd a Nobel Prize in chemistry in
“931/1918)

(273)
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Q.3.

Q4

':*'\(vi) A catalyst does not change the eq

i¥) 205 =230y

. Wiite the balanced chemical equation correspondin

Label the following statement as True or False:
i)  The concentrations of products and reactants remain COnsiy,

equilibrium. |
ii) The same equilibrium constant value is obtained whefy of
reaction is started from the reactants side or from the productsside, |
iii) The concentrations of reactants are equal to the concentratios 4
products at equilibrium. |
iv) The reaction is at equilibrium when Q.isequal 0K, (Q.=K).
v) When the number of moles of reactants and products are equalingy

balanced chemical equation. then K, = K, =K, = K
uilibrium constant but it chang

the equilibrium positionof the reaction, ‘ §
vii) The NaCl can be purified by passing HCI gas through ifs satué

solution by common ion effect,
viii) Molar solubility is the num

liter of solvent. 3
ix) Asthe reaction proceeds in the forward direction, the CONCERtE

of product goes on decreasing and that of reactant Z0%%

increasing. s
x) Haber solved the engineering problems for the symhesﬁOf i

Write the equilibrium constant expressions for K, for each &
following processes: .

i) COg *+ HOpy &= COyy* Hag
i) 2C0y + Oy ——2C0,

Ili) Pdg@ (———-"“‘PC]}&;) + -CIZ(g)

ber of moles of solute dissolved

V) CHyCOOH, &=== CH,C00, + He

What is the value of K, at 1050°C if K, value is 23040
following reaction?

2CO, + O KRR 2C02‘§) " ;

constant expressions given below:

a) Be " [N,0J[0]
(274)
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b K, = NHCl e
[NH;][HClI| 'L'JTJ‘.F ;
C) Kc = [C]{4]2[C11]3 :
| [CHCL) (1, T

Q.7 How will you predict the direction an e T,
Q8 g-i ':-""ehelpofachcmiculeq‘zilibﬁ:mmeldpggn;f M
Q8: Deline reaction quotient, What PO |

constant and reaction quotient? i bctween e

et Whatfioesitmean When(a) Q¢>K¢,(b) Qc"‘Kc (c) anx'? 1.

Q.10: Whatis dynamic chemical equilibrium? Explain why the concentrations of

. Isaciants and products are not necessarily the same at equilibrium?

: f\:rhgc a;e homogeneous and heterogeneous equilibria? Give two examples

2 Exp-lﬂin: what is the law of mass action? Derive the equilibrium constant

. expression fora gencral reversible reaction.

L13: Whatis the characteristics of equilibrium constant? e B
R14: How will you relate the equilibrium expression in terms of concentration,

~ partial pressure, number of moles and mole fraction?

QI5: Explain Le Chatelier's principle. How this principle help chemisis to

~ maximize the yield of products. Explain industrial applications of Le-

- Chatelier's Principle using Haber's Process asanexample. .

216: Lime, Ca0),, is prepared by heating lime stone, CaCO,, todecompose it

@) Writethe balanced chemical equation for thereaction.

. b) Predictthesignofenthalpy change for thereactiof. .

o) s the reaction favoured by increase in temperature or decrease in

constant for the exothermic gas phase reaction (2)r =t '
addition gg';irbduct (c) increase in the pressure (d) increase in the volume
decrease in the temperature (f) addition ofa catalyst?

: Whatis the cffect of the following changes at equilibrium if we:

8)  increase the concentration of reactants ina reaction mixiure

;)’ thc _. ent

cater number of moles of gases than reactant side
* inerease the temperature of an endothermic reaction mixture?
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Q.19;

Q.20:
Q.21:

Q.22:
Q.23:

Q.24:

Q.25

Q.26:

What is the effect of catalyston:

(a) the rate of chemical reaction

(b) the position of equilibrium ina chemical reaction
(¢) the valueof equilibrium constant?

What is the significance of catalyst in chemistry?
Describe the effect of increasing pressurc on each of the following e
systems at equilibrium.

i) 2055 &2 30y

i) Hygt Clyy =—=2HCly

iii) PCly,+ Cly ——=PCl

Define and explain common on effect giving suitable examples.
What is a solubility product constant? Determine the solubility pro
expression for slightly soluble AgBr, Ca(OH), and PbCrO,.
Answer the following questions: i
a) There is only one value of the equilibrium constant for a paris
system at a particular temperature, how? 5
b) Whythe value of equilibrium constant does not dependonthe &
concentrations of reactants and products mixed together?
c) Why the equilibrium vapour pressure of a liquid increase =
increasing temperature? -, e
d) Can the equilibrium constant value ever be zerd o
Explain. ' i
¢) How are rates of forward and reverse reactions related 04
chemical equilibrium? | = S i
f) The solubility of KCIO, is decreased by adding KCI10™ ™
solution, how? P
The equilibrium copc#ntrations of hydrogen, iodine, and hy¢ '\
arc 0.530M. 0.033M, and 0.934M respectively at450°C- W
of K_forthe following reaction?

Calculate the concentration of PCl, at 250°C: {“

concentration for both PCl, and C1 gases are 0.095M- The V&
the reactionis 1.2x107, g

PClyyy ——= pCls(g) i Clm)
(276)
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