g.| Chemical Kinetics
g2 Rates of Reactions
9.3 Collision Theory, Transition State and Activation Energy
94 Catalysis §

sludcnts will be able to:
Define chemical kinetics. (Remembering)

E(plain and use the terms rate of reaction, rate equation, order of reaction. rate

- constnm and rate determining step. (Understanding)

s Explam qualitatively factors affecting rate of reaction. (Applying)

* Given t'he order with respect to each reactant, write the rate law for the reaction.

. (Applying)

 Explain what is meant by the terms activation energy and activated complex,
; ;-Lmndmtanding)

: ,Reh&the ideas of activation energy and the activated complex to the rate of a
i 1’l@!tctlon (Applying)

- ethecollision theory to explain how the rate of a chemical reaction is influenced

1 Gwe: temperature, concentration, size of molecules and. (Applying)

(,% “N @ polential energy diagram for areaction, discuss the reaction mechanism for
iy mifctmn.j(App]ying) "

(o effects of concentration, temperature and surface area on reaction rates.

 Mlying)

i the significance of the rate-determining step on the overall rate of a multi-
B;:wom (Analyzing)

e the ole of the rate constant in the theoretical determination of reaction
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B cice i collsion encrgy, by increasing (ig'ie
ihecollision frequency. (AppIYing) o
“caialyst, catelysis, homogeneous catalysis and. he

Ly
S

—— .
3 O 5!

nderstanding)

9.1 Introduction to Chemical Kinetics ,
The different chemical reactions occur at very different rates. Some reactions ocor
very slowly and some occur very quickly. The reactions may take seconds, weekser
months to occur. The rusting of iron, the conversion of graphite into diamond, the
setting of cement and the decay of plants into coal oceur Very slowly. Similarlythe
cooking of food, formation of yogurt, the fermentation of glucose to give ethanil
and carbon dioxide; and the hydrolysis of an ester to give acid and ethanol are also
the examples of slow reactions. On the other hand. the combustion of petrol 2
explosion of gun powder, the neutralization of an acid (HCI) by a base (NaOH), e
the reaction of hemoglobin with oxygen and CO occur very quickly and are Gl
fast reactions. Chemical kinetics is the branch of chemistry which deals with 86
study of reaction rate (speed), reaction mechanism and factors that affect ¢
reaction rate. The laws of thermodynamics support us to decide whether 5
reaction is feasible or not but chemical kinetics helps us to know:
i) How fastchemical reactions occur?
ii) How reactions speed can be controlled?
iii) Whatare the factors (variables) that affect reactions rate? d

For example, when the food is stored in the refrigerator, the t
food 1s slfn.ved down apd the food is preserved. Here the reactiof “‘
(ot o b % I ente 1 e
e Fﬁfe zam | PtO;'ltant role in our daily life but it also playsic incS" ¥
T I;)se o ‘;;: lt' elps to predict the expiry date ‘{f m due .4
decomposition of active inf:c ;flt.:ness With the passage of I ut? ¢
during industrial process ltgir tl: oy h. o AGIpSUS O get ihe 0% 2o
chemical reaction is ec:or;omjs le chemical kinetics that decies v{hcl g
ammonia in the indust SR sl U8 economier. et

ry n?axnly depends on the speed of reaction at which = gb#

(N, agd H,) are converted into product (NH,). In this chapter we mainly foct®
reaction rate, the mechanism and the variables that influence the rcactionfa“
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Rates of Reactions
0 i the concentration of reactants or products per unit time is called rate
RS ofreaction. :
o . Change in concentration of reactants (or products) AC
b ahieof reacion = "h: in ti | =
Rt Change in time At

The unit of rate of rcftchon depends on the concentration unit of reactants or
_acts and the unit of time. The usual unit of rate of reaction is moles per

A -3 & I .
_meter cube per second (moldm™s ), The usual unit for gaseous reaction is atm
| .t
" (Consider a general chemical reaction in which the reactant A is converted
A 'pmduclB.
A——23 R

When the reaction proceeds, then the concentration of reactant 4 decreases
udthat of product B increases with the passage of time. It can be best understand by
:gnph When we plot a graph between concentration (of reactants and products)
¢y and time on x-axis, then we will able to show the change in the
weentration of reactants or products of a reaction with the passage of time. At the
soming, the slope of the graph for the molar concentration of reactants or
Wicts is the steepest which indicates that the reactants are converted into
o al greater speed. After some times, the slope becomes less steep which
5 that the change in concentration 4 104
“' "4l or products is slowing
' Af'ﬂle end of a reaction, the
4100 of the reactant becomes
o that of Product becomes the

1
Iy
alm

. 40d the reaction stops. The

0.9 1
08 t
0.7 ¢
0.6 1
05 ¢

Concemtration of reactants and products {moldm )

5 the i 04 1

g _mf’°ﬂ°entranon of reactants 03 1

U %0;}' lime gives us an idea 02 1

\ M” *hemical reaction, 0.1 1

S € tw e ——+

o ™0 types of rates 07510 15 20 25 30 33 40 45 S0

g, " ] T () ————>

i, hnm A .

-. “us . Figure 9.1: Change in the molar
o Of:reactmn conceﬁutration of reactants and products

ereactmn_ with time for the reaction
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i) Instantaneous Rate of Reaction

The rate of reaction at a particular instant during the time interyy is g
instantaneous rate of reaction. The instantaneous rate of reaction goes g Chans:
every moment. Itis very fast at the beginning and very slow atthe end of reactiog

The instantancous rate of reaction can be calculated from the f““““.""&
eXpressions: . —~d[A]

Instantaneous rate of reaction = T

: d(B]

Instantaneous rate of reaction = -—dt_

Where d[A]and d[B)] show a very small change in the concentration|
reactant A and product B) and dtshows a very small change in time. The d[A]hs
minus sign in the rate expression which shows the decrease in the concentration
reactant during the passage of time. The d[B] has no minus sign in d}e
expression which shows that the concentration of product B increases during
passage of time., |

or

ii Average Rate of Reaction
The total change in concentration divided by total time is called 8VWM

action. ] ,
= Total change in concentration

Total change in time

At the beginning, the instantancous rate is higher than the avera
end of the interval, the instantaneous rate is lower than the averds®
instantaneous rate and average rate of reactions are equal for only 0n€

time interval.

9.2.1 The Rate Law
We already know that, the rate of chemical reaction is directly proP
product of concentrations of reactants each raised to some Po“’g'
general chemical reaction, in which A reacts with B to produce € and U
" aA+bB —— cC+dD

According to law of mass action,

Rate of reaction o [A]“[B]" or

Rate of reaction = K[A]'[B]"

This equation is called rate equation or rate law. Her®

Average rate of reaction =

gerate
e o 5
g P

ortior®

LA |

Kis"'

constant.
(314)
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uation is generally written in the form:
. ) i | A 3l

. s the pmponionalily constant of rate equation and is known as the rate coMt
ek l%',c rate constant. We can determine its value, if we know the concentration of
or P and order of reaction. Its value is directly proportional to the rate of reaction,
Mme reactions with higher rate has higher value of K and the reactions which
tbl; :eds slowly have lower value of K. The value of K remains same for a specific
Wmmd isindependent of reactants or products concentrations and does not change
with time at constant temperature. The value of K increases by increase in temperature
| ynd decreases by fiecre?sc in temperature. The magnitude of K alters when a catalyst 1s
»tmmmereacnon mixture. )

=

—

In the rate equation, it is not necessary that the powers (exponents m and n)
[.e,}ways equal to the co-efficient (a and b) of balanced chemical equations. Rate
\wwean be defined as: An expression which shows how the reaction rate is related to
wncentration of reactants is called rate law or rate expression. It is determined
sperimentally. It 1s not predicted from a balanced chemical equation, because as
weknow that the sum of exponents in the rate equation may or may not be equal to
the co-efficient of balanced chemical equation. The value of the exponents in the
nie law shows the order of reaction with respect to each other. For example,
snsider the reaction of nitric oxide with hydrogen:

BNO+2H, — 5N+ 2H,0 Rate = K[H;)[NO]”

~ Theexponentof 1 for hydrogen concentration shows that the reaction is first
"6 with respect to hydrogen. The exponent of 2 for the nitric oxide (NO)
Meentration shows that the reaction is second order with respect to nitric oxide.
M’“’” ofthe exponents of both the reactants shows the overall order of reaction,

g STeactionii of third order (1 +2 = 3) overall

_ @Kamplﬁs of rate law are:
e RateLaw
5 .':‘ T =3 INO + (}? Date = KINO:]"
Wil :

2 T ——D 4NO, + O, Rate = KN, 0]

.2 i ‘3 — S OH] Rate = K[Hl]{lj]
g El‘*'llent :
b ety ary and Overall Reactions . _
LI S Occur in single step but most of the reactions occur by a series of
| volved in a several step reaction are called mechanism of reaction

(3l5)
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Or reaction pathway. A single step in a mechanism of reaction jg calleq
clemcmary reaction or elementary step. 4

How do Chemists Determine the Mechanism of Chemical Reactions? It is notan e

determine the mechanism of chemical reaction, that is, it needs expertness. Tha:ychwm L.

ddergnme the rate law by cxperiments at first, and then they propose mechanism for chemjey
reactions. The elementary steps of the reaction are added up, if it gives the overall
chemical equation, then this mechanism is accepted, if not, then rejected. They also
the proposed mechanism with experimentally determined rate law, if they do agree, then this
mechanism is accepted, if do not agree, then this mechanism is rejected and work out fyr
umother mechanism. ]

To understand the chemical reaction, the chemists must know the step by
step sequence of reactions by which the overall chemical change occurs. Consider
the following reaction

NOyy + COp ——3NOy, + CO,, Overall reaction
According to law of mass action,
Rate ofreaction = K[NO,][CO]
But experimentally determined rate equation of the reaction is: .
Rate of reaction = K[NOQ]2 -
This equation shows that the rate of reaction depends upon the,conoenll'fﬁ“’:l’
of NO, and it does not depend upon the concentration of CO. The reaction is of |

second order. The proposed mechanism for this reaction is:

NO,) + NOyg L Blows NOy,, + NO, Elementary reaction

NOyp + CO ——> NOy, + COy,  Elementaryresc® |

We get the overall reaction by taking the sum of the elementary reactio™
Ny * NOyy —*— NG+ NO,  Elementary react”

Fast on
Nog(g) % Co(s) —’M) + COZ(g) Elemew

NOy, +COgm ——> NO, + CO,y, OQverall reactio”

In the several steps reaction, all the elementary steps do not have Mw f '

rate, that is, one sfep i1s much slower than the others. The SIO\I\"es"t Ste]pled
determines the rate of chemical reaction in a several step reaction 19 Cabefs‘-"
determining step or rate _Iir_niting step. Note that, the overall reaction 87" ) f
than the rate of determining step (the slowest elementary reactions % ;i
above reaction, the slowest step (first step) is the rate determining Ak jaté
which does not appear in the balanced equation is called reaction inte™

(31E)
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reaction intemlc‘qiqtc has temporary existence and i1s unstable, Itis neithera reactant
pora product but it is produced giuring the path of reaction, that is, it is formed mnone
step and completely consumed in the later step. NO, has normal bonds and it can be
isolated (separated) under special conditions.
9,2.3 Order of Reaction and jits Determination
The number of atoms or molecules whose concentrations de
reaction is called order of reaction. It may also be defined
The sum of all the exponents of the conce
called order of reaction. For example;
Rate ofreaction = K[A]m[B]"
Orderofreaction = m+n

Order of reaction is determined experimentally. Order of reaction is not
predicted from a balanced chemijcal ¢quation because the sum of exponents in the
fate equation may or may not be the same as inabalanced chemical equation.

Important types of order of reaction are discussed below:

_First Order Reaction

The reaction in which the rate of chemical reaction is directly propertional to the

lirst power of the concentration of one reaeting substance is called first order
Taction,

Rateofreaction = K[A]'

_ The rate of first order reaction doubles by doubling the concentration of
tactant,

termines the rate of
as:
ntration terms in a rate equation is

For example:

RSP 0 2NO, + %0, Rate of reaction = KIN,O:]
) NHNO, = — ¢ N, +2H,0 Rateof reaction = K[NH,NO,]
0nd Order Reaction

- Teaction in which rate of a chemical reaction is directly proportional to the
of the molar concentration of one reacting substance (or to the product of
“Oncentrations of two reacting substances) is called second order reaction.
Raleofreaction = K[A] or  Rateofreaction = K[A][B]

L Tate of second order reaction quadruples by doubling the concentrations

g- tht Basie o 2HI Rate of reaction = K[H,] (L]
-203 eyl Rate of reaction = K[O,]’
: (3

Scanned with CamScanner



Third Order Reaction

The reaction in which rate of a chemical reaction is directly proportiong) "
product of molar concentration of three reacting substances (or to the first poye
molar concentration of one reacting substance and square of the other Teacty
substance) is called third order reaction.

Rateofreaction = K[A][B]J[C] or  Rateofreaction = K[AY[p]

The rate of third order reaction octuples by doubling the concentrationg
reactants. |

Forexample: '
1) 2NO + 05 ——— 2NQO, Rate of reaction = KINOJ {6l
1) 2NO + 2H, 3 N. +2H-0 Rateof reaction = K]N(’Jf Li!

Zeroth Order Reaction
The reaction whose rate does not depend upon the concentration of any reaciani.
called zeroth order reaction.

Rate of reaction = K[A]

The reactions catalyzed by enzymes and thermal decomposition et
may be zero order. |

Forexample:

i) Photosynthesis (Photochemical reactions). !

- Tungsien : SRS/
9 NH- - =t O L e - : 7
i) 2 NH; > N, +3H, Rate of reaction = 5\['1“‘5] |

Experimental Determination of Order of Reaction it
We can calculate order of reaction, if we know the rate of reaction- Te @
reaction is the change in concentrations of the reactants or products:
reaction is generally determined by physical and chemical methods: The i
methods include spectrometry, electrical conductivity, dilatometry; mﬁa::w‘ :
optical rotation method, pH metric method, and gas c:kuomat ography m

The method used to monitor changes in the concentration of reac“‘"t.pr ¢
depends on the specifi nd

observed the effect o
reaction.

fc reaction. Suppose a series of experiments g .co
concentration on the rate of reaction to pred™®
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Table @1 Imival me and concentration of renctants A and B

| Initial Concentration (mol dm™) [0

L om s 0.005
gae S0 t004 | 0.01

gxperiments 1 and 2 show that when we double the init;

al concentration of A
fom 0.01 t0 0.02. doubles the rate of reaction from 0.0025 to 0.005.

Experiments | and 3 shows that when we quadruples the initial
uncentration of A from 0.01 to 0.04, quadruples the rate of reaction from 0.0025 to
101, Itmeans that the rate of reaction is directly proportional to the first power of
wncentration of reactant A.

Rate o [A]’
Areaction whose rate of reaction depends on the concentration of a single
cactant raised to the first power is known as first order reaction.

I Consider the reaction between reactants A and B. the value of the rate
mstant K. is 1.20mol™'dm’s ',

Table 9.2: Initial rate and concentration of reactants A and B

e 040 - 0.2 0.0096

-]

| and 2 show that when we keep the concentration of reactant A
- '“ and Quadruples the initial concentration of B from 0.02 to 0.08, quadruples
v TE8Ction from 0.0048 to 0.0192. It means that the rate of reaction is

v |
hg

2 “°P°m°nal 10 the first power of the molar concentration of reactant B.

R“‘ “ [B]' SR it o i)

) *.nts I'and 3 show that when we keep the concentration of reactant B
"f‘\ : ::d :‘,‘9""1.8 the initial concentration of A from 0.20 to 0.40, doubles the rate

oM 0,0048 ¢ 0.0096. It means that the rate of reaction is directly
| (319)
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first power of concentration of reactant A.

(i1)

proportional to the
Rate o [A]' i

By comparing equation (i) and (ii), we have
Rate oc [A] '1B]' or
Rate = K[A] [B]'

The sum of the exponents of both the reactants shows the overall gge g

hence this reaction s of second order (1+1=2)overall

reaction,
een reactants A4 and B. the value of theng

iii)  Consider the reaction betw

constant K'is 1.20mol “dm”s .
Table 9.3. Initial rate and concentration of reactants A and B

" Tnitial Concentration (mol dm™)

Experimen
constant and double the initial concentration of B from 0.02 to 0. 04,9

rate of reaction from 0.0048 to 0.0192. It means that the rate of reaction 8%
proportional to the square of the molar concentration of reactant 8.
Ratex [BJ' A e g o (i) )
Experiments 1 and 3 show that when we keep the concv‘:llﬂ'aﬁ"n o
constant and double the initial concentration of A from 0.20100- 40, douhlf‘
of reaction from 00048 to 0.0096. It means that the rate Of
proportional to the first power of concentration of reactant 4.

Rate o [A] S A TR ST 1))
By comparing equation (i) and (ii), we have
Rate «[A]'[B] or

Rate= K[A]'[B]’
The sum of the exponents of both the reactants
reaction, hence this reaction is of third order (1 +2=3) 0V

(320)
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ider the reaction between hydrogen and nitric oxide:
2NO+H, — » 2H,0 + N,
aitial rate data for the reaction between NO and H »is given below in the table:
Experiments | Initinl (“”“‘l‘mraiion_( moldm’) | [nitial Rate |

_ [H;) INOJ (moldm's') |

i 0025 | 000 25107 |
[i%ng 0050 | 0050 50x10° |
3 0025 0.100 10x10° |

From the above data, determine (a) the rate equation for reaction, and the
order of reaction and (b) the rate constant value at room temperature.

Experiments | and 2 show that by doubling the concentration of H, from
0.025 t0 0.050, doubles the rate from 2.5 x 10 to 5.0 x 10™*, hence the

- rateofreaction is directly proportional to the first power of concentration
- ofreactantH,.

i s U e (i)
Experiments 1 and 3 show that by doubling the concentration of NO from
0.050t0 0.100, quadruples the rate from 2.5 x 10 10 1.0 10, hence the

rate of reaction is directly proportional to the square of concentration of
NO

R
o

B N R . (i)

' By comparing equation (i) and (ii), we obtain the overall rate equation.
Rate o [H,]'[NOJ? or
e = K[H,'[NOJ’

e S4 of the exponents of both the reactants shows the overall order
b e

hence this reaction is of third order (1 + 2 = 3)overall,
lmo“"ﬂmthemu:,eaquation for the reaction is:
Rﬂe =K 1 2 Rate
0 K =
H,Y(NO>  or [,/ INOF

Rortr: :
¥ Putting the values in the above equation, we get:
K~ 25 10~ mol dm~s”
(0.025 mol dm™(0,050 mol dm)’
(320

= 40 mol *dm®s~!
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5.0 %10~ mol dm s Mo

- = = 40 morldmb »
o (0.050 mol dm )(0.050 mol dm 0 $
=3
g 5 1.0 x10 2 mol dm s S
* 7 (0,025 mol dmi )(0.100 mol dm™)

As discussed earlier, the rate constant is independent of concentratiy
constant temperature. Note that the units of rate constant (K) depend g
number of concentration terms in the rate equation and on the valy
expmienm. Some of the common units of rate constant are given in the table:

Overall Order of Reaction | Rate Equation Units of K
First order Rate = K[A] g
Second order Rate = K[A](B] mol 'dm’s"
Third order Rate = K[AF[B] | mol’dm’s"
L | Zeroth order Rate = K ‘mol dm’’s’

- 3
?’f‘ 233 ST 3 - e o ¢ — — T = I
LR LT T N | - -3 -
v S | ¥ i g 4 . ™ J - -
" . *T 1 -l ‘ .

o ¥ apeciments lnith[:q E;ncentratien (l;ngzlém'a)" (‘1::?::“1.{3:;?’\
i I . 0.012 12510
; 0.024 zsaxkﬁ'
0012 500X 2
9.2.4 Factors Affecting Rate of Reaction
The rates of chemical reactions are inflye ior factors:
1)  Thenature ofthe reactants, el tve g
1)  Theconcentration of the reactants.
i11) Thesurt‘acemaoflhereuctams.
iv) Thetemperature of the reactants.
v) Theactionofthe catalysts,
(322) .
|
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In this topic we are going o discuss the first four and the action of the
catalysts will be discussed in the forthcoming topic(9.4),

p  TheNaturcofthe Reactants

The rate of chemical reactions depends upon the n
substances react swiftly while others
potassium with water is very fast than h

ature of the reactants. Some
react slowly. For example, the reaction of
atof calcium.

2K + 2H,0 —*L__,5k0H « .

- P =

» Ji N '
Ca 2 H,Q —Slow__, Ca(OH), + H,
The reactions between ionic compounds are fast. For example, the reaction between

~ NaCl and AgNO,in the solution is very fast. In the solution, the silver ions and

chioride 1ons have no bonds to break. In this case only new bonds are formed
betweensilver ions and chloride ions to produce silver chloride.

NaCli,) + AgNO,,, —= AgCli, + NaNO, .

On the other hand, the reactions between covalent compounds are usually
slow. For example, the reaction between secondary propy! alcohol and HCI in the
presence of ZnCl, is slow and takes five to ten minutes for completion because they
havea lot bonds that have to be broken.

(&), CH-OH + HCl. — iy (CH,),CH-CI + H,0

5=10 minutes

1) The Concentration of the Reactants
Hierate of chemical reactions increases by increasing the concentration of al] of

5

&y one of the reactants. For example, wood bumn much more rapidly in pure O,
‘&ﬁ %) than in the air in which only 21% oxygen is present. Because the
l,. oncentration of oxygen in pure oxygen is five times greater than air.

By increasing the concentration of reacting substances, the chances of
lon between the molecules increases and the rate of reaction increases. This is
Ofthe greater number of molecules per unit volume.

Rate ofreaction o [A][B]

by Quantitative effect of concentration on the rate of chemical reaction is given
OMder of reaction,

Y Thes Reactants

Mhe 5. ESurface Area of the Reactan

4l reactions oceur at the surface area between the reactants. The rate of
"5 directly proportional to the surfiace area of the reactants. The larger the
area the higher is the reaction rate and the smaller the surface area the lower

* Feaction rate. This is because, by increasing the surface area, more atoms or

L (323)
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molecules come in contact with cach other. The surface arca can be increage 4

grinding the big crystals into smaller Ones. For example, the reaction gf Zin
granules with hydrochloric acid is very slow and that of zinc dust (powder) i ey
fast,

Slow ’ 1
Slow 2 TnClh oy +H

Zn ., (Granules) + 2HCl,, — 2g)

Zn ., (Dust) + 2HCl,, — Pt 5 ZnClyeay + Hag

Likewise, the reaction of marble chips (big pieces of CaCO,) with sulphys,
acid is slow and that of marble powder is fast. You know that it 1s difficult to igife
the big log. This is due to small surface area. IT we break the log into smaller g,
sticks (kindling), then the surface area Increases and it will become easy toignite
kindling.

iv)  The Temperature of the Reactants
The kinetic energy of the particles of the substance 1s directly proportional to ke
temperature of the substance. By increasing temperature, the kinetic energy ofs
substance increases which in turn increase the rate of reaction of both the.
endothermic and exothermic reactions. Why we keep milk inside the refrigerator] |
We know that the rate of reaction decreases with decrease in temperature. Wheawe |
keep milk at lower temperature inside the refrigerator, the chemical reactions that
cause the milk to spoil are slow down and hence the milk remains fresh for a longet
time. [f we keep it in the kitchen at room temperature, the milk will spoil much mowi
readily and becomes sour. On the other hand, food cooks more quickly in pressite,
cooker (airtight pot) than an open pot. The boiling point of water in pressure cookst
is higher than its normal boiling point of 100°C. At higher temperature, the heat ™
decomposition of food (rate of reaction) is high and hence, the food cooks i S5
period of time.

At room temperature, the rates of many reactions roughly double with ¢
10°C rise in temperature. If the temperature is increased by 20°C, ihe e &
reaction will be increased four times, However, the actual rise in the rate of¢
reaction can be determined by experiments,

9.3 Collision Theory, Transition State and A ctivation Ener®’ |
9.3.1 Collision Theory 4
According to the collision theory of chemical kineti . s getcis

3 tics, chemical reaction>=" .
(akc‘ place I?y collisions between the reacting substances (atoms molccules aof 2 £
By increasing thc'concentranon of reacting substances, the c;hances 0 l "
between particles Increase due (o greater number of particles per nit volu?"

(324)
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pence the rate of reaction increases. The rate of collision is directly propor tional to
(he concentration of reactants A and 2,

Rate of cothsion « [A (1)

The rate of reaction is directly proportional to
petween the reactant molecules per second,

Rate ofreaction o« Number of collisions

the number of collision

per second
We may say that by increasing the concentration of reacting substances, the
te of collision increases which in turn increase the rate of reaction and vice versa.
+ Consider the formation of a product by the reaction of reactants 4 and B, If the
" concentration of reactant 4 is doubled. the rate at which B molecules collide with A
- molecules is also doubled. Likewise, if the concentration of reactant B is doubled,
therate at which 4 molecules collide with B molecules is also doubled. The reaction
is second order overall. The rate of some reactions is directly proportional to the
square of molar concentration of reactants,
By collision old bonds can be broken and new bonds can be formed. All the
collisions of molecules do not give products. There are two types of collisions:
(a) Effective Collisions (b) Ineffective Collisions
The collisions which give products are called effective or fruitful collisions.

The collisions which do not give productsare called ineflective collisions.

Three main conditions of this theory are:

The reacting substances must collide with one another to react.

Foreffective collisions, the molecules must have sufficient amount of energy to

iy the reaction by breaking old bonds and forming new bonds during the process.

. feactant molecules must collide with proper orientation that could enable

“Mloreact with one another.

Ifall the collisions among the reactant molecules are effective, the reaction

" mpleted in a short time.

’ Transition State

bt bigh encrgy specie wihich s formed by collision ofreactant molectles

g, Clivated complex. It is short-lived specie and decomposes into products

e 1, Y- 1t has a trapsient existence that is why; it is also called a transition

lple, - OUt Of energy needed to convert the reactants into the activated

Hig, | Tensition State) is called activation energy (E,). When molecules
of kinetic energy of colliding molecules is converted into potential

g the molecules slow down. If this potential energy is equal to or

12951

T

:
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more than activation energy, then the molecules may be act‘ivat.cd and the aCtivagey
complex is formed. If this potential energy is less than activation cnergy, they the
molecules upon collision bounce back and do not form the gctwmed complex ang
the reaction does not occur. The activated complex has partial bonding of boy, h
reactants and products. When activated complex is formed, then there are tap
possibilities: -
(a) Itmay reconstruct the original bonds and change back into the reactants;
(b) Itmay constructnew bonds and changein to products. |

Both forward and reverse reactions produce the same actwalted complex. Fig
example, molecules A, react with B, to give product, AB. The acnvgted complexs
formed when molecules of A, collide with molecules of B, The activated comples
has partially broken and partially formed bonds. In this process, old bonds ae
broken between the reactants atoms (A-A and B-B) and new bonds are forme

between the atoms A and B to produce the product (AB).

A B g\ ............... g A B
e s
+ — P — -
|
i ; -
A B Armeromcs -~ B A—B
(Reactants) (Activated Complex) (Products) -

Figure 9.2: Activated Complex of Reactants A, and B, :
The transition state (activated complex) is always at higher energy statét™
the reactants and products.
ivation Ene .‘
%iuﬁﬁm amount of :::geyrgy required which the molecules must have to u;ﬂ‘:’
activated complex is called activatioln energy. It is represented by E;. I
: ‘loioules per mole (kJmol ). '
o c')lr'l]l(::é,actantg are not directly converted into products. They first S"ms‘; A
1o form an activated complex and then this activated complex decompP®™
products. We can say that activation energy is an energy barrier (0f e[his
hetween the reactants and products. The reactant molecules must cross
barrier before they can fo.rm .lhe.prf)ducts, il
Crossing this barrier is similar to carrying a ball to the top of th¢ il
rolling down the other side, But if the ball will not reach at the top Of'h'l ;( st
back. Similarly, if activation energy is not provided, the reaction will i: by
the reactants will not converted into products, It can be best unde™
(326)
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energy diﬂgmm' i Activied comples
[n case of exot hermic

eactions, the potential energy of |
cactants is higher than products. This ¢
Jifference is shown by AH. To start the :
we have to provide the =] . et of Reacticer (A iy \ & H is negative for

Actrvalicn encrry is the

» Ty difference between
reaciands snd the acti vated
complex

rmcliOﬂ ¥ gxoliernic reaction
anerey E, 10 reach at the top of the Eenic: l N\ Pridhct
harrier.

In case of endothermic
mw‘ons, the potential energy of Reaction path ————

. than . Figure 9.3: A graph between reaction path and

ractants is lower products. This potential energy for exothermic reaction
d[ﬁermoe iS Shown by AH. TO Stal"t the Activaled complex

Activation energy is
the energy difference
* between reactants and

the activated complex

raction, we have to provide the

energy E, to form an activated
somplex.
The activation energy for the
orward and reverse reactions is not
————— ey -
ame for all of the reactions. For

PMroxdects

Pateniial Energy

xoffermic reactions, the activation [
fergy for the forward reaction i s
¢ forw _ 'cnon ls--les.’s Figure 9.4: A'graph between reaction path and
at of reverse reaction because potential energy for endothermic reaction

't reatTamYS At af higher energy level than the products. On the other hand, the
*ValON BIeTEyfor the Feverse reaction s higher than that of forward reaction
fause the products are at higher energy level than that of reactants. For
:90‘?Cm1ic reactions, the activation energy for the forward reaction is higher than
b feverse reaction because the reactants are at lower energy level than that of
1ets. On the other hand, the activation energy for the reverse reaction is lower
% of forward reaction because the products are at lower energy level than
) Ty Ote that:
%ﬁn feactions which are exothermic in forward direction will be
Fagt pgq e Teverse direction, ¥ .
i aCtiONs usually have low activation energies, and slow

) n?VChi hactivation encrgies.

S 1YSiS (Effect of Catalysts)

i, < Which is not consumed in a reaction but alters the rate of chemical
Calleg Catalyst. In most of the cases, the catalyst increases the rate of

(327)
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chemical reactions but in some cases, it decreases the rate of chemical rey,
The catalyst which increases the rate of reaction is called positive cat:;m |
a.:fitalyst which decreases the rate of reaction is called negative catalyst o inhs;,i
The increase in the rate of chemical reaction by the addition of a catalys js h‘
catalysis.

Catalysts not only play an important role in living organisms but the, :
play an important role in chemical industries too. In living organisms, the chens
reactions are catalyzed by bio-catalysts called enzymes. In industries, the
chemical reaction can be increased by raising the temperature of the reaction b
not economical. For example, the formation of ammonia by Haber process in(
absence of catalyst is very expensive. The addition of catalyst makes the formatie
of ammonia economical. That is, the chemical reactions that are catalyzedly
catalysts occur with reasonable rate at a much lower temperature and make

reaction economical.

9.4.1 Characteristics of Catalyst

The characteristics of catalyst arc as follows: :
I) Themain functionofcatalystisto increase the rate of reaction by dem“l'#‘a

activation energy. It does not increase the amount of product but it speeds 4p%
reaction to produce the product in a short time. In the presence of 2 catalyst
reaction occurs at higher rate and at lower temperature. It changes P
- mechanism of chemical reaction and a new reaction path is provided to the
In this way, greater number of reactant molecules can cross the lower ene& ™

As a result of this, rate of reaction increases. For example, OXYEET gﬂs? "
(](Clos) lﬂ

obtained by the thermal decomposition of potassium chlorate
laboratory:

e ZKCIO v 1 2KCl,y + 30, ® o jn
absence of acatalyst.
Heat ‘
2 KC]OS(&] T ZKCI(S) + 302(g] mui‘,

1 i 1 : it B
On industrial scale, the reaction must occur at an appreciable rate and | ol

high yield of the product. Hence, the rate of decomposition can be In¢ .
small amount of manganese dioxide (Mn0,), a black powder, iS addedt®”
Heat+MnO;

2 KClO3 > 2KClgy + 305,
(328)




ftis clear from the ﬁgurc 9.5 that the
catalyst lowers the activation energy
qnd provides a new pathto the reaction
put AH remains same.

i) The catalyst (MnO,) is not
consumed in the reaction as discussed
3 earlier and can be recovered at the end
" of reaction. The catalysts recovered
-~ can be used again. Hence, catalyst is
' potwritten into the equation because it s

neither aCt_s asa reac_tam nor as a Figure 9.5: Effect of catalyst on activation energy
product. It 1s usually written above the of reaction

ATOW,

) A catalyst only reduce the time of cquilibrium, it does not change the
equilibrium position of reversible reactions.

) Acatalyst has no effect on the total enthalpy (AH) of reaction. Hence, it can not
start those reactions which are not thermodynamically feasible.

¥) A particular catalyst works for a particular reaction. A catalyst can catalyzes
only specific reaction and cannot be used for every reaction. Change of catalyst also
changes the nature of the reaction, For example, in the presence of nickel (Ni), the
ctarbon monoxide and oxygen gases of water gas (CO+H,) react to produce CH, and
H:0while in the presence of ZnO catalyst, they react to produce CH,OH.

O + 3H,) —— H,0 + CHyy
COy + 2H,,, —=2— CH,0H,,
If iron coated alumina is used as a catalyst, then the mixture of carbon
Monoxide and hydrogen gases produce octane (gasoline).
8 CO(S) 28 Hz(s) LS R C8H18(l) + SHZO(’)
" Catalyst can be deactivated by small amount of impurity. Deactivation of a
“Ystby smal| amount of impurity is called poisoning of a c“.atalysl. A substancc.
;i;g‘ deactivageg the catalyst is called poison. For example, 1n contact Process of
dee. "€ Presence of small amount of As,0, (impurity) in sulphur dioxide gas
:cride%s the catalytic behaviour df V,0; (vanadium pentaoxide). Here Arsenic

Yij ]](‘Aaloa) acts as a poison, : ! :
¢ catalytic behavior of catalyst can be increased by the introduction of

|, (329)
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another substance. A substance which increases the activity of a catalys jg Callgg |
promoter or activator, It is also called Catalyst for a Cﬂ(al)’fﬂv For example, Nicke]
used as a catalyst in the hydrogenation of vegetable oil 0 ghee. The Cataly
activity of nickel can be increased by using cOpper and tellurium.
viit)Catalysts are more effective ina finely dividcd. f(_)rm (ppwder form) becauseof

high surface activity. For example, a finely dl\'lfied nickel also called Raney
nickel is used in the hydrogenation of vegetable il to form ghee.

9.4.2 Typesof Catalysis

Catalysts exist in different physical states: thcreforf?, lherg are three types of
catalysis on the basis of the nature of the rate increasing substances: (3
Homogeneous Catalysis, (b) Heterogeneous Catalysis, and (c) Enzyme Catalysi

a) Homogeneous Catalysis '
In homogeneous catalysis, the reactants and catalysts. are in same phasc
Homogeneous catalysis occurs either in gaseous phase or in tpe liquid (solunog]
phase. Consider the example of the formation of sulphuric acld_by lcgd che e
process. In lead chamber process, sulphuric acid is produced by dissolving SQ,,_
in water. The SO, gas is obtained by the oxidation of SO, gas. Such reaction s
catalyzed by nitric oxide (NJ?C)) \
280,45+ Oz &= 280,

In this reaction both the reactants and catalyst are gases. o
Consider another example of the hydrolysis of an ester (ethy] acetate) 5
presence of an acid (sulphuricacid) ora base (KOH). 3
’ : HOTor O~ 1.0Hg
CH,CO0C sy " Hy,0p & > CH;COOH,,t Cabls™
Here both the reactants and catalyst are in solution. |

b) Heterogeneous Catalysis

[n heterogeneous catalysis, the reactants and catalysts are in different P
heterogeneous cata lysis, the reactants are mostly in gaseous orin liquid sw
catalysts are in solid states. Heterogeneous catalysis most often involves B
reactants which are being on the surface of the solid catalyst. The atoms 3"
the surface of catalyst are very reactive and provide a site for the rca“::’w
adsorption may either be physical or chemical, In physical adsorption, 1€ i
are attached to catalysts surface by weak intermolecular forcesw# y)
in chemical adgorpti(m, the reactants are attached to the surface of the react® g
chemical bonding.-The bonds in the reactant species during chemical M |
may either be broken or weakened. The adsorption of reactants on the

(330)
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id catalyst increases the concentration of reactants which in turn increases the
| sl of reaction. Consldt?r Ult_‘ lﬂanufacturc of sulphuric acid by contact process. In
:_ ontactprocess: sulphuric acid is produced by dissolving SO, gas in water. The S,O?
q isobtained by the oxidation of 8O, gas in the presence of vanadium pentaoxide
w§05}cmlys" ViOsiq)
5 2502@) + Ol(g) i g 2803‘8)
Here reactants are gases and catalyst is solid.
Consider another example of the hydrogenation of ethene to ethane in the
resence of nickel catalyst. %
¢ CHy=CHypyt Hypy —— CH,-CH,,
Here reactants are gases and catalyst is solid. Most of the catalysts used in
industrial chemical processes are heterogeneous, because such catalysts can be
-wsily separated from the reaction products to some extent.
. Table 9.4: The Uses of Some Heterogeneous Catalysts

ki) € Catalysis |

Hecin molecules which catlyze the chemical reactions in the living

g Sheymes. The chemical reaction which is calyzed by

lled enzyme catalysis, Each cmmeisprdducedi‘naparﬁcularliving

on takmg place in that cell. Many enzymes have been
(330
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identified and obtained in pure crystalline state from the cells to which they b g
However, the first enzyme was prepared in the laboratory in 1960. Some oM,
examples of enzyme catalysis are: |

i)  The starch is hydrolyzed into maltose by diastase enzyme present in the ygeq

o

2(CH;05), + nH,0 — =y nCpHx0,,

(Starch) (Maltose)
i) The maltose can be converted into glucose and fructose by maltase enzym
present in the yeast. ;

Maltase I & (B o]
CIIHEQO” T H:O Yeast ? ((\”5300 (hlllloﬁ
(Maltose) (Glucose) (Fructose)

iii) The cane sugar juice can also be converted into glucose and fructose by
invertase enzyme present in the yeast. '
Invertase ~
CipHpO + HY0 > CgHOg + CeHi0g

Yeast 26 2 \
(Sucrose) {Glucose) (Fructose)

iv) Glucose can be converted into ethyl alcohol by the zymase enzyme p
the yeast.

CeH 0 —22% , 2C,H,0H. + 2C0,

Ps

v) The urea is hydrolyzed into ammonia and carbon dioxide by 01’38“
present in the soya bean.

(NH,),CO + H,0 S DG 2NH, + €O,

Sova bean
Urea Ammonia

(332)
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product is called effective collisi&n

Catalyst is a substance that usually speeds up a chemical mm‘m]’y -5
activation energy. The catalyst is not used up by the reaction and
recovered at the end of reaction. i
The process by which a catalyst increases the rate of chemical reaction :
catalys:s Catalys:s may mthcr be homogcncous or m.., s

phase while in hetemgeneous catalysis, the 'ﬂm}ﬂb’f’t and : j :
exist in different substances. 3

Enzymcs are usually the complex protem moleoules and

Q.1. Fouranswers are given for each question. Select the correct one:

i) Chemical kinetics deals with the study of:

(a) Reactionrate (b) reaction mechanism
(c) factorsthataffectthereactionrate (d)all ofthem

ii) Theenergy ofactivated complex is:

(a) Lower than the energy of reactants and higher than the et
products

(b) lower than the energy of products and higher than the eactsl
reactants

(c) lowerthantheenergy ofboth the reactants and products

(d) higherthan the energy of both the reactants and products b

iii) A substance that alters the rate of chemical reaction ™!
consumed in the reaction is called:

(a) Catalyst (b) reactant

(c) product (d) activated complex

iv) Thesloweststepina step-by-step reaction is called

(a) Ratedetermining step (b) rate limiting step !
(c) ratecontrolling step (d) all of them p oubh“s 4

v) The rate of which reaction increases four times bY
concentration(s) of reactant(s)?

(a) Firstorder (b) second order

(334) J

Scanned with CamScanner



(¢) thirdorder (d) zero order
vi) Decomposition of N, O, is an example of!

(a) Frst order (b) second order

(¢) thirdorder (d) zero order

vii) The collision that results in the formation of product is called:
(a) Fruit full collision (b) effective collision

(¢) bothaandb (d) ineffective collision

viii) Which one of the following does NOT influence rate of reaction?
(a) Concentration (b) temperature

(¢) catalyst (d) activation energy

ix) The unitofrate constant for third order reaction is:

(a) g (b) mol ‘dm’s '

(¢) mol“dm"s” (d)ymoldm s '

x) Which one of the following reactions is NOT the example of
heterogeneous catalysis?

a) 280, + O, zpﬁ 230,
b) CH,=CH; + H, —>  CH,-CH,

¢) CO + 2H, —2:20 , CH,0H

d) 250, + 0, ——=— 250,

Q.2.  Fillin the blanks with suitable words given in the brackets:
i)  The change in the concentration of reactants or products over time is

called .(reaction rate/reaction mechanism)
i) At the beginning the instantancous rate is than the

average rate. (lower/higher)
iii) A catalyst that increases the rate of chemical reaction is called

: catalyst. (positive/negative) . ;
V) The rate of reaction by increasing temperature.

decreases/increases) :
V) A catalyst the activation energy of the chemical

Feaction. (decreases/increases) R )
Vi) he amount of energy needed for molecules to undergo reaction is

——__.(internal energy/activation energy) ‘
Vi) The smaller the surface area of the reacting substances, the

——___isthereaction rate. (higher/lower) ' \
Vi) Alkali metals (group 1A elements) react with water swiftly than

alk'AIinc earth metals (g[()up A elements) due to
(339)
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Q3.

atomic sizes. (smaller/larger)
ix) At room temperature, the rates of many reactions roughly doubje

with every 10°C rise in temperature due to i

number of effective collisions. (decrease/increase) S

x) A substance which increases the activity of a catalyst is calje
. (activator/inhibitor)

Label the following statements as True or False:
i) The neutralization of acids by bases is the example of sigy

reactions.
ii) Order of reaction is predicted from a balanced chemical equatio
the rate equation is equal to the

because the sum of exponents in
coefficient of balanced chemical equation.

iii) For exothermic reactions, the potential energy of reactants is higher
than the potential energy of products.

iv) The activation energy is the minimum when all the collisioss
among the molecules of reactants are effective.
v) The rate of both forward and reverse reaction INCreases by

increasing temperature.

vi) Itiseasytoignite the match stich thana big log.
vii) Thereaction intermediate has temporary existe
viii) The activation energy for the forward and reverse re

for all of the reactions.
ix) Asubstance which slows down a reaction is called inhibitor.

x) Aparticular catalyst works for a particular reaction. .
What is chemical kinetics? What information it gives for the chemi®
reactions?

What is meant by

nce and isunstablé
actions is Sam®

the reaction rate? What are the usual units of reat

rate? g

How can you C}ifferenﬁate between average rate and instantaneous e

chemical reaction? o
frocts O

Name the factors that affect the reaction rate. Discuss the €
concentration, temperature, and surface area on reactionrates: o
What is reaction mechanism? Discuss the reaction mechanis™
reaction. | |
What is order of reaction? What do you know about first o,rd:;;np“”
order, third order and zero order chemical reactions? Give 20 e

each.

- Consider 1?;]: formation of phosgene gas from CO and CL: ,;
CO (e + 2(g) R COC]Z (g) nl" %
tempe™

The initial rates obtained from three experiments ata given
givenin the table.
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Q1L
Q.12:

Q.13:
0.14:

Q.15:
Q.16:

QI7:
(Q.18:
0.19:

[ !l e el dur) | e
"_- | ’ (L01S ’- r)_lo(;s‘. l.?ﬁ_‘»fl_(!'m |

2 | 0030 | g0068 3402101 |
B 4 | 0015 | 00206 | 51010

By using the data, dcterm'ine (a) the reaction orders for both the reactants,
the overall order of reaction and the rate law, and (b) the value of the rate
constantat a given temperature.,

Defme rate determining step, cleme; ary step, and reaction intermediate.
Explain the significance of the rate determining step on the overall rate of'a
multistep reaclion,

Explain collision theory and give main conditions of this theory.

Explain the following:

(a) Rate law (b) Transition state (c) Activation energy
Explainhoiy activation energy influences the rate of chemical reaction?
What. is catalysis? Explain the difference between homogeneous and
heterogencaus catalysis, Give an excinple of cach.

Whatis catalyst? What are the characteristics of catalyst? Whatis the efteet
ofacatalyst on the activation energy?

Describe some of the important industrial processes that are dependent on
catalysts,

Explain the following statements:

4) The reaction of thick copper wire with hot concentrated sulphuric acid
isslowand that of thin copper wire is fast.

b) Al collisions of reactant molecules do not result in the formation of
Product, Give reasons.

¢) The rate expression for a reaction is determined from experiment and

not from the balanced chemical equation, ‘
The rate of reaction can be increased without changing the

‘emperatyre,
®) The order of reaction is not necessarily equal to the sum of the
“Ocflicients in the balanced chemical equation.
f Catalyst js neither areactant nor a product.
¢radioactive decay is the example of first OI'dEI.' reaction, :
i)') The secong order and third order reactions have different units.
Which sugar dissolves the fastest, the granular sugar or the powder

*Ugar? Gy reason.
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