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CHEMICAL EQUILIBRIUM

When reactants are mixed in exact stoichiometric proportion to perform a chemical
reaction, it is believed that al the reactants would be converted into products with the
release or absorption of energy. Thisis not true in all cases. Many chemical reactions
proceed only to a certain extent and stop. When analysed, the resulting mixture contains
both the reactants and products. It is because when reactants combine to form products,
the products al so start combining to give back the reactants.

When such opposing processes take place at equal rates, no reaction appears to take
placeand it is said that astate of equilibrium hasreached. In thislesson, wewill examine
many aspects of chemical equilibrium. We shall also discuss how can we control the
extent to which areaction can proceed by changing the vari ous conditionsof the equilibrium.

After reading thislesson you will ableto:
differentiate between static and dynamic equilibrium;
identify and differentiate between reversible and irreversible reactions;
explain thereversible reaction occuring at the equilibrium state;
list and explain characteristics of equilibrium state;

apply thelaw of equilibrium and write expression of equilibrium constant for different
typesof equilibria, namely physical, chemical, homogeneous and heterogenous,

state and derive the relation between K and K and carry out some calculations
involvingthemand

list the factors which affect the state of equilibrium and state and apply
Le-Chatelier principle.
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13.1 Satic and Dynamic Equilibrium

Thestate equilibrium can be observed in physical and chemical systems. Also, equilibrium
can be static or dynamic in nature. A book lying on the table is an example of static
equilibrium. The forces of action and reaction cancel each other and no change takes
place. Thus it is a case of static equilibrium. On the other hand, when an escalator is
coming down and a passenger is going up at the same speed it is a case of dynamic
equilibrium. Here, because both are moving in opposite directions and at the same speed,
no net change takes place. The equilibrium established in the above examples are in
physical systems.

13.2 Reversible and Irreversible Reactions

Chemical reactions can be classified as : Reversible and Irreversible reactions.

13.2.1 Reversible reactions

Consider the reaction between ethanol and acetic acid. When mixed in the presence of
dilute sulphuric acid they react and form ethyl acetate and water.

C,H.OH(l) + CH,COOH (I) 3,4/® CH,COO CH(l) + H,0()

On the other hand, when ethyl acetate and water are mixed in the presence of dilute
sulphuric acid the reverse reaction occurs.

CH,COOC,H,(I) + H,0(1) 3,4/@ CH,COOH(l) + C,H.OH())

It may be noted here that the second reaction is reverse of the first one and under the
same conditions, the two reactions occur simultaneously. Such reactions which occur
simultaneously in oppositedirectionsare called reversiblereactions.

A reaction is said to bereversible if under certain conditions of temperature and
pressure, the forward and reverse reactions occur simultaneoudly.

Reversiblereactionsareindicated by placingtwo haf arrows pointing in oppositedirections
=) between the reactants and products. Thusthe above reaction is more appropriately
written as

CH,COOH (I) + CH.OH (I) = CH,COOCH, (1) + H,0(l)

When ethyl acetate and water are formed in the forward reaction the reverse reaction
also startsin which ethanol and acetic acid areformed. After sometime the concentrations
of all thereactants and products become constant. This happenswhen therates of forward
and reversereactions become equal ; and all the properties of the system become constant.
It is said that the system has attained state of equilibration. However it may be noted
that the state of equilibrium is reached only if the reaction is carried out in a closed
system. At the time of equilibrium, forward and reverse reactions are taking place and it
isin astate of dynamic equilibrium because no change istaking place.

A reversiblereaction is said to be in the equilibrium state when the forward and
backward reaction occur simultaneously at the sameratein a closed system and
the concentrations of reactants and products do not change with time

Chemical Dynamics
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Chemical Dynamics | A common example of reversible reactions of the type A + B = C+D
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CH,COOH + CHOH —= CH,COOH + H,0

Thefollowing graphs Fig. 13.1 showsthe equilibrium state in areversible reaction.

CorD

Concentration ——>

AorB

Time —> Equilibrium

Fig. 13.1 : Equilibriumin reversible reaction

The graph depictsthat the rate of forward reaction gradually decreases while the rate of
backward reaction increase till they become constant and equal to each other.

13.2.2 Irreversible Reactions

Most of the reactions occur only in onedirection. They arecalled irreversiblereactions.
For example when carbonisburnt in air to form carbon dioxide the reaction goesonly in
onedirectioni.e. inthedirection of formation of carbon dioxide

C(9+0,(9 %%® CO,(g)

Strictly speaking all reactions are considered to bereversible. But the rate of reactionin
one particular direction is extremely small compared to the other. Thus the reaction
proceeds practically in onedirection to near completion, leaving anegligibly small amount
of reactant at the end.

When hydrochloric acid ismixed with sodium hydroxide, abase, in equimolar quantities,
aneutralisation reaction takes place; with the formation of salt and water.

HCI (aq) + NaOH (ad) %%® NaCl (aq) + H,0 (1)

Thisreaction proceedsto completionintheforward direction. Similarly when asolution
of silver nitrate is added to a solution of sodium chloride silver chlorideis precipitated
immediately.

NaCl (ag) + AgNO, (aq) %3 AgCI (s) + NaNO, (ag)




13.3 Characteristics of Equilibrium Sate

1. The state of chemical equilibriumisreached in areversible reaction when;

(i) the temperature of the system attains a constant value.

(ii) the pressure of the system attains a constant value.

(iii) the concentrations of al the reactants and products attain constant values.
Thestate of equilibrium hasfollowing characteristics properties:
(i) Chemical Equilibrium isdynamic in nature

The chemical equalibrium isthe result of two equal but opposite processes occurring in
the forward and reverse directions and there is no “net” change occurring in the system.

(it) Equilibrium can be attained from either side

The same state of equilibrium (characterized by itsequilibrium constant which isdiscussed
later can be reached whether the reaction is started from the reactants or products side.
For example, the same equilibrium

N,O, (9) == 2NG, (9)

is established whether we start the reaction with N,O, or NO,,
(iii) Equilibrium can be attained only in a closed system

Equilibrium can be attained only if no substance among, reactantsor products, isallowed
to escape i.e. the system is a closed one. Any system consisting of gaseous phase or
volatileliquids must be kept in aclosed container, e.g.

N,(g) + 3H,(9) = 2NH,(9)

A system consisting of only non-volatile liquid and solid phases can be kept even in an
open container because such substances have no tendency to escape, e.g.

FeCl (aq) + 3 NH,SCN(aq) = Fe (SCN), (s) + 3 NH,Cl(ag)
(iv) A catalyst can not change the equilibrium state

Addition of a catalyst speeds up the forward and reverse reactions by same extent and
helpin attaining the equilibriumfaster. However, the equilibrium concentrations of reactants
and products are not affected in any manner.

13.4 Equilibrium in Physical Processes; Phase Equilibrium

State of equilibrium can also be reached in physical processes.
13.4.1 Liquid — Vapour Equilibrium

L et ustake some quantity of aliquidinanempty container and closeit. Initially the vapour
pressure abovetheliquid will bezero. Theliquid will evaporate and itsvapour will fill the
empty space above it.

Liquid® Vapour

MODULE -5
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Chemical Dynamics | Therate of evaporationismaximumin beginning. Asvapoursbuild up, its pressureincreases
and the rate of evaporation slows down. Also the reverse process of condensation begins
(Fig. 13.2).

Vapour ® Liquid

Fig. 13.2: Liquid Vapour equilibrium

and itsrate gradually increases with the increase in the vapour pressure. After sometime
thetwo rates (of evaporation and condensation) become equal and thefollowing equilibrium
isestablished.

Liquid = Vapour

At equilibrium the vapour pressure reaches its maximum value and is known as the
saturated vapour pressure or simply the vapour pressure. At afixed temperature, each
liquid hasits own characteristic vapour pressure. The vapour pressureof aliquidincreases
with risein temprature.

13.4.2 Solid — Vapour Equilibrium

Volatilesolids sublimeformvapour. The situationisjust smilar totheliquid vapour system.
When kept in a closed container at a constant temperature the following equilibriumis
established.

Solid == Vapour

lodine
Vapour

Solid

\K/ |0d| ne

Fig. 13.3 : Solid vapour equilibrium

Such an equilibrium can be established by keeping some solid iodinein agasjar covered
with alid. (Fig. 13.3). Gradually the purple coloured iodine vapours fill the jar and the
following equilibriumisestablished.

I(s) = 1,9)
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13.4.3 Solid — Liquid Equilibrium

Below itsfreezing point aliquid freezes spontaneously
Liquid® Solid

When heated aboveits melting point the solid melts spontaneously :
Solid® Liquid

At the melting point, thetwo phasesarein equilibrium
Solid = Liquid

because the above two processes occur simultaneously and at the same rate. Such an
equilibriumischaracterized by itstemperaturei.e. the melting point of the solid.

13.4.4 Solute — Solution Equilibria

Saturated
Solution

Undissdued
- Sugar

Fig. 13.4 : Solute - Solution Equilibrium

When sugar crystalsare put in asaturated solution of sugar in water; it will appear that no
changeistaking place and sugar appearsto remain undissolved. Actually, the undissolved
sugar does dissolvein the saturated sugar sol ution; and an equal amount of sugar seperates
out from the solution. The solid sugar and the sugar sol ution form an equilibrium system
whichisdynamicin nature.

sugar (s) = sugar solution (saturated)

Theequilibrium isestablished when the rate of dissolution of sugar becomes equal to the
rate of crystallisation. In general such equilibrium can be represented as

solute(s) = solution (saturated)
Thisequilibriumisknown as Solubility Equilibrium.

13.45 Phase and Phase Equilibrium

You must have noticed in each of the above equilibriathe system consists of two distinct
parts; solid, liquid, solution or vapour. Each of these partsis called a phase.

A phase is defined as a homogenous part of a system which has uniform
composition and properties throughout.

A phaseis not the same as physical state. A mixture of two solids, even when powdered

Chemical Dynamics
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finely is atwo phase system. This is because particles of the two solids have different
chemical compositionsand physical properties. Completely miscibleliquids, solutionsand
all gaseous mixture constitute only one phase each.

All the cases of physical equilibriumarein fact the systemsin which different phasesare
inequilibrium; only if they contain, at |east one common component. A dynamic exchange
of the common component between two phases takes place. When the rates of exchange
becomes equal the equilibrium is established. In solid solute and sol ution equilbrium the
example given earlier, sugar isthe common component.

13.5 Equilibrium in Homogeneous and Heter ogeneous Systems

13.5.1 Homogeneous and Heter ogeneous Systems

Homogeneous system is one which has one phase. It has the same chemical composition
and uniform properties throughout. It isformed by particles of molecular size only. Pure
solids, liquids, gases and sol utions are the examples of homogeneous systems.

A system consisting of only one phase is called a homogeneous system

Heterogeneous system, on the other hand has at least two phases —a mixture of solids or
immiscibleliquids constitutes aheterogeneous system.

Any system consisting of two or more phases is called heterogeneous system

13.5.2 Homogeneous and Heter ogeneous Equilibrium Systems

Equilibrium can be established in either type of systems. Sinceall physical equilibriainvolve
at least two phases, therefore these are all examples of heterogeneous equilibrium. But
chemical equilibrium can be homogeneous or heterogeneousin nature. It ishomogeneous
if both the reactants and products are present only in one phase gas or liquid and
heterogeneousif present in more than one phase. In the following sectionswe shall study
such systems.

13.5.3 Homogeneous Chemical Equilibrium System

(a) Gas — Phase homogeneous systems

Such systems contain only gaseous reactants and products. Since all gaseous mixtures
are homogeneousin nature they constitute only one phase. Following are examples of this

typeof equilibrium:

(i) N, (9) + 3H, (@) = 2NH, (9)

(if) 2N, O, (g) = 4NO, (9) + O, (9)

(b) Liquid — Phase homogeneous systems

These are the systems in which both the reactants and products are present in only one
liquid phase (asasolution) for example:

(i) CH, COOH (I) + C,H.OH (I) == CH,COOC,H(I) + H,0 ()
(ii) KCN (ag) + H,0 (I) =—— HCN (aq) + KOH (a0)
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13.5.4 Heter ogeneous Chemical Equilibrium Systems

The systemsin which reactants and products are present in more than one phase belong
to thistype. For example:

(i) Fe(s) + 4H,0 (9) —— Fe,0, (s) +4H, (9)

(ii) CaCO, (s) =——==Ca0 (s) + CO, (9)

F o™ _
ke_‘. Intext Questions 13.1

1. Whatisareversible reaction? Give two examples.

13.6 Quantitative Aspect of Equilibrium Sate

13.6.1 Law of Equilibrium and Concentration
Equilibrium Constant

Consider thefollowing equilibrium

H,(9) + 1,(9) —— 2HI (g)

At equilibrium the concentrations of H,, 1, and HI become constant. Also, it has been
found experimentally that irrespective of the starting concentrations of H, and |, the
following ratio of concentration terms always remains constant.

« = [HIF
[(H.IT1.]

Here [H,], [1,] and [HI] represent the equilibrium molar concentrations of H,,, |, and HI
respectively and K is called the concentration equilibrium constant (some times it is
written as simply K). In general, for reversible reaction

aA +bB —— cC+dD

Chemical Dynamics
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at equilibrium, the following ratio of concentration terms always remains constant at a
given temperature.

_[CI°[D)°
“ " [AF[BP

Theaboverelation is known asthe law of equilibrium. It may be noted herethat all the
concentrations values in the law of equilibrium are the equilibrium concentrations of
reactantsand products. The numerator of thelaw of equilibriumisthe product of equilibrium
molar concentrations of products, each term being raised to the power equal to its
stoi chiometric coefficient in the chemical equation and the denominator contains products
of similar concentration terms of reactants.

13.6.2 Pressure Equilibrium Constant K,

In case of gasestheir partial pressures can also be used in place of molar concentrations
(sincethetwo aredirectly proportional to each other) inthelaw of equilibrium. The new
equilibrium constant, K , is called the pressure equilibrium constant. For the reaction
between H, and I, K |is given by
Kp - pz,m
Pu, Py,

Here py,.p, and p, are the equilibrium partial pressures of H,, |, and Hl
respectively. For the general gas phase reaction :
aA(g+bB(g = cC(g9)+dD(9)
itisgivenby:
Pz PG
Ky = v
Pa  Ps
13.6.3 Relation between K and K

For ageneral gas phase reaction at equilibrium
aA(g)+bB (g = cC(g9)+dD(g)
The pressure and concentration equilibrium constants Kp and Kc are

o =PET P g k= LGOI
" PP © [AP[BP

For a gaseous substance i, the ideal gasequationis
pV =nRT

wherep, and n, areits partial pressure and amount in agaseous mixtureand V and T are
its volume and temperature and R is the gas constant. The relation may be written as

n.
= —RT=
P=Y c RT
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Where c, is the molar concentration or molarity of ‘i’ expressed in moles per litre. This Chemical Dynamics
relation can be used for replacing the partia pressure termsin the expression for K,
(cc RT)° (c,RT)"
P~ (cy RT)* (cg RT)®

c ~d
CC CD

(RT) C+d-(@+b)

Ch Co
Using the square bracket notation for molar concentration the relation can be written as
c d
— [C] [D]b (RT) (np —ng)
" [A*[B]
= K (RT)™

where Dn, isthe changein the moles of gaseous substancesin the reaction andis equal to
the differenceinthe moles of gaseous products n, and the moles of gaseous reactants, n_..
Dn, may be zero positive or negative.

(1) Inthereaction
H, (@) +1,(@) = 2HI (9)
Here n, = moles of the gaseous product is equal to 2
N, = moles of gaseous reactant H, and |, isequal to 2 (as 1 + 1).
HenceDn =n,-n,=2-2=0
Dn,=0
(i) Inthereaction
N,(g) + 3H, (9) = 2NH, (9)
n=2,n,=1+3=4
andDn =2-4=-2
(iii) Inthereaction involving solids and gases
CaCO, (s) = CaO (s) + CO, (9)
Dn =1
13.6.4 Expressions of Equilibrium Constant for Some Reactions

Thelaw of equilibrium can be applied to write down expressions of K _and K, for some
reactions

13.7 Homogeneous Equilibria

(i) Decomposition of N,O,

N,O, (9 = 2NO, (9)
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[NO,J? _ Plo,

K.= =K
K,= Mo

°IN,O,]

Pn,o,
(ii) Oxidation of sulphur dioxide
280, (9) + O, (9) = 2S0,(9)

P =N P,
© = [SO,P[O,] ' % ™ pl, o,

(iii) Esterification of acetic acid with ethanol

CH,COOH (1) + CH.OH (I) = CH,COOCH, (1) + H,0(I)

[CH,COOC,H_][H,O]
K.= [CH,COOH][C,H.OH]

In thisreaction no gasisinvolved, therefore expression for K, ismeaningless.
13.7.1 Heterogeneous Equilibrium
Consider thefollowing equilibrium
CaCO, (s) = Ca0 (s) + CO, (9)
Accordingto thelaw of equilibrium

_[CaO][CO, ]

K =
¢ [CaCQ,]

Here CaCO, and CaO are pure solids. The concentration of any solid is constant at a
fixed temperature therefore these are not written in expression for equilibrium constant
for hetrogenous reactions. Equilibrium constants for the reaction can be written as

K. =[CO,] and K = Pco,
Following are some more exampl es of heterogenous equilibrium

(i) Reaction between iron and steam

3Fe(s) +4H,0(g) = Fe0, () +4H, (9)

P L5 P,
¢ [H,0" ™~ pﬁzo

(i) Liquid — Vapour Equilibrium

H,0() = H,0 (@)

K.=[H,0; d ; Kp = PH,0-
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13.8 Characteristics of Equilibrium Constant

13.8.1 Equilibrium Constant and Chemical Equation

The expression of equilibrium constant depends upon the manner in which the chemical
equation representing it iswritten. For the reaction

H, (@) +1,(g) = 2HI (9

HI]?
Theequilibrium constant K isgivenby K = [|_[| ]gl ]
2 2

When the same reaction is written as

1 1
@3 H, @+ 5 1,@ = H(@©
the corresponding equilibrium constant K, isgiven by

_ _ [HI]
K= —5 =
[H.12[1,]°
It may be noted that equilibrium constants K and K, are related as K, = VK

(b) When the reaction is written as reverse

2HI (9) = H,(9) +1,(9)
[H][l,]
Ko= [P

Here it can be seen that

Similar relationship is also observed in the pressure equilibrium constant K . Thus the
expression of equilibrium constant depends on how thereactionisexpressed intheform
of achemical equation.

13.8.2 Units of Equilibrium Constant

Unitsof equilibrium constant K _or K _ depend upon the fact whether during the reactions
there is any change in the moles of substance or not.

(a) Thereactionsin which there is no change in moles of substancei.e. Dn = 0.

The equilibrium constant for such reaction has no units. For example in the reaction
between H, and I,

H, (9 +1,(9) = 2HI (9)
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_[HIP P
Ke= TH,1In) 7 bp,
(mol L'1)? bar’
Ke=Tmo Chmol L) = (oan)(bar)

\ HenceK and K_have no unitsin such cases.
(b) The reaction where there is change in the moles of substancei.e. Dn* 0.

The equilibrium constant for such reactions has units which depend upon the change in
moles of substances.

For example:
N, (9) + 3H, (9) = 2NH, (9)

Dn= an- D

Nr
=2_4=-2

Theunitsof K_for thisreaction would be (mol L)~ or L2 mol~ and those of K would be
bar-2 as shown below :

The equilibrium constant for such reactions are
[NH,]? PRH,

Ke = INSIIH,T Ko = b, P,

(mol L'1)?
€= (mol LY (mol L)

K

= (mol L1)?

= L2 mol-?

pressure”
Kp= pressure. pressure’

For the reaction PCI, (g) = PCl, (g) + Cl, (9)
Dn =2 -1 =1. Therefore,
The unitsfor K_and K are

K.=mol L and K = bar
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13.8.3 Significance of the Magnitude of K

The equilibrium constant of areaction has a constant and characteristic value at agiven
temperature. The changesin starting concentration, pressure and the presence of acatalyst
do not change the value of the equilibrium constant. However if thetemperatureis changed.
Thevalue of the equilibrium constant al so changes.

Themagnitude of the equilibrium constant isameasure of the extent upto which areaction
proceeds before the equilibriumisreached. Themagnitudeof K islargewhen the products
arepresent inlarger amounts than the reactantsin the equilibrium mixture. For thereaction

H,(9) +1,(9) = 2HI(g) K, =90 at 298 K
andfor2CO(g) + O, (g9) = 2CO,(g) K_ =2.2x 10 at 1000 K.

A large value of K _for the second reaction indicates that amount of products is much
morethan thereactantspresent at the time of equilibrium. Thusthe magnitude of equilibrium
constant tellsus about the position of the equilibrium.

13.8.4 Calculation of Equilibrium Constants

Equilibrium constants K . and K, can be calculated if the equilibrium concentrations or
partia pressures are known or can be obtained from the given data. Thefollowing examples
illustrate the calculations.

E(ample 13.1: Calculate the equilibrium constant for the reaction

A(@+B(9 = C(@+DI(9

If at equilibrium 1 mol of A, 0.5 mole of B, 3.0 mole of C and 10 mol of D are present in
aonelitre vessd.

Solution : From the law of equilibrium

. _Co]
<= [A][B]

Sincethevolume of thevessel isonelitre, the number of molesof A, B, Cand D areequa
to their concentrations. Thus
[A] =1mol L7, [B] =0.5mol L7, [C] =3.0mol L and [D] = 10 mol L and

(3.0mol L") (10 mol L)
Ke = "Amol LY (05mol LY

3.0 10

1 05 00 _

E(ample 13.2 In an experiment carried out at 298 K, 4.0 mol of NOCI were placed in
a2 litreflask and after the equilibriumwas reached 1.32 mol of NOwereformed. Calculate
K, at 298 K for the reaction

2NOCI (g) = 2NO(g) +Cl, (9)

Chemical Dynamics
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Solution Calculation of equilibrium concentrations

No. of molesof NO 132 mol

i = - -1
(1) [NO] Volume 2L 0.66 mol L
No.of molesof Cl, 1(No. of molesof NO)  1.32moal
@in[cL]= =2 =5 5 =033mal L™
Volume Volume
No.of molesof NOCI  (Initial moles- moles decomposed)
(iii) [NOCI] = =

Volume Volume

(4.0-1.32) mol 2.68 mol
= 2L - 2L

=1.34 mol L

For thereaction
2NOCI (g) = 2NO(g) + Cl, (9)

_[NOP[Cl,]  (0.66mol L'})?(0.33mol ')  (0.66)°" 0.33
¢~ [NOCIZ ~ (1.34mol L')? = (1.34)?

=0.080 mol L™
K,=0.080 mol L™ —j

’g(ample 13.3: 2 moles of HI were heated in avessel of one litre capacity at 713 K
till the equilibrium was reached. At equilibrium HI was found to be 25% dissociated.
Calculated K and K for the reaction.

Solution Initial molesof HI =2

25" 2
Molesof HI dissociated = 00 = 0.5 mol

Moles of HI at equilibrium=2.0-0.5= 1.5 mol

The dissociation of HI occurs as

2HI (99 = H,(9 + 1, (9)
Initial moles 2 0 0
Equilibriummoles (2-0.5) 0.25 0.25

1.5mol 0.25moal 0.25mol
Volume of reaction vessel 1L 1L 1L
Equilibrium concentration 1.5mol L 0.25mol L? 0.25mol L™

For thereaction
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[H,][l,] (0.25mol L'*) (0.25mol L")
¢~ [HIP? T (L.5mol L'Y)?

AlsoK =K  (RT)™
For thisreaction Dng =n,-Nng= 2-2=0

\ K, =K, =0028 _

E(ample 134: Calculate K  for the reaction COCl, = CO + Cl, in atm and Nm?.
The equilibrium partial pressures of COCI,, CO and Cl,, are 0.20, 0.16 and 0.26 atm
respectively.

(1 atm = 101300 Nm)
Solution : (i) K, in atmospheres
COCl,(g) = CO (g) +Cl, (9)
_ Po " Pa, ~ (0.16 atm)(0.26 atm) _ 016 0.26

K, = Pcoc, (0.20atm) - 0.20
=0.21 atm.

(ii) Kp in Nm=2
K,=0.21am and 1 atm = 101300 Nm2
\' K, = (021 aim) (101300 N2 atm) = 21273 N2 ]

E(ample 13.5: When equal number of moles of ethanol and acetic acid were mixed at
300 K, two-third of each had reacted when the equilibrium was reached. What is the
equilibrium constant for the reaction?

CH,COOH (I) + CH.OH (I) = CH,COOCH, () + H,0 (I)

Solution : Let n moles each of acetic acid and ethanol be mixed initialy. Then the

2
number of moles each reacted = § n.

Let V bethe volume of the reaction mixturein litres.
CH,COOH (I) + CH.,OH (I) = CH,COOCH(I) + H,O(l)

Initial mole n n 0 0
—_ I 2 2 2 2
Equilibrium concentrationinmoles  (n - —n) (n-72n) =n =n
3 3 3 3
1 1 2 2
3" 3" 3" 3"
quilibrium concentration 2y, 2y, 3V 3V

Chemical Dynamics
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[CH,COOC,H_][H,0]
K.= [CH,COOH][C,H.OH]

82N 02N 0
&3voEav o
~ %N gxen 6
&3vo&av e

=2x2=4

F oY
k&'{, Intext Questions 13.2

1. Forareversiblereaction
2A+B = 3C+3D
Writethe expression for the equilibrium constant

3. (i) Apply thelaw of equilibrium to the following and write the expression for K,
and K .

(@ CO, (9) +H, (9) = CO(g) +H,0 (9)
b1, = 1,09
(ii) For the above reaction write equation for K, andK .

4.  Theequilibrium constant for the reactions
()N, (9) +3H, (9 = 2NH, (9)

1 2
(i) 3N,(9) +H,(9) = 5 NH,

are K, and K, respectively. What is the relation between them.

13.9 Factors Affecting Equilibrium Sate

Supposing a reaction has reached the equilibrium state and then some conditions like
concentrations, temperature, pressure etc. are changed, would it be affecting the
equilibrium state. If yes how?
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In this section, we shall discuss these questions.

Thestate of equilibriumisin adynamic balance between forward and backward reaction.
This balance can be disturbed by changing concentration, temperature or pressure. If
done so acertain net change occursin the system. Thedirection of change can be predicted
withthehelp of Le-Chatelier principle.

13.9.1 Le Chatelier Principles

It states that when a system in equilibrium is disturbed by a change in
concentration, pressure or temperature, a 'net' change occursin it in a direction
that tends to decrease the disturbing factor.

The prinicple can be applied to various situations.
13.9.2 Change in Concentration

Consider the state of equilibrium for the formation of ammoniafrom nitrogen and hydrogen.

N.(g) + 3H,(9) —— 2NH,(g), DH =-92.4 kJ/mol

The concentration of nitrogen, hydrogen and ammonia become constant at the point of
equilibrium. Now if any amount of reactants or ammonia is added or removed their
concentration will change and the equilibriumwill get disturbed.

(i) Increase concentration of reactant : When the concentration of either nitrogen or
hydrogen isincreased; anet forward reaction will take place which consumes the added
reactant.

(ii) Increase in the concentration of any product : If the concentration of product
ammonia is increased, a net backward reaction would take place to utilise the added
ammonia

13.9.3 Change in Pressure

Changein pressure affects equilibrium invol ving gaseous phase either in ahomogeneous
or hetrogeneons system.

Le Chatelier prinicplefor systemsinvolving gases can be studied asfollows :

(i) When the number of moles of products is more than the total number of moles of
reactants asin the following system

Increase in total pressure keeping the temperature constant, will cause a decrease in
volume. Thismeansthat the number of moles per unit volumewill increase. A net change
will take placein the equilibrium in the direction where the number of molesdecreasei.e.
backward direction.

(it) When the number of moles of productsislessthan reactants. Asin thefollowing case
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Accordingto Le Chatelier's principleincreaseintotal pressurewill bring anet changeto
the equilibrium in the direction where the total number of molesisdecreasingi.e. to the
product sideasDn_= 2. Decreasein total pressurewill bring the net changeto equilibrium
in the direction where the total number of molesisincreasingi.e. backward direction.

(iii) When there is no change in the total number of moles of reactant and product asin
thefollowing state of equilibrium.

Thereisno net change in equilibrium state when pressure is changed.
13.9.4 Change of Temperature

According to Le Chatelier prinicple when the temperature is changed (increased or
decreased) the equilibrium system reactsto nullify the change in heat content. However,
the net change in equilibrium is directed by the exothermic or endothermic nature of
reaction.

(i) Exothermic equilibrium : For the following system of equilibrium of exothermic
nature:

N,(9) + 3H,(9) —— 2NH(9); DH =-92.4 kJ/mol

according to Le Chatelier prinicple increase in temperature brings a net change in the
equilibrium state in that direction where this extraheat is consumed. The net changeisin
the backward direction and some ammonia will decompose producing nitrogen and
hydrogen. Similarly if the temperature is decreased the equilibrium shiftsto the forward
direction.
(it) Endohermic equilibrium

N,(9) + O,(9) —— 2NO(9); DH =+ 180.7 kJ/mol~*

If the temperature is increased the added heat will be absorbed by the reactant and the
net change takes place to the equilibrium in the forward direction. If the temperature in
decreased it will bring a'net' changeto equilibriumin the backward directioni.e. direction
inwhichitisexothermic.

Addition of a Catalyst : It does not affect the equilibrium. However it helpsto achieve
theequilibrium faster.

13.9.5 Applications of Le Chatelier’s Principle
It can be applied to physical aswell aschemical equilibria
(A) Physical Equilibria
(1) Melting of Ice
lce = Water ; DH = + 6 kJ/mol

The change of iceto water isendothermic process. According to Le Chatelier principleif
thetemperatureisincreased the net change will take placein the forward direction some
icewill meltinto water.
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When the pressureisincreased on the equilibrium system, then the volume should decrease;
accordingto Le Chatelier principlethe net changein equilibriumtakes placein theforward
direction and ice melts. Therefore, ice melts onincreasing the pressure.

(2) Vaporization of Water
Water(l) = Water vapour; DH=+ve

Thisprocess occurswith alarge increase in volume since Dn =1-0=+1, and it occurs
with absorption of heat.

Increasing the temperature resultsin more vapour formation (endothermic process). Since
Dn =+ 1, increase in pressure results in a net change in equilibrium in the backward
direction asthe volume of water vapours is morethan that of liquid water for agiven mass
of water.

(3) Solubility Equilibrium
Theequilibriumis
Solute(s) = Solute (solution)

The process of dissolution can be endothermic or exothermic. In case of soluteslike KCl,
KNO, and NH,Cl, DH is positive (endothermic) and more solute will dissolve on heating.
Thus, the solubility increases with rise in temperature. In case of solutes like KOH and
NaOH the DH is negative (exothermic) and their solubility decreases on heating.

(B) Chemical Equilibra

(1) Favourable Conditions for Synthesis of Ammonia : This reaction is of great
industrial importance. During the synthesis of ammonia such conditions are maintained
which favour the ‘net’ forward reaction namely low temperature and high pressure. Addition
of catalyst makes the reaction occur fast. Besides, nitrogen and hydrogen gases are
continuoudy fed into the reaction chamber and anmoniais continuously removed. All this
keepsthe system under stressand equilibriumisnever permitted to be attained, so that the
synthesis of ammonia continuesto occur.

In industry the reaction is carried out at 450°C and 200 atm pressure in the presence of
finely divided iron (catalyst) and molybdenum (promotor)

(2) Formation of SO,
Thereaction
250, (9) + O, (g) = 2S0,(g) ; DH =-ve

isextothermic and Dn =2-3=-1. Formation of SO, will befavoured by high pressure
and low temperature in the presence of a catalyst.

(3) Formation of NO
Thereaction
N, (9) + O, (9) = 2NO(9) ; DH = +ve

isendothermic and Dn_= 2 — 2 = 0. The reaction is not affected by pressure changes and
isfavoured at high temperature. Presence of a suitable catalyst would be helpful.
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1

What will happen to solid-vapour equilibrium when the temperature and pressure
are decreased.

(a) Which of the following will result in ‘net’ forward reaction in case of
A(@+2B(g = C(9+D(g);DH=+ve

(i) additionof C

(ii) addition of A

(iii) decreasein pressure

(iv) increase in temperature

Vezre
;'é'féﬂ' What You Have L ear nt

A chemical reactionissaidto bereversible under certain conditions, if along withthe
reactants forming the products, the products al so react and form back the reactants
simultaneoudly.

Reversiblereactionsdo not reach compl etion stage and result in astate of equilibrium
which is reached when two opposite processes occur at the same rate.

The macroscopic properties of the system do not change once the equilibrium has
been established.

Irreversiblereactionsarein fact thereversiblereactionsin which the equilibriumis
reached only when a negligible amount of the reactantsis left unreacted.

Chemicad equilibriumisdynamicin nature. It can be attained by starting thereaction
from any side and only in aclosed system.

When equilibriumisreached asaresult of two opposite physical changes, itiscalled
physical equilibrium and when as a result of two opposite chemical changesit is
called chemical equilibrium.
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A phaseisahomogeneous system or apart of asystem which has same composition
and uniform properties throughout. It is not same as physical state.

A system with only one phase is called a homogeneous system and the one with
more than one phasesis called heterogeneous system.

Chemical equilibrium can be homogeneous or heterogeneous while physical
equilibrium isalways heterogeneous.

For ageneral reaction aA + bB = c¢C + dD according to thelaw of equilibrium, the
equilibrium constant K isgiven by the expression

ey’
= [AF[BP

Concentration equilibrium constant K _ is obtained when molar concentration are
used for calculating K. Concentrations of pure solids and liquids are constant and
arenot included in the expression of K .

In case of gaseous systems, the concentration of gases are expressed in terms of
their partial pressures. The equilibrium constant thus obtained iscalled the pressure
equilibrium constant, K,

The relation between K and K_ is = K_ (RT)™™ where Dn, is the change in the
number of moles of gaseous substances during the reaction.

Expression of equilibrium constant depends upon how the chemical equationiswritten
for the reaction.

Magnitude of the equilibrium constant is a measure of how close thereactionisto
the compl etion stage.

Units of K depends upon the change in the number of moles of the substances
during thereaction.

Concentration, pressure and temperature can affect the equilibrium systems and
the affect can be qualitatively predicted by Le Chatelier’s principle which states
that when a system at equilibrium is disturbed by changing concentration, pressure
or temperature, a ‘net” change occurs in the direction that tends to neutralize the
effect of the disturbing factor.

Changesin concentration and pressure do result in some chemical reaction, but the
value of the equilibrium constant is not changed.

A catalyst does not change the equilibrium constant. It only helpsin reaching the
equilibrium state quicker.

A changein temperature change the value of the equilibrium constant.
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] E { Terminal Exercise

1

N

What do you understand by reversible and irreversibl e reactions? Give one example
of each.

Is the phase same as physical state? Illustrate your answer with one example of
each.

How do homogeneous and heterogeneous systems differ from each other? Which
of the following are homogeneous systems?

(a) Liquid = Vapour

(b) N,O, (9) = 2NO, (9)

(c) NH,CI (s) == NH, (g9) + HCI (9)

(d) CH,COOH (1) + C,H.OH (I) = CH,COOCH, (I) + H,0 ()

Write down the expression of K _for the following. Also give unitsin each case.

@ N0, (@ = 2O, (@ + 5 O, @)

(b) CH, (9) + H,0 (I) = CO(g) +3H, (9)
(c) FeCl, (ag) + 3NH,SCN (ag) = Fe (SCN),(aq) + 3NH,CI (aq)

Write down the expression of K, for the following and give its units (in terms of
atmosphere) in each case

(@ CO,(9) +H,(9) = CO(g) +HO()
(b) 3Fe(s) + 4H,0() = Fe,0, () + 4H, (9)
(©) 280, (9) = 280, (9) + G, (9)
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Give the relation between K and K  for the reaction.

CaCO, (s) = CaO (s) + CO, (9)

Using the relaction between K, and K write the expression of
() K, for thereactions given in Q. No.7

(ii) K_for thereactions givenin Q. No.8

List the factors that can affect

(i) asystemat equilibriumand

(it) equilibrium constant of asystem

What will betheeffect of thefollowing factors onthefollowing systemsat equilibrium?
2X(9) = 2Y (5 +Z(g);DH=+ve

(i)Addition of X,

(ii) removal of Z

(iii) addition of acatalyst

(iv) increasing the pressure and

(v) increasing the temperature.

5 moles of HI were produced by the reaction between 7.5 moles of H, and 2.6
moles of |, vapours at 444°C. What is the equilibrium constant of the reaction

H, (@) +1,(9) = 2HI (9)
The equilibrium constant Kp for thereaction
N.,O, (99 = 2NO, (9)

at 333K isfound to be 1.33 atm under atotal pressureof 1atm. CalculateK forthe
reaction

2NO, (9) = N0, (9)
at 333 K and under 1 atm pressure.

At 444°C, 0.30 mole of H, and 0.30 mole of |, were taken in aonelitre flask. After
some time the equilibrium H, (g) + 1, (g) = 2HI (g) was established and it was
found that the concentration of |, decreased to 0.06 mol L. Calculate the value of
K, for the reaction at this temperature.
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17.

18.

The equilibrium constant for the reaction.
CH,COOH(l) + CH.OH (I) == CH,COOCH(l) + H,O(l) is 4.0.

What will be the composition of the equilibrium mixture if 1 mole of acetic acid is
taken with 8 moles of ethanol?

K. for the reaction
N, (9) + 3H, (9) = 2NH, (g)
at 400°C was found to be 0.5 L2 mol-2. Calculate Kp of thisreaction in atm.

@ Answersto Intext Questions

13.1

1

A chemical reaction is said to be reversible, if under certain conditionsits products
also react and form back the reactants.

Examples:
H, (9) +1,(9) = 2HI (9)
230, (9) + O, (9) = 230, (9)

2. A reaction reaches an equilibrium state when two opposing reactions occur at the
same rate and balance each other at a particular temperature.
3. When a system reaches the equilibrium state, its temperature, pressure and
concentrations of all the reactants and products do not change any further with time.
4. (i) Water-vapour system in a closed container at a constant temperature.
(i) A saturated sol ution contai ning some undissol ved sol ute at a constant temperature.
5. (i) Homogeneous systems :
H,(9) +1,(9) = 2HI (9)
280, (9) + O, (9) = 250, (9)
(ii) Heterogeneous systems :
CaCQ, (s) = Ca0 (s) + CO,(9)
Zn (s) + CuSO, (ag) = Cu (s) + ZnSO, (aq)
13.2
L [CP[DP
' " [AF[B]
2. K, =K(RT)™
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3. (@ Kc [CO,][H,] A Pco, ’ Pw,

(b) K, =[] K, = R,

(i) For the first reaction Dn, = (1+1)-(1-1)=0, hence K_= K, while for the

second reaction
| ==
Dng:1—0:+1 Notes

K
\ K=K (RT)orK = =2 orK <K
p c c RT c p

4 K [NH,]* 4K [NH,]*"

© T INGIH P TR T NG H,)
\ K =[K]3

5. Itisameasure of the extent up to which areaction proceeds before the equilibrium
is reached.

13.3

1.  Le Chatelier’s principle states that when a system at equilibrium is disturbed by
changing concentration, pressure or temperature, a ‘net’ change occurs in a direction
that tends to neutralize the effect of the disturbing factor.

2. Changesin pressure, temperature and concentrations of reactants or products.

3. Whenthetemperatureisdecreased somevapour will condense and when the pressure
isdecreased some solid will sublime.

4. (a) (i) and (iv)

(b) High temperature, increase in pressure, presence of a catalyst and continuous
removal of D.
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