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Introduction

The stream of chemistry that governs the rate of reactions along with their mechanisms is termed as
Chemical kinetics derived from a Greek word meaning chemical movement.

Combination of two or more reactants to produce a new product is called reaction.

Elementary Reaction: The reaction that occurs in a single step to give the product is called an
elementary reactions.
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Complex reaction: The reactions that occur as a result of sequence of elementary reactions to give
the product is called complex reactions.

Rate of reaction

The rate at which the concentration of reactant or product participating in a chemical reaction alters
is called rate of reaction.

Rate of reaction = change in concentration/ time = (mol/litre)/time
Reactant (R) --> Product.
Rate [R]

(1)
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Rate = k[R]

k = rate constant or velocity constant.

Let one mole of the reactant A produce one mole of the product B.

Let at time t;

[A]1 and [B]1 = Concentrations of A and B

Let at time t;

[R]2 and [P]2 = Concentrations of A and B

Rate of disappearance of A = Decrease in concentration of R / Time taken = -A[A]/At
Rate of appearance of B = Increase in concentration of P / Time taken = +A[B]/At

When two or more reactants combine with each other the molecules of the respective reactants
collide with each other to form the product. The collision between the molecules increases with the
increase in concentration of the reactants and thereby increases the rate of reaction.

A+B-->C+D
Here molecules of reactant A and B collide to produce molecules of product C and D.

Therefore we can conclude that rate of reaction is directly proportional to the concentration of the
participating reactants.

Rate « [A]x [B]y

Or Rate = k[A]x [Bly

Hg(l) + CI2 (g) --> HgCl2(s)

Rate of reaction=-A[Hg]/At = A[CI2]/At = A[Hg CI2]/At

A Tranziticn state #1
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Rate of Chemical Reaction
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ast Reactions

(Precipitation of
silver chloride by
mixing of
aqueous
solutions of silver
nitrate and
sodium chloride

Types of
Reactions on the

Rate of

Moderate
Reactions

(Inversion of
cane sugar and
hydrolysis of

starch)

. /Slow Reactions

(Rusting of iron
in the presence
of air and
moisture)

Chemical Reaction

The rate of reaction is the change in concentration of a reactant or
productin unit time.

e Alternatively, the rate of reaction can also be expressed as

The rate of decrease in concentration of any one of the
reactants.

The rate of increase in concentration of any one of the
products.

e Consider a hypothetical reaction, assuming that the volume of the system remains
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constant.
R—>P
One mole of the reactant R produces one mole of the product P.

e If [R]1 and [P]; are the concentrations of R and P at time t; and [R], and [P]; are their
concentrations at time t,, then

At=t, - t,
ﬂL'[F":I - [R:|2 - [R:Ii
A[P]=[P], -[P],

The square brackets in the above expressions are used to express molar concentration.

Decrease in concentration of R _A[R]
Time taken At

1)

Rate of disappearance of R=

e A[R]is a negative quantity because the concentration of reactants is decreasing.

(2)

Rate of appearance of P=

Increase in concentration of P +A[P]
Time taken At

e Equations 1 and 2 represent the average rate of a reaction, ra,.

This average rate depends on the change in concentration of reactants or products and
the timetaken for that change to occur.
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Instantaneous and average rate of a reaction

Units of Rate of a Reaction

e From Equations 1 and 2, it is clear that the units of rate are concentration time™.

(4)
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e For example, if concentration is in mol L™ and time is in seconds, then the units are
mol L 1s71.

e |n gaseous reactions, the concentration of gases is expressed in terms of their partial
pressures;hence, the units of the rate equation will be atm s™.

Instantaneous Rate of Reaction

e Consider the hydrolysis of butyl chloride (C4HoCl).
C,H,Cl + H,0 — C,H,OH + HCl

e We have provided the concentrations over different intervals of time below.

Concentration (mol L™') | 0.100 0.0905 0.0820 0.0741 0.0671 0.0549 0.0439 0.0210 0.017

e We can determine the difference in concentration over different intervals of time, and
thus, wedetermine the average rate by dividing A[R] by At.

e |t can be seen from experimental data that the average rate falls from 1.90 x 10™* mol
L"Ys™1 to 0.4 x 10™* mol L1s71,

e However, the average rate cannot be used to predict the rate of reaction at a
particular instant as itwould be constant for the time interval for which it is calculated.

e Hence, to express the rate at a particular moment of time, we determine the
instantaneous rate.

e |tis obtained when we consider the average rate at the smallest time interval, say dt,
when At approaches zero.

Therefore, for an infinitesimally small dt, the instantaneous rate is given by

__dR]_d[P]

I = —
inst dt dt

()
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Instantaneous rate of hydrolysis of butyl chloride(C4HsCl)

e By drawing the tangent at time t on either of the curves for the concentration of R
versus time t orconcentration of P versus time t and calculating the slope of the curve,
we can determine the instantaneous rate of reaction.

e Hence, in this example, rinst at 600 s is calculated by plotting the graph of the
concentration of butylchloride as against time t.

e Atangentis drawn on the curve at a point t = 600 s.

- r. at 600s =

inst

{0.0165—0.037

molL!=5.12x10°molL's™
(800-400)

At t=250s r.=1.22x10*molL's™

inst

t=350s r =1.0x10" molL?'s™

inst

t=450s r =6.4x10>molL's!

inst

e Now consider a reaction,
Hg(l) + Cl, (g) - HgCl, (s)

Here, the stoichiometric coefficients of the reactants and products are the same;
hence, the rate of reaction is given as

ﬂ_ ﬁ[Clzj_ﬂ.[HgCIz]
At At At

Rate of reaction=-

(6)
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Therefore, we can say that from the above equation that the rate of disappearance of
any of the reactants is the same as the rate of appearance of the products.

e Consider another reaction,
2HI(g) - H,(9) + 1,(9)

In this reaction, two moles of HI decompose to produce one mole each of H2 and 12,
i.e. the stoichiometric coefficients of reactants or products are not equal to one;
hence, we need to divide the rate of disappearance of any of the reactants or the rate
of appearance of products by their respective stoichiometric coefficients.

Because the rate of consumption of Hl is twice the rate of formation of H2 or 12, to
make them equal, the term A[HI] is divided by 2.

The rate of this reaction is given by

1A[HI) A[H,]_ A[L]

Rate of reaction=—-
2 At At At

e For a gaseous reaction at constant temperature, concentration is directly proportional
to the partial pressure of a species, and hence, the rate can be expressed as the rate of
change in partial pressure of the reactant or the product.

Concentration of
reactants
(pressure in case

of gases)

Temperature

Instantaneous rate of reaction

The ratio of change in concentration in chemical reaction to the time period is termed as
instantaneous rate of the reaction.

-d[R]/dt = change in chemical concentration over short period of time/ the short time elapsed
= (mol/litre) / time

It can be calculated from the slope of the tangent on a concentration- time graph.

(7)
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For example, consider the following graph.
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The rate of reaction at t = 40s in the above graph can be calculated by following method:
Rate of reaction = gradient of the tangent at 40s = (120-70)/(65-5) = 50/60= 0.83 cm3s*
Rate of reaction

The rate at which the concentration of reactant or product participating in a chemical reaction
alters is called rate of reaction.

Rate of reaction = change in concentration/ time = (mol/litre)/time
Reactant (R) --> Product.

Rate [R]

Rate = k[R]

k = rate constant or velocity constant.

Let one mole of the reactant A produce one mole of the product B.
Let at time t1

[A]1 and [B]1 = Concentrations of A and B

Let at time t2

[R]2 and [P]2 = Concentrations of A and B

Rate of disappearance of A = Decrease in concentration of R / Time taken = -A[A]/At

Rate of appearance of B = Increase in concentration of P / Time taken = +A[B]/At

(8)
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When two or more reactants combine with each other the molecules of the respective
reactants collide with each other to form the product. The collision between the molecules
increases with the increase in concentration of the reactants and thereby increases the rate of
reaction.

A+B-->C+D
Here molecules of reactant A and B collide to produce molecules of product C and D.

Therefore we can conclude that rate of reaction is directly proportional to the concentration
of the participating reactants.

Rate o« [A]x [B]y

Or Rate = k[A]x [Bly

Hg(l) + CI2 (g) --> HgCl2(s)

Rate of reaction=-A[Hg]/At = A[CI2]/At = A[Hg CI2]/At
Average rate of reaction

The average rate of the reaction is the ratio of change in concentration of reactants to the
change in time. It is determined by the change in concentration of reactants or products and
the time taken for the change as well. As the reaction precedes forward the collisions between
the molecules of the participating reactants reduces thereby decreasing the average rate of
the reaction.

Mathematically, Average rate of reaction = Change in concentration / Time = (mol/litre)/time

Problem 1. For the reaction R = P, the concentration of a reactant changes from 0.03 M to
0.02 M in 25 minutes. Calculate the average rate of reaction using units of time both in
minutes and seconds.

Solution: R2=0.02 M

R1=0.03M

t2 - t1= 25 minutes

A[R]/At =A[R2-R1]/ t2- t1=- (0.02-0.03)/25 = 6.67 X 10-6 Ms-1
= 0.005ML-1 min-1

Problem 2. In a reaction, 2A - Products, the concentration of A decreases from 0.5 mol L-1 to
0.4 mol L-1 in 10 minutes. Calculate the rate during this interval?

Solution: -1/2 (A[A]/At) =-1/2(A[A2-A1]/At) =-1/2 (0.4-0.5/10)
=0.005ML-1 min‘t
= 5X 10-3M min-

Rate expression

(9)
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The representation of rate of reaction in terms of concentration of the reactants is called rate
equation or rate expression.

For example, in the reaction

2NO(g) + O,(g) --> 2NO;

The rate expression is given as

Rate =k[NO]2[02]

Let us consider another reaction

BrOs + 5Br + 6H+ --> 3Br + 3 H,0

Rate expression for this reaction is given as
k[BrOs7][Br][H+]?

Order of a Reaction

The order of a reaction is defined as:

the sum of the powers to which the concentration terms are raised in the rate law equation to
express the observed rate of the reaction.

The power of the concentration of a particular reactant in the rate law is called the order of
the reaction with respect to that reactant.

If the rate of a reaction,

aA + bB + cC ——> Products

is given by the rate law as:

k[A]p [B]q [C]r

Rate = -dx /dt = k[A]p [B]q [C]r

then, the order of the reaction, n, is n = p+qg+r

where p, g and r are the orders with respect to individual reactants and overall order of the
reaction is sum of these exponents, i.e., p + g +r.

When n =1, the reaction is said to be first order reaction, if n = 2, the reaction is said to be
second order reaction and so on.

Some Examples of Reactions of Different Orders
(a) Reactions of first order

(1) Decomposition of nitrogen pentoxide (N205)
2N20s (g) ———>2 NO; (g) + %2 O (g)

Rate = k [N,Os]

(10)
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(2) Decomposition of ammonium nitrite in aqueous solution
NH4NO; ———>N;,+2H,0

Rate = k[NH4NO,]

(3) Decomposition of H,0, in the presence of I ions
H,0; ———->H,0+ 7% 0,

Rate = k [H,0,]

(b) Reactions of second order

(1) Decomposition of nitrogen peroxide

2NO; ——->2NO + O,

Rate =k [NO,]2

(2) Reaction between H; and I, to give HI

Hy + I ———> 2HI

Rate =k[H-] [I2]

(c) Reactions of third order

(1) Reaction between nitric oxide and oxygen

2NO + O, ——-> 2NO;

Rate = k [NO]; [02]

(2) Reaction between nitric oxide and Cl,

2NO +Cl; ——>2NOC|

Rate = k [NO]; [CI2]

(d) Reactions of fractional order

(1) Decomposition of acetaldehyde is a fractional order reaction
CH3CHO ——->CH4 + CO

Rate = k [CH3CHO]3/2

Order =3/20r 1.5

(2) The reaction between hydrogen and bromine to form hydrogen bromide is a fractional
order reaction.

H2(g) + Br2(g)——> 2HBr
Rate = k [H2] [Br2]%
Order=1+%=1%

(11)
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(e) Zero order reaction

A number of zero order reactions are known in which the rate of the reaction is independent
of the concentration of the reactants.

For example: the decomposition of ammonia at the surface of metals like gold, platinum etc.,
is a zero order reaction.

2NH3 ———> N, + 3H,

The rate of the reaction is independent of the concentration of ammonia, i.e.,
Rate = -dx/dt = k[NH3 ]O

Rate = k

order =0

Molecularity of a Reaction

For a chemical reaction to occur, the reacting molecules must collide with each other. The
number of reacting species (molecules, atoms or ions) which collide simultaneously to bring
about a chemical reaction is called molecularity of a reaction.

If a reaction involves the decomposition of only a single species, the molecularity is one or it is
called unimolecular reaction.

For example:

1) The decomposition of hydrogen peroxide involves single species which undergoes the
change to form the products. Hence, it is a unimolecular reaction.

H.0, ———>H;0+ %0,
2) Decomposition of ammonium nitrite
NH4N02 —_—-> Nz + 2H20

If the reaction involves the collision of two species, it is bimolecular and if three species take
part in a collision leading to the formation of the products it is called trimolecular and so on.

The examples of bimolecular reactions are given below:

1) Dissociation of hydrogen iodide is a bimolecular reaction because two molecules collide to
bring about the reaction.

2HI(g) ——->H, (g) + 12 (g)

2) Combination of NO and O3 is a bimolecular reaction
NO(g) + Os (g) ——->NOz (g) + 02 (g)
The examples of trimolecular reactions are

The reaction of nitric oxide and oxygen is a trimolecular reaction because it involves collision

(12)
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of three reacting molecules.
2NO(g) + O, (g) ——->2 NO2 (g)

Reactions involving three or more molecules are uncommon because such reactions requires
the simultaneous collision of three or more than three molecules.

Simultaneous collision of three molecules means that the third molecule must collide the
other two molecules at the same time when they are in the process of collision. The chances
of the occurrence of such collisions are very small.

Some reactions involving more than three molecules are quite fast.

For example:

a) The reaction of bromide ions with bromate ions in the presence of an acid:
5Br~ (aq) +BrOs (aq) +6H+ (aq) ——-> 3 Br, (aq) + 3H20 (l)

The experimentally measured rate law for this reaction is given as:

Rate = k[Br~] [BrOs~] [H+]2

This rate is first order with respect to Br™ and BrOs™ ion and second order with respect to H+
ions and the overall order of the reaction is 1+1+2=4.

b) The reaction of potassium chlorate with ferrous sulphate in the presence of sulphuric acid
involves ten species.

KCIOs+ 6FeSO4 + 3H,S04 ——>KCl + 3Fe,(S04)3 +3H,0

The above reaction appears to be of tenth order but actually it is a second order reaction. If
this reaction were to take place in a single step, the 10 particles (1 KClOs, 6 FeSO,4, and 3
H,S0,) would have to collide simultaneously.

But chances of such events are extremely small, so much so that a reaction which takes place
by such collision will not occur at all.

Type of reactions which take place through a sequence of two or more consecutive steps are
called complex reactions.

The detailed description of various steps by which reactants change into the products is called
mechanism of the reaction.

The steps which contribute to the overall reaction are called elementary processes.
Integrated Rate Expression

The concentration dependence of rate is called differential rate equation. Integrated rate
equation gives a relation between directly measured experimental quantities i.e.
concentrations at different times. The integrated rate equations are different for reactions of
different orders.

(13)
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The instantaneous rate of a reaction is given by differential rate law equations.
For example: For a general reaction

aA +bB ——> Products

the differential rate law equation is :

dx/dt = k[A]a [B]b

The differential form of rate law is transformed to integrated form of rate law by simple
mathematics (calculus).

Zero Order Reaction

A reaction is said to be of zero order, if its rate is independent of the concentration of the
reactants. Consider the general zero order reaction:

R ———> Product

Let [R] be the concentration of the reactant R and kO is the rate constant for the zero order
reaction. For the zero order reaction, the rate of the reaction is independent of the
concentration of R. Thus,

d[R] .
Rate = _T = ko [R] = kO

This form of rate law is known as differential rate equation, Rearranging the above equation,
-d [R] =kO dt

Integrating the above equation

-[ d[R] =kO [ dt

-[R]= kOt + |

where | is the constant of integration. The value of | can be calculated from the initial
concentration.

For example: the initial concentration of R be [R]O0, at t=0
-[R]J0 =k0Ox 0 + 1

| =—[R]O

— [R] = KOt - [R]O

KOt = [R]0 — [R]

[R] =-KOt + [R]O

If we plot a graph between [R] against t, we get a straight line with slope as -kO and intercept
equal to [R]O.

(14)



CHEMICAL KINETICS

k = — slope of the line

Concentration (R)

Ting =2

Alternatively, rate constant, kO can be calculated if we know the concentration of R at any
time t and [R]0. Thus,

ko={[RIO—[R]}/t
where [R]0, is the initial concentration of R, [R] is the concentration at time t.

Alternatively, if the initial concentration of R is ‘@’ moles per litre and let x moles of reactants
get changed to products in time t. Then, concentration of R left after time t be (a —x)

R ——->Products

[R]O =a

[R] =a—xso that

[R]0 -[R] = a- (a-x) = x

kO = x/t

x=kO0 t

The amount of the substance reacted is proportional to the time.

Zero order reactions generally take place in heterogeneous systems. In such systems the
reactant is adsorbed on the surface of a solid catalyst, where it is converted into product. The
fraction of the surface of the catalyst covered by the reactant is proportional to the
concentration of the reactants at low values.

After certain concentration limit of the reactant, the surface of the catalyst becomes fully
covered. On further increasing the concentration of the reactant, the reaction rate does not
change. The rate becomes independent of the concentration and, therefore, becomes zero

(15)
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order reaction.

Collision Theory

Pseudo Chemical Reactions

Some reactions are first order each with respect to two different reactants i.e.,
A+B——-> Products

Rate = k[A] [B]

If one of the reactants is present in high concentration (solvent) then there is very little
change in its concentration. The concentration of that reactant remains practically constant
during the reaction.

For example, if [A] = 0.01 M and that of solvent water [B] = 55.5 M, the concentration of B
changes only from 55.50 to 55.49 M even after the completion of the reaction.

The reaction, therefore, behaves as a first order reaction in A. Such reactions are called
pseudo first order reactions.

Consider the hydrolysis of ethyl acetate:
CH3COOC3Hs5 + H,0O & CH3COOH + C;HsOH

The molecularity of the reaction is two because it involves two reacting species, namely ethyl
acetate and water. However, the concentration of ethyl acetate changes during the reaction
while water is present in such a large excess that its concentration remains practically

unchanged. Therefore, the rate of the reaction depends only the order of the reaction is one.

Rate = k' [CH3COOC;Hs] [H20]

on the concentration of ethyl acetate and hence
[H.0] can be takes as constant so that

Rate = k [CH3COOC;Hs]

k=k’ [H,0]

Thus, the reaction appears to be second order but follows the first order kinetics. Such
reactions which appear to be of higher order but actually follow lower order kinetics are called
pseudo chemical reactions.

For example: The hydrolysis of cane sugar or inversion of cane sugar to give glucose
and fructose:
C12H»,041 + H,O ———> CgH 1206 + CeH1,06

Molecularity is two while order is one.

Collision Theory

(16)
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Collision theory was put forward by Max Trautz and William Lewis in 1916-18. It is based on
kinetic theory of gases.

According to this theory,

1) the reactant molecules are assumed to be hard spheres and reaction is postulated to occur
when molecules collide with each other.

2) The number of collisions that takes place per second per unit volume of the reaction
mixture is known as collision frequency Z. The value of collision frequency is normally very
high.

3) For instance, under ordinary conditions of temperature and pressure, in a gaseous system,
the collision frequency of binary collisions is of the order of 1025 to 1028.

4) If all the collisions are effective in forming the products, the reactions must be completed in
a very short time.

5) All the collisions among the reacting species at a temperature are not effective in bringing
about the chemical reaction.

The collisions which actually produce the products and therefore, result in the chemical
reactions are called effective collisions.

There are two important barriers to a reaction namely
(i) energy barrier (ii) orientation barrier

(i) Energy barrier: For the reacting species to make effective collisions, they should have
sufficient energy to break the chemical bonds in the reacting molecules. The minimum
amount of energy which the colliding molecules must possess is known as threshold energy.
This means that only those collisions of reactants will give products which possess energies
greater than threshold energy.

(ii) Orientation barrier: The colliding molecules should also have proper orientation so that
the old bonds may break and new bonds are formed.

Consider the reaction
NO: (g) + NO2 (g) ——> N204 (g)

During this reaction, the products molecules are formed only when the colliding molecules
have proper orientation at the time of collisions. These are called effective collisions.

When the molecules do not have proper orientation at the time of collision, they result in
ineffective collisions and do not form the products.

(17)
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Effect of Catalyst on Reaction Rate

The rate of a reaction can be increased by raising the temperature. However, temperature can
be raised within certain limits because in certain cases, the reactants become unstable at
higher temperatures and decompose.

Many reactions are made to proceed at an increased rate by the presence of some other
substance.

For example: a mixture of H, and O, does not react at room temperature. However, in the
presence of finely divided platinum, the reaction becomes quite vigorous.

Manganese dioxide, a black powder speeds up the thermal decomposition of potassium
chlorate.

2 KCIO3 (s) ———>2KCl (s) +3 0,
Catalysts

The substances which accelerate the rate of reactions without itself undergoing permanent
change are called catalysts.

The substances which increase the rate of a reaction and can be recovered chemically
unchanged in mass and composition after the reaction are called catalysts.

The phenomenon of increasing the rate of a reaction by the use of catalyst is called catalysis. A
catalyst is not consumed in the reaction.

(18)
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In a catalysed reaction the catalyst is used in one step and is regenerated in subsequent step
and thus, it is used up again and again without undergoing any permanent change.

Catalyst provides an entirely new path for the reaction in which the reactants are converted to
products quickly. The catalyst forms a new activated complex of lower potential energy. This
means that the activation energy becomes lower for the catalysed reaction than that for
uncatalysed reaction. The fraction of the total number of collisions possessing lower activation
energy increased and hence, the rate of reaction also increase.

The solid line shows the path for uncatalysed reaction and dotted line shows the path adopted
by catalysed reaction. Consider a hypothetical reaction

A+B———>AB
The reaction proceeds through the formation of activated complex
A+B ——>[A..B] ——>AB

Addition of a catalyst C result into the formation of new activated complex of lower activation
energy.

The Function of Catalyst

(1) A catalyst may undergo intermediate physical changes and it may even form temporary

(19)
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chemical bonds with the reactants but it is recovered unchanged in original form at the end of
the reaction.

(2) A catalyst speeds up the reaction but it does not shift the position of equilibrium. The
presence of a catalyst reduces the height of barrier by providing an alternative path for the
reaction and lowers the activation energy. The lowering in activation energy is to the same
extent for the forward as well as for the backward reaction.

(3) Catalysts are highly specific in nature. A catalyst which can catalyse one reaction may have
no effect on another reaction even, if that reaction is very similar.

(4) The catalyst does not change AE (or AH) of the reaction.
Half Life Period of a Reaction

Half life period of a reaction is defined as the time during which the concentration of a
reactant is reduced to half of its initial concentration.

or
The time in which half of a reaction is completed. It is generally denoted as t):
The half life period of a first order reaction may be calculated as given below:
The first order rate equation for the reaction

A = Products

B [Al,
kt = 2.303 logm

2303 [Al
T Ty

Half life period of a reaction

Now, half life period corresponds to time during which the initial concentration, [A]O is

reduced to half i.e.

[A]=[A]0/2 att=tk

Then half life period, t% becomes
2.303 [A], 2.303

b2 =T 8T 2 T Tk
2.303 x 0.3010 0.693

i = K =K

log 2

Half life period of a reaction

(20)
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Thus, half life period of a first order reaction is independent of the initial concentration of the
reactant. Half life period for the first order reaction is inversely proportional to the rate
constant.

For example,
(i) time required to complete 1/3 of the reaction will be given as:
[AJo=a, [A]=a-a/3=2/3a
6y = 2.303 o a_ _ 2.303 o E
BTk %®13a kB2

time required to complete 1/3 of the reaction

(ii) time required to complete 3/4 of the reaction will be
[Al]o= a,[A]=a-3/4a=1/4a
time required to complete 3/4 of the reaction

. _2303 a 2303
34 =Tk ®1/aa kB

Half Life period of zero order and second order reactions
The integrated rate equation is,

kt = [A]o -[A]

For half life period, t%, [A] = [A]0/2

t% = [A]0 /2k

Similarly for second order reaction,

kt = L
For half life penod,

(21)
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behave as first order reaction
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Molecularity of a Reaction
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Chemical
Kinetics

Half-life of a Reaction
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1st Order
Order of a Reaction t,, :@
Sum of powers of concentration of - K
the reactants in the rate law. 0 Order
_[R]o
b =K

( Arrhenius Equation \

Integrated Rate Equation K = Ae-Earr E
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Rate Law Plot ® \_ [T.T )
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‘II..IIIIIIIIIIIIIIIIIIIIIII..

In[R] o Activation Energy: | .
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Class : 12th Chemistry
Chapter-4 : Chemical Kinetics (Part_2)

Rate of disappearance of R Rate of appearance of P
_ Decease in concentration of R —A[R] . Increase in concentration of P +A[P]
- Time taken At = Time taken At
R—P
Average Rate Instantaneous Rate
Appearance of products or disappearance Rate of change in concentration of
of reactants over a long time interval. reactant/product at a particular time
d [P —d[R] +d[P
Ly = % = slope rinst:%: %
—d [R]
L= g = —slope

Rate of Chemical Reaction
Chemical Change in concentration of
Kinetics reactants or products in unit time;
Unit : mol L‘?s"lor atm s-!

“-IIIIIIIIIIIIIIIIIIIIIII.

L

2 Rate Law .

= Expression in which reaction ratein =

= given in terms of molar concentration * o* -R.a.t; .C:):L;t-a.n.t:. F;a.t.e-o.f :_; ‘o,
= of reactants with each term raised to = 2 reaction when concentration =
[ ] . n [ ]
¢ [FoRETRiEHimayeliey OLBE sdincy = of each of the reactant in unity ®
& as stoichiometric coefficient of . - ) .
s reactants in a balanced chemical g : Brder Um’fl 5 .
:_ equation. aA + bB - cC + dD : - (1) ?FIL ° :
%e Rate = K A" B = X o ., 2 mol-1Ls! .
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SEEEEEEEEEEEEEEEEEEEEEEEEEEEENEEEENEEEEENEEENEEEEENEENENNNENNEEENEEENEEN,

~Factor Influencing

=Concentration: Higher the concentration of reactants, faster is the rate of reaction.
=Temperature: Increases with increase in temperature, becomes almost double with 10°C rise.
=Presence of Catalyst: Increases with a catalyst.

=Surface Area: Greater is the surface area, faster is the rate of reaction.

'Actlvatlon Energy: Lower the activation energy, faster is the reaction.
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Important Questions

Multiple Choice questions-

Question 1.A first order reaction has a half life period of 34.65 seconds. Its rate constant is
(@) 2x102%s?

(b) 4 x 10 st

(c) 20 s

(d) 2 x 10* st

Question 2.If a graph is plotted between In k and 1/T for the first order reaction, the slope of
the straight line so obtained is given by

Question 3.The unit of rate constant for a zero order reaction is

(a) mol L'1s?
(b) st
(c) L moltst

(d) L2mol2s?

Question 4.A catalyst increases the speed of a chemical reaction by
(a) increasing activation energy

(b) decreasing activation energy

(c) increasing reactant energy

(d) decreasing threshold energy

(25)
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Question 5.The units of the rate constant for the second order reaction are:

(a) mol? litre s

(b) mol litre? st

(c) st

(d) mol litret st

Question 6.The value of k for a reaction is 2.96 x 10-3° s What is the order of the reaction?
(a) Zero

(b) 3

(c) 2

(d) 1

Question 7.A reaction is found to be of second order with respect to concentration of carbon
monoxide. If concentration of carbon monoxide is doubled, the rate of reaction will

(a) triple

(b) increase by a factor of 4
(c) double

(d) remain unchanged

Question 8. If the concentrations are expressed in mol litre-1 and time in s, then the units of
rate constant for the first-order reactions are

(a) mol litre? s

(b) mol™* litre st

(c) st

(d) mol? litre2 s!

Question 9.The half life of a first order reaction having rate constant 200 s-1 is

(26)
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(a) 3.465 x 1072 s

(b) 3.465 x 103 s

(c) 1.150 x 102 S

(d) 1.150 x 103 S

Question 10.The rate of a reaction is 1.209 x 10> mol%s%. The order of the reaction is:
(a) zero

(b) first

(c) second

(d) third

Very Short Question:

Question 1. Is rate of reaction always constant?
Question 2. Can order of reaction be zero? Give example.

Question 3. What do you understand by rate law expression?

Question 4. Is it possible to determine or predict the rate law theoretically by merely looking
at the equation?

Question 5. Define the term chemical kinetics?

Question 6. Define — Rate of reaction and the factors affecting the rate of reaction.
Question 7. What is average rate of a reaction? How is it determined?

Question 8. What are the units of rate of a reaction?

Question 9. Identify the reaction order for from each of the following rate constant —
(a) £=2.3x107L mol-15~"

(b) k=3.1x107s7

Question 10. Consider the equation 230 (g)+2H.(g)= N, (g)+2H.0(g)

(27)
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The rate law for this equation is first order with respect to H

to NO. write the rate law for this reaction.

*and second order with respect

Short Questions:

Question 1 For the reaction A+B ™ C+D, the rate of reaction doubles when the
concentration of A doubles, provided the concentration of B is constant. To what order does
A enter into the rate expression?

Question 2. . A chemical reaction 2A < 4B+C in gas phase occurs in a closed vessel. The
concentration of B is found to be increased by 5+107mole L™ jn 10 second. Calculate (i) the
rate of appearance of B (ii) the rate of disappearance of A?

Question 3. For the following reactions, write the rate of reaction expression in terms of
reactants and products?

4NH,(g)+50,(g)4—> NO(g)+6H,0(g)
jij) 2V20: 220; = ©;

2N,0,(g) = 2NO,(g)+0,(g)

Question 4. . The reaction ~ " was studied and the following data were
collected:
S.no ) | Rate of disappearance
(mol/L/min) ['1.2{}5] mol L~ ["'-." ) ]
of "2*(mol/L/min

1. 1.13%107 34107

2. 0.84 %107 25 %1078

3. 0.62x107 18x107
Determine
i) The order

ii) The rate law.
ili) Rate constant for the reaction.

Question 5. The following experimental data was collected for the reaction:

Cl,(g)+2NO(g)—2INOCI(g)

Trial| [ntial conc. 0f =7/ L] [NO mol/L | Initial Rate,(mol/L/s)

1 0.10 0.010 1.2x10~
2 0.10 0.030 10.8=107

(28)
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N 0.20 | 0.030 | 21.6x10"

Construct the rate equation for the reaction.
Question 6. Draw a graph for

a) Concentration of reactant against time for a zero order reaction.
b) Log Ro/ R against time for a first order reaction.

Question 7. In general it is observed that the rate of a chemical reaction doubles with

every 10°rise in temperature. If this generalization holds for a reaction in the temperature

range295K to 305K, what would be the activation energy for this
. (R =8.314Jk'mol ™ |

reaction? * :

Question 8. The rate constant for a reaction is 1.5%10°57 at 50°C gnd 4.5x107573¢100°C
Calculate the value of activation energy for the reaction & =8314 JK mol™ 3
Question 9. Plot a graph showing variation of potential energy with reaction. coordinate?

Question 10. The conversion of molecules X to Y follows second order kinetics. If
concentration of X is increased to three times how will it affect the rate of formation of Y?

Long Questions:

Question 1. .The rate of the chemical reaction doubles for an increase of 10 K in absolute

temperature from 298 K. Calculate E:

¥ z1 -1
Question 2. The activation energy for the reaction HLy = Hyt g, js 209-3kTmol™ 4 589k
Calculate the fraction of molecules of reactants having energy equal to or greater than

activation energy?

Question 3. From the rate expression for the following reactions, determine their order of
reaction and the dimensions of the rate constants.

3NO(g) = N,0(g) Rate =k[NOJ’

)
(i) H,0,(aq) +3I (ag) +H™ - 2H,0() +I; Rate =k[H,0,][I" |
(iii) CH:CHO®) - CH.(2) + CO(g) Rate =k[CH,CHO]

C,H.Cl(g) = C,H,(g) +HCl(g)Rate = k[ C,H.Cl]

(iv)

Question 4. The decomposition of NH; o platinum surface is zero order reaction. What are

(29)
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- Az —4 17 -1
the rates of production of Nygnd Hajf k=25%10"mel"Ls™5

Question 5. The decomposition of dimethyl ether leads to the formation of CH4,H1 and CO

and the reaction rate is given by Rate = K[ CH,OCH, . The rate of reaction is followed by

increase in pressure in a closed vessel, so the rate can also be expressed in terms of the
partial pressure of dimethyl ether, i.e., If the pressure is measured in bar
and time in minutes, then what are the units of rate and rate constants?

R ﬂtE = 1'\: [ P:H_:':':H_: |

Assertion and Reason Questions:

1. In these questions, a statement of assertion followed by a statement of reason is given. Choose
the correct answer out of the following choices.

a) Assertion and reason both are correct statements and reason is correct explanation for
assertion.

b) Assertion and reason both are correct statements but reason is not correct explanation for
assertion.

c) Assertion is correct statement but reason is wrong statement.
d) Assertion is wrong statement but reason is correct statement.

Assertion: The rate ofreaction is always negative.
Reason: Minus sign used in expressing the rate shows that concentration of product is decreasing.

2. In these questions, a statement of assertion followed by a statement of reason is given. Choose
the correct answer out of the following choices.

a) Assertion and reason both are correct statements and reason is correct explanation for
assertion.

b) Assertion and reason both are correct statements but reason is not correct explanation for
assertionss.

c) Assertion is correct statement but reason is wrong statement.
d) Assertion is wrong statement but reason is correct statement.

Assertion: Kinetics explains the reaction mechanism.

Reason: Kinetics explains the formation of products.

Case Study Questions:
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1. In a reaction, the rates of disappearance of different reactants or rates of formation of
different products may not be equal but rate of reaction at any instant of time has the same
value expressed in terms of any reactant or product. Further, the rate of reaction may not
depend upon the stoichiometric coefficients of the balanced chemical equation. The exact
powers of molar concentrations of reactants on which rate depends are found experimentally
and expressed in terms of 'order of reaction'. Each reaction has a characteristic rate constant
depends upon temperature. The units of the rate constant depend upon the order of reaction.

The following questions are multiple choice questions. Choose the most appropriate answer:

(i) The rate constant of a reaction is found to be 3 x 103 mol2 L? sec™. The order of the
reaction is:

a) 0.5
b) 2
c) 3
d) 1

(i) In the reaction, A + 3B = 2C, the rate of formation of Cis:

a) The same as rate of consumption of A.

b) The same as the rate of consumption of B.
c) Twice the rate of consumption of A.

d) 3232 times the rate of consumption of B.

(iii) Rate of a reaction can be expressed by following rate expression, Rate = k[A]? [B], if
concentration of A is increased by 3 times and concentration of B is increased by 2
times, how many times rate of reaction increases?

a) 9times
b) 27 times
c) 18 times
d) 8times

(iv) The rate of a certain reaction is given by, rate = k[H*]".The rate increases 100 times
when the pH changes from 3 to 1. The order (n) of the reaction is:

a) 2
b) O
c) 1
d) 1.5
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(v) In a chemical reaction A + 2B = products, when concentration of A is doubled, rate of
the reaction increases 4 times and when concentration of B alone is doubled rate
continues to be the same. The order of the reaction is:

a) 1
b) 2
c) 3
d) 4

2. The progress of the reaction, A = nB with time is represented in the following figure:

O
U

N 1T T 17,7

A

Conc./mol lit~!
o
(O)

Lo
|

0.1H/1— —F -
|
1 3 5 7

Time/hour

The following questions are multiple choice questions. Choose the most appropriate answer:
(i) What is the value of n?

a) 1
b) 2
c) 3
d) 4

(ii) Find the value of the equilibrium constant.

a) 0.6M
b) 1.2M
c) 0.3M
d) 2.4M

(32)



CHEMICAL KINETICS

(iii) The initial rate of conversion of A will be:

a) 0.1 mol L'thrt
b) 0.2 mol L*hr?
c) 0.4 mol L*hrt
d) 0.8 mol L*hrt

d[B _ d[A
(iv) For the reaction, if% =2 X 107%, value of% will be:
a) 2x10*
b) 10*
c) 4x10*
d) 0.5 x 10

(v) Which factor has no effect on rate of reaction?

a) Temperature.

b) Nature of reactant.

c) Concentration of reactant.
d) Molecularity.

Answers key

MCQ Answer:
1. Answer:(a)2x102%s?
2. Answer:. E,
2 (a) -

3. Answer: (a) mol L'ls?

4. Answer: (b) decreasing activation energy
5. Answer: (a) mol!litre s*!
6. Answer: (d) 1

7. Answer: (b) increase by a factor of 4
8. Answer: (c)s?

9. Answer: (b) 3.465x 103 s
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10. Answer: (d) third

Very Short Answers:

1. No. rate of a reaction is not always constant. It depends on many factors such as concentration,
temperature etc.

2. Yes, decomposition of ammonia on a hot platinum surface is a zero order of reaction at high
pressure

3. Answer: The rate law is the expression in which rate is given in terms of molar
concentration of reactants with each term raised to some power, which may or may not be
same as the stoichiometric coefficient of the reacting species in a balanced chemical
equation.

4. Answer: No, the rate law cannot be predicted by merely looking at the balanced chemical
equation but must be determined experimentally.

5. Answer: The branch of chemistry that deals with the study of reaction rates and their mechanisms
is called chemical Kinetics.

6. Answer: Rate of reaction can be defined as the change in concentration of a reactant or product
per unit time. Factors affecting the rate of reaction are temperature, concentration of reactants
and catalyst.

7. Answer: Average rate of a reaction is defined as the change in concentration of a reactant
or a product per unit time. It can be determined by dividing the change in concentration of
reactant or product by the time interval

For the reaction: A 7 B Rav

- A[4] _ A[B]
- At At

8. The units of rate of a reaction are Mol LS™ In gaseous reaction the unit of rate of reaction is
atom .

9. a) Since the units of rate constant are Lmol™s™ The reactions is of second order.
b) Since the units of rate constant are 5_1, The reaction is of first order

10.The rate law will be  ~ K[NOT'[4:]

Short Answers:
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1. Answer

.A+B 7 C+D

RME[;’!T
Rate=1whenA=1———-1)
Rate = 2 when A = 2———-2)
Dividing equation 2) by 1)

) (27

-

1 I

216 (2)°

Sx=1

The reaction is first order reaction.

2. Answer:
2A 7 4B
1 d’[ﬂl] _1 c:_f'[B] _ d’[C]
2 dt 4 dr dt
i) Rate of disappearance of B
353 mol L7
10 5 — 5% 107 molL ' 5!
-d[4] 2 d[B] 1 d[B]
dt 4 dr 2 dr
l><:'~7><:1l$l_*r mol L 5™ 4 1
ii) - 2 =25 =107 mol L™ s
3. Answer
In terms of reactant|In terms of products
—1A|NH, A AT
CLAINE] L 14A[A0]
i) 4 N |7 4 A
-1 AlQ, AlH.O
R: =—.1 [ ] }h:lu
5 A 6 Az
%R1=§R =%R3=%R4
1 A[NH,] _ 1 A[O,] _1 A[NO] _1 A[H,0]
4 Ar 5 Mt 4 A b At
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I1 ) In terms of reactant{ln terms of product
A|N,O, A[NO,
CANO] | _ Do)
R1= Az : At
Al O,
o 0]
i At
1 1 j‘[}"-:"':':'] _1 i"‘[}’f"’:’:] — i"‘["'j:]
~ Ry=oiRo =R =— =
2 2 - A 2 A Az
4. Answer:
Let the order of reaction be x
Rate= K [_"'-.":{:'5 ]x
i) From the data -
34x107 =(1.13x 107} I
25107 =(0.84x 10—:_'1”____2)
18x107 =(0.62x107 )" 3
Dividing 1) by 2)
34x107 ( 1.13x10™ :
25x107  0.84x107
(136) =139
X=1
The order of reaction with respect with respect to *:“:is 1
ii) Rate law R=K[N,0)]
Rae  18x107 molL/min

iii) Rate constant, K = [V:0:] = 062x107 molL = 029 min”
5. Answer :

Order of NO is 2

Rate law = K [cr] [MO]

6. Answer
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(=]

:a.

5 ¢

i -

= . # slope = K2 230 3
i '\._h — /

= 4]

= =

] , ;

e S #

“, ./.
5 Tirree:
= Time
(a) ()
7. Answer:
T, = 295K T, = 305K
Tt [ &
Ea=2303R| 2L | |log22|
L-I | O
K, = 2K
(305295 ] 2k
E,=2303x8314x| ———— | log i}
: | 305—295 k

J

_ 2.303x8.314x8997 5K log2
51855.2 ]/mol (log2 =0.3010)

8. Answer:

o 435x107 Ea  (373-323)
T1.5x100 2.303x3.3141373x323 )
E [ 50
log1.5= i

2303%3.314{373x323)

(23033314 x373x323)
Ea=| . DK o {xlogl.3

Lin

=22 EJ /mol

9. Answer:
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Activated complex

&

D

c

D

®

§ RectantOH

a S products

Reaction coordinate ---—-- >

10.Answer :

The reaction * = Y follows second order kinetics.
Therefore, the rate equation for this reaction will be:

Rate = k[X] (1)

Let X = a mel™ then equation (1) can be written as:
Rate, =k (a),

_ ka,

— 3amol | By

If the concentration of X is increased to three times, then X
Now, the rate equation will be:

Rate = k(3a),
=9(ka’

Hence, the rate of formation will increase by 9 times.

Long Answers:

1. Answer:

It is given that T1 = 298 K

Therefore, T, =(298+10)K

=308K
We also know that the rate of the reaction doubles when temperature is increased

by 10°.

o N |
Therefore, let us take the value of k,=k and that of ky=2k
Also R =8314 TK ' 'mol™

Now, substituting these values in the equation:
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oo 2K E, 10
£ T2303x8.314| 208x308 |

_ E. T 10
©2.303x8314 '_298><308_|
_2.303x8.314x298x308 x1log2
- 10

log 2

=52897 78I mol™

2. Answer:

In the given case:

E, =209 5kImol™ = 209500 mol ™
T=581K

R =8314JK mol™

Now, the fraction of molecules of reactants having energy equal to or greater than
activation energy is given as:

K=E_ERT

[n *=—E./RT
E,

©* T T2303RT

. 209500 mol™

T 2303x8314JK mal” x381 _1g g373
Now, x = Anti log (18.8323)
= Anti log 1#1677
1.471x107"

3. Answer:
(i) Given rate = k[NO]
Therefore, order of the reaction = 2

I — Rateﬁ
[NOJ

Dimension of
_ mol s

" (mol LY

_ mol L7

"~ mol’L™

=Lmol™s™
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(i k[H,0,][T7]
(ii) Given rate = [H,0,]|T"|

Therefore, order of the reaction = 2

_ ERate
. . H.0,]/ 1|
Dimension of [ : ‘]— .
_ mol L%
(mol L™ (mol L™
=Lmol s
(iii) Given rate = ke[ CH,CHO]
3
Therefore, order of reaction = =
Ic =£
Dimension of [CH;CHOJ:
_ mol L7 s~}
(mol L3
_ molL %™
mDIEL_;:
1 L
=LImol 257
k[C.H.Cl]

(iv) Given rate =
Therefore, order of the reaction = 1

L Rate
. . " [c.H.Cl
Dimension of [ e ]
_mull“ls'l
mol L™
=5_1
4. Answer:

The decomposition of NH: o platinum surface is represented by the following equation.
2NH,,,,—2>N,,,, +3H,,,
1d[NH.] dN.,] 1d[H.]
Rate= - = = =
Therefore, 2 dt dt 3 dt
However, it is given that the reaction is of zero order.
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1dNH,] _dIN,]_1dH,]
dt  dt 3 dt

|

s - 11
Therefore, = 2= *107 molLs

Therefore, the rate of production of Najs

AN, 2.5%10  mol L7557
dt

And, the rate of production of Ha s
d[H, ]
dt
=7.5x10"mol L7's™

=3%28%10  mol L7l

5. Answer:

If pressure is measured in bar and time in minutes, then

-
Unit of rate = Par min
RﬁtE = ]:'C | P:H_:C':H_: |-;(§
e = Rate -
(Penocr, )
bar min ™
==
Therefore, unit of rate constants bar -
= b;ar_"*( min~

Assertion and Reason Answers:
1. (d) Assertion is wrong statement but reason is correct statement.
Explanation:

The rate reaction is never negative. Minus sign used in expressing the rate only shows that the
concentration of the reactant is decreasing.

2. (a) Assertion and reason both are correct statements and reason is correct explanation for
assertion.

Explanation:

Kinetics deals with the reaction mechanism i.e., how the atoms rearrange themselves in the reactant
molecules in a single step or a number of steps, finally leading to the product molecules.

Case Study Answers:
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1. Answer:
I.(c) 3

Explanation:

Unit of k for nth order = (mot L)1 M gec?
Here, k = 3 x 1072 mol? L2 sec’!

Unit of k = mol™? L2 sec’! = (mol L'1)2 sec?

Comparing (i) and (i) weget, 1 -n=-2=n=3
ii. (c) twice the rate of consumption of A.

Explanation:

Aote — d[A] 1 d[B] 1 d[C]
o dt 3 dt 2 dt
iii. {(c) 18 times

Explanation:
Given, R; = k[A]? [B]
According to question, Ry = k[3A]2 [2B]

=k x 9 [A]? x 2[B] = 18 x k[A]? [B] = 18 R4
iv. (c) 1

Explanation:
Rate (r) = k[HT]"
When pH =3 : [HT] = 1073

and when pH =1 ; [HY] = 1071

Con _ k@o®y 1 (1w3\" ..
..ﬁ—m;"m—(ml) (.1'2—10[]1'1)

= (10°H)! = (107" =n=1
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V. (b) 2
Explanation:

Let the order of reaction w.r.t. A is x and w.r.t. B is y.
r; = k[A]¥[BJ*

ry = k[2A]X[BJY

rs = k|[AJ<[2B]¥

n, _ KA][BP
r;  K[2A] [BF

r, _ kAPB]
s Kk|A][2B]

1= (1) = (2) = (3) v =0

Hence the rate law eqguation is

Similarly,

Rate = k[A]2 [B]? = Order of reaction = 2
2. Answer :
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. (b) 2
Explanation:
According to the figure,
in the given time of 4 hours { 1 to 5) concentration of A falls from 0.5 to 0.3M,

while in the same time concentration of B increases from 0.2 to 0.6 M.

Decrease in concentration of A in 4 hours

=0.5-0.3 =0.2M

Increase in concentration of B in 4 hours

=0.6-0.2 =0.4M

Thus, increase in concentration of B in a given time is

twice the decrease in concentration of A. Thus, n = 2.
I. (b) 1.2M

Explanation:

B (i
K=0- =83 =1aM

iii. (a) 0.1 mol L hr 1
Explanation:

Fromt=0tot= 1hr

For A, dx = 0.6 - 0.5 = 0.1 mol L}

dx

", Initial rate of conversion of A= It

= 0dmoll © 1 mol L thr !
I
iv. (b) 107%

Explanation:
A=2B

diA] | 1dB]
& T2 a4

3 x2x10*=10"

(44)
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V. (d) Molecularity.

Explanation:

The number of reacting species (atoms, ions or molecules)

taking part in an elementary reaction is called molecularity

and it has no influence on the rate of reaction.

(45)
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