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Notes CHEMICAL KINETICS

You know that a knowledge of Gibbs energy change in a given process can tell you
whether the process is feasible or not. However, the Gibbs energy decrease does not
indi cate anything about the speed of areaction. For exampl e, the reacti on between hydrogen
and oxygen to give water is accompanied by alarge decrease in Gibbs energy. However,
you would not be ableto observe the formation of water, evenif hydrogen and oxygen are
kept in contact with each other for ever. On the other hand, there are reactionswhich take
place instantaneously. For example, when HCl is added to AgNO,, white precipitate of
AgCl isformed instantaneously. In thislesson we shall study the speed or rate of reactions
which are neither very slow nor very fast. We shall aso study the factors that control the
rate of areaction.

After reading thislesson you will beableto:
e explaintherate of achemical reaction;
e differentiate between average rate and instantaneous rate;

e correlatethe average and instantaneous rates with changesin concentrations of various
reactants and products;

e explain the factors that affect the rate of areaction;

e definerate law and rate constant;

e define order and molecularity of areaction;

e distinguish the order from molecularity;

e deriveratelaw for first order reaction and define haf life period for first order reaction;
e derive arelationship between half life and rate constant for first order reaction;

e solvenumericalson therelationships;
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e explain the effect of temperature on reaction rate, and Chemical Dynamics

e explainArrheniusequation and activation energy.

16.1 Rate of a Chemical Reaction

When the reactantsare mixed to perform areaction, thereare no products present initially.

As time passes, the concentration of the products increases and that of the reactants Notes
decreases. The rate of any chemical reaction can be expressed as the rate of the change

in concentration of areactant (or a product).

Changein concentration
Time taken

Rate of a chemical reaction= of areactant or a product

_ mol litre™
~ second
Let us consider thefollowing chemical reaction :

2NO(g) + Br,(g) —— 2NOBr(g)

The rate for this reaction can be determined by measuring the increase in the molar
concentration of NOBr at different timeintervals.

L et ussee how we can expresstherate of thisreaction. You know that molar concentration
of asubstanceis expressed by enclosing the formula of the substance in square bracket.

For example, [NOBTr] represents the molar concentration of NOBY.

Let us suppose that [NOBYT], is the molar concentration at time t, and [NOBr], is the
molar concentration at time't,.

Then, change in molar concentration = [NOBr], — [NOBr], = A[NOBI]
Time required for the change =t, -t = At
Here, A means change in the respective quantity.

A[NOBI]
At
This expression gives the rate of reaction in terms of NOBr.

Therefore, the rate of formation of NOBr =

If the decrease in the molar concentration of NO or Br, is measured we can write the
rate of the reaction with respect to NO as

~A[NO]
At

—A[BI,]
At

Thus, the rate of areaction can be expressed either interms of reactants or products. We
find in the reaction mentioned above that two moles of NO react with one mole of Br,,
Therefore, the changein concentration of NO in agiven time At will be double than that
for Br,. Thus, in order to make the rates with respect to different reactants or products
equal, the rate expression is divided by the storichrometric coefficient in the balanced
chemical equation.

and w.rt. Br, as =
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For example, inthe equation,
2NO(g) + Br,(g9) —— 2NOBr(g)
The rate of reaction with respect to reactants and products is expressed as
1 AINOBr] ~ 1 A[NOBr] _ -A[Br,]

. .=
rate of reaction 5 AL 5 AL AL

16.2 Average Rate and | nstantaneous Rate

Therate of areaction depends on the concentration of reactants. As the reaction proceeds
the reactants get consumed and their concentration decreases with time. Therefore, the
rate of reaction does not remain constant during the entire reaction.

A[concentration]
At

The rate of areaction given as gives an average rate.

A[NOBr
For example, % givestheaveragerate of reaction. Instantaneousrate of areaction

isthe rate of reaction at any particular instant of time, we express instantaneous rate by
making At very small ¢

lim [NOBr] B d/NOBr]
At—>0 At - dt

When concentration of any of the reactants or products s plotted against time, the graph
obtained isasgiven below :

Product

Concentration

Reactant

Time —>
For thereaction,
2N,O4(g) —— 2NO,(g) + O,(g)
Average rate of reaction

A[N,Os]
At

A[NO,]  A[O,]
At At

1 _1
) 2
1d[N,Os] ~ 1d[NO,] _d[O,]
2 d 2 dt = dt

and instantaneous rate = —
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16.3 Factor s Affecting rate of a Reaction

Therate of achemical reaction is affected by the following factors :

1. Theconcentration of reactants: Generally the rate of areaction increases asthe
concentration of the reactants is increased.

Temperature — A reaction is faster when the reaction temperature is increased.

. . . Notes
Presence of a catalyst — A catalyst altersthe reaction rate without being consumed

by the reaction.
For example:

(i) Reaction between hydrogen and oxygen to form water is extremely slow. It occurs
very fast in the presence of platinum as catalyst.

You would study these effectsin more detail in the following sections of thislesson.

’—E—xample 16.1 : Express the average and instantaneous rate of the following reaction
N,(g) +3H,(9) ———> 2NH(9)
in terms of (i) rate of formation of NH,,
(ii) rate of disappearance N,, and
(iii) rate of disappearance of H,.
Write the different expressions for the rate of reactions.
Solution : The expression for the three rates are :

: A[NH,]
Average rate of formation of NH, = A
: _ AINy]
Average rate of disappearance of N, = - AL
: A[H,]
Average rate of disappearance of H, = AL
. d[NH;]
Instantaneous rate of formation of NH, = at
: _ dIN,]
Instantaneous rate of disappearance of N, = - ™
, _ dH,]
Instantaneous rate of disappearance of H, = @
To equatethethreerates, divide each rate by the coefficient of the corresponding substances
inthe balanced equation.
_ . 1 AINHg] _ A[Ny] 1 A[H,]
Averagerale =+ 5 T ST M 3 At
_ 1 dNHz]  dIN,] _ 1dH,]
Instantaneous rate = ST d T a3 a _J
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1
& Intext Questions 16.1

1. Which of the following units could be used to express the rate of reaction between
magnesium and hydrochloric acid?

(@ cm3s

(b) cm® mint

(c) cm? st

(d) mol dm® mint

2. Forthefollowingreaction,

2NO,(g) + F,(9) —> 2NO,H(g)

Write the expression for the average, rate of reaction in terms of :

() rate of formation of NO,F

(b) rate of disappearance of NO,

(c) rate of disappearance of F,

(d) equivalent rate of formation of product and disappearance of reactants.

3. Expresstheinstantaneousratesof formation of product and disappearance of reactants
for the above reaction.

4. Explain why the reaction CO(g) + NO,(g) — CO,(g) + NO(g) occurs more slowly
when the volume of the system isincreased.

16.4 Dependence of Reaction Rate upon Concentration

Rate law : If we follow achemical reaction over a period of time, we find that its rate
slowly decreases as the reactants are consumed. We can say that the rate is related to
the concentration of thereactants. Rateisdirectly proportional to the concentration of the
reactants raised to some power.

For example, consider the reaction
XA (g) + yB(g) — Products (1)

where aand b are coefficients of A and B respectively in the balanced equation. We can
express the rate as

Rate a [A]* [B]Y
or Rate = k [A]*[B}Y
where k isthe constant of proportionality.
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The above equation is known as the rate law for the reaction.

Rate law is defined as the mathematical relationship between rate of a reaction
and the concentration of the reactants.

Itisimportant to notethat x and y are not necessarily equal to the stoichiometric coefficient
of A and B in the reaction. The constant k in the rate law is called the rate constant. It
isnumerically equal to therate of thereaction if all the concentrations were set equal to

unity.
rate = k [1]* [1)Y
rate = k

It means that large values of k indicate fast reaction and small values of k indicate slow
reactions. Each reaction ischaracterised by its own rate constant, whose val ueis dependent
on the temperature, but independent of concentration of the reactants.

16.5 Order of a Reaction

The powers to which the concentration terms are raised in the rate expression describes
the order of the reaction with respect to that particular reactant

In the rate law,
rate = k [A]* [B]Y

the values of x and y are order of the reaction with respect to the reactants A and B
respectively. The sum of the powers x + y represents the overall order of the reaction.

For example in the reaction 2NO(g) + O,(g) —— 2NO,(9g)
Therate law as found by experiment is
rate = k [NOJ? [O,]*

Here the order of reaction with respect to NO is 2 and with respect to O, is 1. The sum
of the powersistermed as overall order of reaction. In the above exampleitis2+1=3.

It must be remembered that order of a reaction must be determined experimentally and
cannot be deduced from the coefficientsin the balanced equation

2N,0,(g) —— 4NO,(g) + O,(9)
Theoverdl orderis1 and it istermed asfirst order reaction.

The order of reaction can be 0, 1, 2, 3 called as zero order, first order, second order and
third order respectively. The order of areaction can be afraction aswell; for examplethe
decomposition of ethanal to methane and carbon monoxide,

723K
CH, CHO (g) —— CH,(g) + CO(g)

isexperimentally found to thefollowing rate law :
rate = k [CH,CHOJ2
16.5.1 Difference between Rate of Reaction and Rate Constant

Rate of reaction Rate constant

1. Itisthe speed at which the reactantsare  Itisthe proportionality constantin
converted into products. It ismeasured as  the rate law and is defined as the rate
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the rate of decrease of concentration of of thereaction when the concentration
reactant or rate of increrase in the of each of the reactant is unity.
concentration of the products.

2. Itdependsupon theinitial concentration Itisindependent of theinitial

of the reactant. concentration of reactant.

16.6 Units of Rate Constant

For zero order
Rate = k [A]°
Rate = k

The unit for rate of areactionismol L~ s, The unit of k for zero order is same as that
for rate.

For afirst order reaction

Rate = k [A]*
| Lt
mo =k mol L
k=st

For afirst order reaction, the unit for rate constant istime™.
For second order reaction

Rate = k [A]?
Lt
MO~k (mol L2
Therefore k=mol'L s*

In general for any order n the unit for rate constant k is given as

k = (mol L) st

16.6.1 Zero Order Reaction

Zero order reactions are those, in which n = 0. Here rate is independent of reactant
concentration. Such reactions are uncommon. One such exampl e isthe decomposition of
ammoniaon a platinum or tungsten metal surface. Under high pressure of ammoniathe
rate at which ammonia decomposes is always the same regardless of its concentration.

16.6.2 First Order Reaction

Wewill now discuss how to determinethe rate constant for afirst order reaction. For the
first order reaction, thisequation would tell ushow doesthe concentration vary withtime.
The predicted variations can then be compared with the experimental data to obtain the
order of the reaction.

Let us consider for the reaction A ——— Product.
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rate = [ =k [A]

where k| is the rate constant,
Rearranging the rate expression, we have::

Notes
—dA]
D
Integrating the two sides we get :
-1n [A] =k t + constant (1)

where the constant can be determined from theinitial conditions.

Let [A], be concentration of [A] whent =0 i.e., at the beginning of the reaction, then
-1n [A] = -1n [A],, whent=0

or constant = -1n [A],
Putting the value of the constant in equation
-1n [A] = k;t =1n[A],

or -In[A] + In [A], = kit
InfAlo
” A =k
1Al

Rate constant, k, = [ Al

We can convert it into log to the base 10

_ 23, [Al
Lot [A]

4 log[A], - log [A
2303 - Og[ ]o_ Og[ ]

kit
" 5303 =log [A] - log [A]0

Kk,
log[A] = [2 303] t+log[A],

The unit of k, = time™*
This equation has the same form as the equation of a straight line.
y=nx+cC
where mistheslopeand cistheintercept. If weplotlog, [A] vst, itwould giveastraight
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line with a slope equal to — . The rate constant, k, can then be calculated from the

2.303

slopeasshowninFig. 16.1.

Slope

log,, (concentration)

Time

Fig. 16.1: Agraph of log,, (concentration) against timefor a first-order reaction.

16.6.3 Half-Life Period

The time taken for a reaction to reach the half-way stage i.e. when half of the
starting material has reacted is called half-life period of the reaction. It is denoted
byt,,ort, .. Letusnow seehow thehalf-life period of afirst order reactioniscalculated.

You know that
In[A] = In[A], - kit
1 I :
when [A] = 5 [A], (reactant reduces to half of the initial concentration)

then t=t,, (half life period)
Therefore, we have

[Alo
1n {T = 1n[A], -kt
A
or 1n {%} -1n[A], = -kt
1
or In3 =- Kt
1n2  0.693
or W=k, K,

You would noticethat half-life period isindependent of theinitial concentration.
rE—xampIe 16.2 : The decomposition of hydrogen peroxide to water and oxygen.
2H,0,(f) — 2H,0 (f) + O,(9)
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is a first order reaction with a rate constant of 0.0410 min. If we start with 0.20 M || Chemical Dynamics

solution of H,O,, what will be concentration after 10 minutes?

Solution : We have equation for first order reaction as

In%

[A]

_1
k=1

convertingitintolog, base Notes

_ 23, [Al
t [A]

If [A] = X, after 10 minutes then subsituting the values of k and t, we have

o 2.303 og 0.20
0.0410(min) = 10(min) X
020  10(min) (0.0410 min™?)
| = =0.178

or 975 2.303
Taking antilog

0.20 .

~ - antilog0.178 =1.51

0.20

Solving X = —- =0.132mol litre*. ——‘

151

rE;ampIe 16.3: Inexample 16.2 if we start with initial concentration of 0.50 how long
will it take for this concentration to drop to 0.10 M.

Solution : We have to find the time taken by the reaction starting from concentration of
H.,O, of 0.5M to concentration of 0.1 M.

We have the equation,

2303 [Alg

t 9 7A]
Substituting the values of k, [A], and [A] we have

0.0410 mint = 2.303 | 0.50
: min® =——10g 75
2303  0.699x2303
or t =39 minutes __‘

rE;ample 16.4: Inexample 16.2, how long will it take for the sample to decompose to

50%.
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Chemical Dynamics | so|ytion : When half the sample has decomposed, we have

N ~0.693
\ T
Putting the value of k = 0.0414 min™ we have
0.693
Notes = in= i
t 0.0414 min = 16.9 minutes __‘

I ntext Questions 16.2

1. Therate of acertain reaction, A —— Product is 1.0 x 102 mol/litre.

When conc. A = 0.020M, what is rate constant k, if thereactionis:
(a) zero order

2. Forthefollowingreaction
CH, (9) +1,(9) ——> CH,1(9)
therate equationis
rate = k [C,H,(9)] [1,(9)]*?
() What is the order of reaction with respect to each reactant?

3. Thefirst order rate constant for the decomposition of C,H.Cl at 700K is 2.5 x 103
min. If theinitial concentration is 0.01 mol L, calculate the time required for the
concentration of C,H_Cl to drop to half of itsoriginal value.

16.7 Dependence of Reaction Rate on Temperature

You have learnt earlier that an increase in temperature causes an increase in the rate of
reaction. Therateisabout doubled, for many reactions, by a 10 degreerisein temperature.
How can we explain this behaviour?

In order for achemical reaction to occur, the reacting molecules must collide with each
other. Only fast moving moleculesi.e. the molecules having high energy areabletoreact.
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There must be some minimum energy possessed by the reacting molecules during the
collision. Thisis called the threshold energy. All molecules having energy higher than
thethreshold energy aretherefore, capable of reacting. What would happen if weincrease
the number of molecul eshaving higher energy? More moleculeswill react. In other words
rate of reaction would increase. Thus, if we increase the temperature, we increase the
rate of reaction. Let us see if we can express it quantitatively.

energy of the Activated complex

Energy

AB Products

Progress of reaction

Fig. 16.2 Energy diagramfor a reaction

The change in energy that takes place during the course of areaction is shown in Fig.
16.2. The horizontal axisdenotesthe progress of the reaction and it indicatesthe extent to
which thereaction has progressed towards compl etion. The graph indicatesthat the reactant
molecules A and B must possess enough energy. This is known as Activation energy, to
climbthe potential energy hill to form the activated complex. All thereacting moleculesdo
not possess energy equal to threshold energy in their normal energy state. Therefore a
certain extraenergy needsto be supplied so that their energy equal sthe threshold energy.
The potential energy of activated complex ismaximum. Thereaction thereafter proceeds
to completion (i.e. formation AB). Eaindicates the activation energy of forward reaction
and Ea’ isthe activation energy of the backward reaction.

You know that rate of reaction = k [concentration]. If we have value of concentration as
unity, then rate of reactionisequal to therate constant, k. The rate constant k depends on
the magnitude of the activation energy, E_, and also on the absol ute temperature (T), Kis
small when E_ is very large or the temperature is low.

We can expressthisrelationship by amathematical equation known asArrheniusequation
after itsdiscoverer, S. Arrhenius asfollows:

Kk = AeEaRT

WhereA isaproportionality constant and is also known as frequency factor, Risthe gas
constant. How can we utilise this relationship between k, Ea and T? We can calculate
activation energy, if we measure the rate constant at two different temperatures.

Taking natural logarithm of equation, we get

Ink=InA— =2
K== 2T

We can compare this equation with that of astraight liney = mx + c asfollow :

|k—_Ea(1j |
nk= R T +InA

MODULE -5
Chemical Dynamics
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320

interceptisInA (inFig. 16.3).

Ink

1
- —
Fig. 16.3 Graphical determination of E_.
We can also obtain Eafrom k at two temperatures by direct computation.
At T, the equation becomes

— —-Ea/RT,
' k,= Ae "1
At T,, we can write

k = Ae E&/RT
2
o k. Ae™™h
Dividing k, by k, we get k_2 = AT
. . k -E, (1 1
taking natural logarithm n E =R f‘T—Z

Converting into logarithm (base 10)

lo & _E [—TZ_TlJ
9% T 2303R | T..T,

Multiply by —1 on both sides and inverting the fraction

kz Ea [Tz — T1 j
09, =S5 | T T
k, 7 2303R\ T, T,
Thisequation can also be used to cal cul ate the rate constant at some specific temperature
if E, and k at some other temperature are known.

rE—xampIe 16.5 : What must be the value of E, if the rate constant for a reaction is
doubled when the temperature increases from 300K to 310K ?
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Solution : Given EZ =2 R=831JK-"!

T,=310K

T,=300K

E,=7 Notes
We have equation :

ﬁ Ea Tz — T1
log Y =%3mR | T, T,
substituting the values we have

E (310 - 300)K

a

1092 =5 303x 831K (310K x 300K)

E,=535kJ -

solving, we have

|
1. Asarough ruleof thumb, the rates of many reactions doublefor every? 10°Crisein
temperature.

oy
@ . Intext Questions 16.3

2. Therateconstant of areaction at 288 K is1.3 x 10-° litre/mol. Whileat 323K itsrate
constant is 8.0 x 10 lit./mol. What is the E, for the reaction.

3. The rate of the reaction triples when temperature changes from 293 K to 323 K.
Calculate the energy of activation for such areaction.

4. H,(g) and O,(g) combine to form H,O() by an exothermic reaction. Why do they
not combine when kept together for any period of time.

e Therateof achemical reaction can be expressed astherate of changein concentration
of areactant or product.

e Thefactors that affect the rate of achemical reaction are : the concentration of the
reactants, temperature and catalyst.

e Ratelaw isdefined as the mathematical relationship between rate of areaction with
the concentration of the reactant.
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Chemical Dynamics | o Theconstant kin theratelaw iscalled the rate constant. It is numerically equal to the
rate of the reaction if all the concentrations were set equal to unity.

e The sum of the powers to which the concentration terms are raised in the rate
expression describe the order of the reaction.

e Therate constant of afirst order reaction, k , is given by

1 [AL
kl_t In Al

e The time taken for a reaction to reach the half way stage, i.e., when half of the
starting material has reacted is called half-life period of areaction.

e The dependence of the rate constant on the magnitude of the activation energy, E_,
and the absolute temperature, T, is given by the Arrhenius equation, k = Ae®RT,

e The activation energy for the decomposition of a compound corresponds to the
difference between the energy of the reactants and the maximum on the energy
curve.

.-? Terminal Exercise

1. Sketchanenergy vsprogressof reaction diagramfor areaction. Indicatethe activation
energy for both forward (E,) and reverse reaction (E').

2. For thereaction 2N, O,(g) — 4NO,(g) + O,(g), itisfound that N, O, is decomposing
A[NO,]

at the rate of 0.02 mol/litre sec. Calculate to rate of reaction defined as Al

with At in seconds.

3. Therate constant for acertain first order decomposition reactionis0.23 s at 673K.
Calculate the half-change period for this reaction.

4. Therate constant for acertainfirst order reactionis 1.00 x 102 st at 298K. Therate
constant for thereactionis 1.4 x 102 s at 323K. Calculate the activation energy for
thisreaction.

5. Therate of areaction was found to be 3.0 x 10 mol/litre second. What will be the
rateif it were expressed in the units mol/litre minute.

6. List thethree factors that affect the rate of a chemical reaction.

7. For acertan first order reaction the concentration of the reactant decreases from
2.00 mol/litreto 1.50 mol/litrein 64 minutes. Cal cul ate therate constant for thisreaction.

8. Therate constant for acertain first order reactionis 1.0 x 102 min" at 298K . If the
activation energy is 10.0 k cal, calculate the rate constant at 323K.
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16.1
1 d

. A[NO,F] - —A[NO,] Notes
2. () A (i) At

-A[F, 1 A[NO 1 A[NO -A[F,
diiy “ALE] (v LAINOA _ 1 AINOJ _ -A[F]
At 2 At 2 At At

3 1 d[NO,F] _ 1 d[NO,] _ d[F]
2 dt T2 dt T dt
4. Increase in volume would decrease the pressure which would decrease the rate of

reaction.
16.2

1. (&) 1.0x 10 moal litre! st
(b) 5.0 x 10 st
2. (@) First order with respect to C,H, and 1.5 with respect to I...
(b) The over all order of reactionis2.5
-1

3/2

© K= ol dm™)

= mol-*?2 dm®2 s1,

2.303 0.01mol L™

3. (8 25x 10 (min?) = 10min log,,

(b) When half of the sampleis decomposed

0693
27 25%10°

min=0.277 x 10 min = 2.77 x 10 min

16.3

1. 10

34.0K cal mol

28.82kJ

Molecules do not have enough energy to be equal to threshold energy.

A DN
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