g1 Chemical Kinetics

g2 Rates of Reactions

9.3 Collision Theory, Transition State and Activation Energy
94 Catalysis

® Define chemical kinetics. (Remembering)

' Explain and use the terms rate of reaction, rate equation, order of reaction. rate
- constant and rate determining step. (Understanding)

® Explain qualitatively factors affecting rate of reaction. (Applying)

* Given the order with respect ta each reactant, write the rate law for the reaction,
~ (Applying)

* Explain what is meant by the terms activation energy and activated complex,
j (Understandmg)

* Relate the ideas of activation energy and the activated complex to the rate of a
| [eaction. (Applying)

8 Uie he colision theory to explaia how the rate of a chemical reaction is influenced
~ Wthetemperature, concentration, size of molecules and. (Applying)

qgg?‘.’?mtmﬁal energy diagram for a reaction, discuss the reaction mechanism for
3 = mon (Applymg) e : :

: a:p!ﬁl;nmeﬂ‘ects_ of concentration, temperature and surface area on reaction rates.
. Plying)

o i the significance of the rate-determining step on the overall rate of a multi-
';'fi (Analyzing)
R

ibe the role of the rate constant in the theoretical determination of reaction
Applying)
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9.1 Introduction toChemical Kinetics |
The different chemical reactions occur at very different rates. Some reactions ocor
very slowly and some occur very quickly. The reactions may tafce §econds, weeksar
months to occur. The rusting of iron, the conversion of graphite nto 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 ethaml
and carbon dioxide; and the hydrolysis of an ester to give acid and ethanol are alsy.
the examples of slow reactions. On the other hand, the combustion of petml. ne
explosion of gun powder, the neutralization of an acid (HCI) by a base (NaOH), L
the reaction of hemoglobin with oxygen and CO occur very quickly and 81'0‘
fast reactions. Chemical kinetics is the branch of chemistry which deals W‘iﬂ? o
study of reaction rate (speed), reaction mechanism and factors thal affect I
reaction rate. The laws of thermodynamics support us to decide "
reaction is feasible or not but chemical kinetics helps us to know: r
i) How fast chemical reactions occur? ‘
i) How reactions speed can be controlled? |
iii) Whatare the factors (variables) that affect reactions rate?
For example, when the food is stored in the refrigerator, the t o
food is slowed down and the food is preserved. Here the re@ tion S

(c}ecqmposition of food) is controlled by decreasing the temperatur®
!(m'encs not only plays an important role in our daily life but it also pla)‘ﬁ_“_Vl %
in industries. For example, it helps to predict the expiry date of ™ i g
:'neccdlcmcs lose their effectiveness with the passage of HME © .,y
omposition of active ingredi ' e
gredients, It also helps us to get the ™) o1

during industrial process. It is the chemical kinetics that decides ‘VMM '
h 3 oa

e

chemical reaction is economical or not. For example, the economical ®
’ “
h

ammonia in the industry mainly depends on th st whieh
, ¢ speed of reaction at of
(N, and H,) are converted into product (NH ). In this c:a ter we n-;ainl)’f"c‘;s
3 P : nmfﬁv

reaction rate, the mechanism and the variables that influence the reac
(312)
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p of Reactions
‘. ol Rates

TS freaction.

reac [ion =
ueol

i the concentration of reactants or products per unit time 15 called rate

Change in concentration of reactants (orproducts) AC

Change in time At

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

: 3.4 :
_meter cube per second (moldm™s '), The usual unit for gaseous reaction is atm
.
- Consider a general chemical reaction in which the reactant A 1s converted
gopeoduct B.
' A— 3 B

- When the reaction proceeds, then the concentration of reactant A decreases
adthatof product B increases with the passage of time. It can be best understand by
i graph. When we plot a graph between concentration (of reactants and products)
yauis and time on x-axis, then we will able to show the change in the
wEntration 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
Miicts is the steepest which indicates that the reactants are converted into
; "8 at greater speed. After some times, the slope becomes less steep which
**that the change in concentration
IS o products s slowing
A?»'“le end of a reaction, the
10 of the reactant becomes
T2t Of product becomes the

‘ "and he reaction stops. The
i ops. 1

=
o
+

Concentration of reactants and products (moldm'*)
S o
s o

A Mmmﬁon‘ of r&act'ants 0:3 1

:: ‘i"‘eofcly,‘,,,,te SR )

Mﬂretw 1Calreacnon, & D Al

o, 0 ypes of rates 0 =0 15 SRR

- ane. . :

P ot TemilCmentem
Qfmﬁon. 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 interyg) is

instantaneous rate of reaction. The instantancous rate of reaction goes op ch %

every moment. It is very fast at the beginning and very slow at the end of reatiog
The instantaneous rate of reaction can be calculated from the ol

eXpressions: _d[A]
Instantaneous rate of reaction = T or
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 1n time. The d{A]
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 the a
expression which shows that the concentration of product B increases during &
passage of time. :

iil)  Average Rate of Reaction
The total change in concentration divided by total time is called avmgCM

reaction. . :
Total change in concentration
b

Total change in time
At the beginning, the instantancous rate is higher than the average ot ‘
end of the interval, the instantaneous rate is lower than the averaf® a7
instantaneous rate and average rate of reactions are equal for only 00¢
time interval.

9.2.1 The Rate Law ol
We already know that, the rate of chemical reaction is directly proP° o &
product of concentrations of reactants each raised to some POV
general chemical reaction, in which A reacts with B to produce € and D
. aA + bB > ¢C +dD

According to law of mass action,

Rate of reaction o [A]'[B]’ o

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

This equation is called rate equation or rate law. H

constant.

Average rate of reaction =

ere K ¥

(314)
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The ate equation is generally written in the form:
T { . i \ :

portionality constant of rate equation and is known as the rate constant
cate constant. We can determine its value, if we know the concentration of
and order of reaction. Its value is directly proportional to the rate of reaction,
ﬂ"‘"”,,,,, reactions with higher rate has higher value of K and the reactions which
, mds clowly have lower value of K. The value of K remains same for a specific
and is independent of reactants or products concentrations and does not change

‘ m atconstant temperature. The value of K increases by increase in temperature
idws by decrease in temperature. The magnitude of K alters when a catalyst is

Muﬁemcuon mixture. ot

.i In the rate equation, it is not necessary that the powers (exponents m and n)
\always 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
wperimentally. It is 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
e 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,
wnsider the reaction of nitric oxide with hydrogen:
2NO.+ 2H, —— 5 N+ 2H,0 Rate = K[H;][NO]*
The exponent of 1 for hydrogen concentration shows that the reaction is first
d "“h respect to hydrogen. The exponent of 2 for the nitric oxide (NO)
ion shows that the reaction is second order with respect to nitric oxide.
&m °flhe exponents of both the reactants shows the overall order of reaction,

h'mm : reaction is of third order (1 +2 =3) overall.
P

esof rate law are:
) 1 Reactions Rate Law
e — ., N0+ 0, Rate = K[NO,
5\1' 3 .
p'° —— aNo,+ 0, Rafe = KN, 0]
he' —— 5 O H] Rate = K[H.[1]

I“ m:'“"'y and Overall Reactions
nin o OCeur in single step but most of the reactions oceur by a series of
WVolved in a several step reaction are called mechanism of reaction

(315)
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Or reaction pathway. A single step in a mechanism of reaction jg
clementary reaction or clementary step.

Keen n Ving T3 TSRS T
nism of Chemical Reactions? It is not ane

How do Chemists Determine the Mecha 35y ok
determine the mechanism of chemical reaction, that is, it needs expertness. The Chau!:
determine the rate law by experiments at first, and then they propose mechanism for chem:
reactions. The elementary steps of the reaction are added up, it it gives the overall balanced
chemical equation, then this mechanism is accepted, if not, then rejected. They also 5
the proposed mechanism with experimentally determined rate law, if they do agree, then this
mechanism is accepted, if do not agrec, then this mechanism is rejected and work oy fir
\_another mechanism. |

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

NO, i + COy ——NOy, + €Oy, Overall reaction

According to law of mass action,

Rate ofreaction = K[NO,][CO]

But experimentally determined rate equation of the reaction is: .

Rateofreaction = K[NO,J’ |

This equation shows that the rate of reaction depends upon the cont‘aell“'lt’m
of NO, and it does not depend upon the concentration of CO. The reaction isof |

second order. The proposed mechanism for this reaction is:

NO,) + NOy, — NOyq) + NOQ, Elementary reaction

Fast

NOyy) + COq —— NOyy, + CO,, Elementary l"ﬂc.dm. ‘
We get the overall reaction by taking the sum of the elementary reactions:

NOyg * NOyg —= MOyt NO, Elementary reactio”

NOy, + COy —m't—’)‘% + COyy, Elemenw
NOy, * Co(s) =t NO(;) + COz‘g) Overall reactio? :
In the several steps reaction, all the elementary steps do not 1a¥e the ;
rate, that is, one step is much slower than the others. The slowest stzll)l A
determines the rate of chemical reaction in a several step reaction 1% ,
determining step or rate !imiting step, Note that, the overall reaction can™ it
than the rate of determining step (the slowest elementary reactions step i
above reaction, the slowest step (first step) is the rate determining 5! ot
which does not appear in the balanced equation is called reaction interme?

(31E)
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reaction intemlcd’iﬂ.(c has temporary existence and is unstable, Itisneithera mactant
poraproduct but itis produced dur; ng the path of reaction, that is, it is fonnedmpne

and completely consumed in the Jater step. NO, has normal bonds and itcan be
isolated (separated) under special conditions.

9,2.3 Order of Reaction and jts Determination

The numiber of atoms or molecules whose concentrations determines the rate of
reaction is called order of reaction. It may also be defined as
The sum of all the exponents of th
culled order of reaction. For example;
Rateofreaction = K[A]"[B]"
Orderofreaction = m+n
Order of reaction is determined experimentally. Order of reaction is not
predicted from a balanced chemical ¢quation because the sum of exponents in the
Tate equation may or may not be the same as in a balanced 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 propertiona! to the
power of the concentration of one reacting substance is called first order
Taction,

Rateofreaction = K[A]'

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

C concentration terms in a rafe equation is

For example:

NI — - 2NO, + %0, Rate of reaction = K[N,O:]
) NH‘Noz =—— N, #2H.0 Rateofreaction = K[NH,NO,]
feond Order Reaction

- action in which rate of a chemical reaction is directly proportional to the
OFthe molar concentration of one reacting substance (or to the product of
- COncentrationg of two reacting substances) is called second order reaction.

I Rfileof reaction = K[A]' or  Rateofreaction = K[A][B]
5 The rate of second order reaction quadruples by doubling the concentrations
5 BOI'CXample:
.;‘_gZ* h— | om Rate of reaction = K[Hglj[lz]
L 0, T30, Rate of reaction = K] O.]°
‘ (3
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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
molar concentration of one reacting substance and square of the other C
substance)is called third order reaction.

- vEAMNRIC Yate O Teaction KTAY
Rate ofreaction = K[A]B][C] or Rate ol e = KIAT]B]

The rate of third order reaction octuples by doubling the concentration
reactants. ]

Forexample: ‘
1) ANIOY =) ——y » 2 NO, Rate of reaction = KINOJ [0 |
ii) INO + AHy — s N. + 2H-:0 Rateol reaction = K{N('i?}l"ﬁi'v

Zeroth Order Reaction
The reaction whose rate does not depend upon the concentration of any reactan’s
called zeroth order reaction.,

Rate of reaction = K[A]

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

Forexample:

i) Photosynthesis (Photochemical reactions).

5 Tungstcn = iy 75 . : 3 T
i) -2NH; ———— N, +3H, Rate of reaction = KNt

Experimental Determination of Order of Reaction ,
We can calculate order of reaction, if we know the rate of reaction: T
reaction is the change in concentrations of the reactants or products- 1 g3
reaction is generally determined by physical and chemical methods: ™"

methods include spectrometry, electrical conductivity, dilatometry: refrat®

optical rotation method, pH metric method, and gas chromatograph¥

The method used to monitor changes in the oo o reacw“,of
depends on the specific reaction. § '

o C0

Uppose a series of experiments 18 f
observed the effect of concentratiop on the rate of reaction to l"e‘ﬁct |
reaction,

i) Supposeareactionhas only one réactant and itsrateconstﬂﬂ‘l("amcp |
(318)
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Table 2.1 imu e and concentration ui reng mnf‘iA and I3

Experiments | and 2 show thdt when

we double the initial concentration of A
0,01 to 0.02. doubles the rate of reaction from 00025 to 0.005.

Experiments | and 3 shows that when we quadruples the initial

mmmmtlon of A from 0.01 to 0.04, quadruples the rate of reaction from 0.0025 to

lﬂl Itmeans that the rate of reaction is directly proportional to the first power of
socentration of reactant A.

Rate o [A]'
A reaction whose rate of reaction depends on the concentration of a single
cctant 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
mantKlsl 20mol 'dm’s .
Table 9 2: lmual me and concemmuon of reactants A and B

_Periment | and 2 show that when we keep the concentration of reactant A
" “"‘mdruples the initial concentration of B from 0.02 t0 0.08, quadruples
O reaction from 0.0048 to 0.0192. It means that the rate of reaction is
" F9P0rtional tq the fist power of the molar concentration of reactant B,

M‘B “ [B] SRS oo (i)

nts | and 3 show that when we keep the concentration of reactant B
o e Plethe initial concentration of A from 0.20 to 0.40, doubles the rate
ﬁ% 0.0048 10 0.0096. It means that the rate of reaction is directly

(319)
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powcrof concentration of reactant A.

proportional to the firs! ‘
(1)

Rato o [A] | lsiememneness
By comparing equation (i) and (ii), we have

Rate o [A] '18]' or

Rate = I([A] [B]

The sum of the exponents of both the reactants shows the overa| :l

reaction, hence this reaction is of second order (1+1=2)overall.
iii)  Consider the reaction between reactants A and B. the value of ther

constant K is 1.20mol zdm68 ;

‘_.wﬁ" ,\ ..4-;
/», nol di ,wj )7 % e /|

Expenmcnts 1 and 2 show that when we keep the concen
constant and double the initial concentration of B from 0.02 to 0.04, quact=t 4
rate of reaction from 0.0048 to 0.0192. It means that the rate of reaction 4
proportional to the square of the molar concentration of reactant 8.
Ratecx [B] b (1) o
Experiments 1 and 3 show that when we keep the concentratio?® e
constantand double thie mitial cancenteation ofA from 02010 0A% 5 52
of reaction from 0.0048 to 0.0096. It means that the rat¢ of reacti®’ ~
proportional to the first power of concentration of reactant A-

Rate oc [A] Sl ey ()

By comparing equation (i) and (ii), we have

Rate « [A]'[B] or
Rate= K[A] [B] i

The sum of the exponents of both the reactants shOWS ™

reaction, hence this reaction is of third order (1 +2=3) ©
(@
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Aerthe reaction t;ctwccn hydrogen and nitric oxide:
Conside 2NO+H, —, 2H,04+ N,

itial rate data for the reaction between NO and H. is given below in the table:

| Initinl Concentration (mol dm’) | ynitial Rute |

' l,:‘perimcm\ e r

| | |H,| INOJ (moldm s ') |
B 0025 |  gos0 25%10° |
[ 0050 | 0050 s0x10" |
[ o2 0.100 1L0x10° |

From the abow./c data, determine ('a) the rate cquali.on for reaction, and the
adcrf)f reaction and (b) the rate constant value at room temperature.

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

rate of reaction is directly proportional 1o the first power of concentration
ofreactant H,.

L TR (i)
Experiments 1 and 3 show that by doubling the concentration of NO from
0.050t0 0100, quadruples the rate from 2.5 x 1010 1,0 x 10°, hence the

er: of reaction is directly proportional to the square of concentration of

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

- X = KNy

% mf@bupouems of both the reactants shows the overall order
) We kngw this reaction is of third order (1 +2 = 3)overall.
| & that the rate equation for the reaction is:
“KHJNOP  or K = —2e ;
By neaes: [“:J'[NOI

7 Pilting the va|yeg in the above equation, we get:
 Kis 25 x10”mol dm™s

(0.025 mol dm (0,050 mol dm™)’

(321

= 40 mol *dm®s~!
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AL WA

5.0 x107" mol dm s’ o mol‘sz.l\
o (0.050 mol dni’)(0.050 mol dm*)? i
1.0 %102 mol dmi’s”
A (0.025 mol dm )(0.100 mol dm )’

As discussed earlier, the rate constant is independent of concentrag
constant temperature, Note that the units of rate constant (K) depend gy
number of concentration terms in the rate equation at}d on the valuy
exponénts. Some of the common units of rate constant are given in the table:

]

40 mol *dmfs!

Overall Order of Reaction | Rate Equation Unitsof |
First order Rate = K[A] g '
Second order Rate = K[A][B] mol 'dm’s” ! J
Third order Rate = K[AP(B] |mol’dm®s' |
L Zeroth order Rate = K moldm’s’ |

” ’0-' ii

ation (mol dm™) — Initial Jg
| [0a1 (mol dm 2~
R 1 0.022 0.012 1.253‘}0?,[
2 o024 | 25010
!;.3.4 Facft(:‘? A::lecﬁng Rate of Reaction
e rates of chemical reactions are infly Lo factors:
1)  Thenature of the reactants. et IS
i) Theconcentration of the reactanys,
i) Thesurface area ofthe reactants,
iv) Thetemperature of the reactants.
v) Theactionofthe catalysts,
(322) i
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In this topic we are BOINE to discuss the first four and the action of the
catalysts will be discussed in the ﬁ‘l'llu?nmmg topic (9.4),

)  TheNaturcofthe Reactants
The rate of chemical reactions depends upon the nature of the reactants. Some

substances react swiftly while others react slowly. For example, the reaction of
pogassium with water is very fas than that of calcium

2K + 2H,0 —L_,7x0l + H,

T P —

Ca + 2H,0 —_ C40H), + H.
Thereactions between ionic compounds are fast. |
NaCl and AgNO,in the solution i very fa
chloride ions have no bonds to break. In
between silver ions and chloride ions to prod

fast. For example, the reaction between
st. In the solution, the silver ions and
this case only new bonds are formed
uce silverchloride.

NoCliy) + AGNOy ., —B= 5 Aoy + NaNO, .

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

(CH;),CH-0OH + HCI iy (CHy),CH=C) + H,0

510 niinutes
i) The Concentration of the Reactants
Eﬂc rate of chemical reactions increases by increasing the concentration of all or
@y one of the reactants, For example, wood bum much more rapidly in pure O,
N 00%) than in the air in which only 21% oxygen is present. Because the
Soncentration of oxygen in pure oxygen is five times greater than air.
By increasing the concentration of reacting substances, the chances of
+"ision between the molecules increases and the rate of reaction increases. This is
e of the greater number of molecules per unit volume.
Rate of reaction oc [A][B]

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

'h)c TheSurface Area of the Reactants
e edctions occur at the surface area between the reactants. The rate of
mn i directly proportional to the surface area of the reactants. The larger the
™ 4T¢a the higher is the reaction rate and the smaller the surface area the lower

Caction rgte 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 increascd
grinding the big crystals into smaller. ones. For example, the reaction gf Zine
granules with hydrochloric acid is very slow and that of zine dust (powder) is yg
fast, j
Zn (Granules) 2HC), —

7nm(,l,)usl’| + 2HCI = /‘“('.l.’.-:uu ' ”'-"'-_'.'

1ag)

Likewise. the reaction of marble chips (big pieces of CaCO,) with sulphyg,
acid is slow and that of marble powder is fast. You know that it 1s difficult 1o ignife
the big log. This is due to small surface area. [f we break the log into smaller iy
sticks (kindling), then the surface areaincreases and it will become easy to ignite
kindling.

iv) The Temperature of the Reactants
The kinetic energy of the particles of the substance is directly proportional to e
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. Whenwe.
keep milk at lower temperature inside the refrigerator, the chemical reactions il
cause the milk to spoil are slow down and hence the milk remains fresh for a fongét
time. If we keep it in the kitchen at room temperature, the milk will spoil much moe:
readily and becomes sour. On the other hand, food cooks more quickly in pressit
cooker (airtight pot) than an open pot. The boiling point of water in pressure cook®
is higher than its normal boiling point of 100°C. At higher temperature, the hes®
decomposition of food (rate of reaction) is high and hence, the food cooks in shot
period of time. }

At room temperature, the rates of many reactions roughly double With =5
10°C rise in temperature. If the temperature is increased by 20°C, the 8%
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 Eners’
9.3.1 Collision Theory |
According to the collision theory of chemical kineti : - ops 267
oS tics, chemical reaction>=" . g
take place l?y collisions between the reacting substances (atoms, mol cculesor o
By increasing the concentration of reacting substances, the chances o ', 4
between particles increase due to greater nummber Ofpamzclcs- per unit solumé”

(324)
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pence the rate of reaction increases. The rate ofcollision is directly proportional to
heconcentration of reactants A and 21,
the cone

Rate of collsion = |A][B]
The rate of reaction is directly proportional to the number of collision
- petween the reactant molecules per second,
Rate ofreaction o« Number of collisions per second
We may say that by increasing the concentration of reacting substances, the
mte of collision increases which in tumn increase the rate of reaction and vice versa.
i Consider the formation of a product by the reaction of reactants 4 and B. If the
' toncentration of reactant 4 is doubled. the rate at which B molecules collide with 4
molecules is also doubled. Likewise, if the concentration of reactant B is doubled,
~ therateatwhich 4 molecules collide with B molecules is alsa doubled. The reaction
i 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 cffective or fruitful collisions.

The collisions which do not give products are called ineffective collisions.
Three main conditions of this theory are:

The reacting substances must collide with one another to react.

4 Foreffective collisions, the molecules must have sufficient amount of energy to
—tereaction by breaking old bonds and forming new bonds during the process.
. CTeactant molecules must collide with proper orientation that could enable
~ioreact with one another.

Ifall the collisions among the reactant molecules are effective, the reaction
“Ompleted in a short time.

- Transition §eage
'hi&hmquwciewhich is formed by collision of reactant molecules
i, CVated complex. Itis short-lived specie and decomposes into products
b 7y Y Uhas a trangient existence that is why; it is also called a transition
L of energy needed to convert the reactants into the activated
g, Transitiop State) is called activation energy (E.). When molecules
| OF kinetic energy of colliding molecules is converted into potential
. molecules slow down. If this potential energy is equal to or
(295)

Sconned with CamScanner



more than activation energy, then the molecules may be act'i v al.cd and the ACtivageg
complex is formed. If this potential energy is less than acuvau‘on energy. then g,
molecules upon collision bounce back and do not form the ficnvaled compley gy
the reaction does not occur. The activated complex has partial bonding of both jy
reactants and products. When activated complex is formed, then there are twy
possibilities: _

(a) Itmay reconstruct the original bonds and change back into the reactants;
(b) Itmay constructnew bonds and change in to products. .

Both forward and reverse reactions produce the samce activated complex. Fe
example, molecules A, react with B, to give product, AB. The activz}ted complex .,
formed when molecules of A, collide with molecules of 1?2. The activated comple
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 form

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

B
A B #\ I?
i :
+ =ty i —— B
| | 2
A B Aprrerseios B A—B
(Reactants) (Activated Complex) (Products)

Figure 9.2: Activated Complex of Reactants A, and B, o
The transition state (activated complex) is always at higher energy S

the reactants and products.
ivation Ene
gﬂﬁ.ﬁ;ﬁm amount of erlggy required which the molecules must have muf::: 3
activated complex is called activation energy. It is represented by E, IS
joules or kilojoules permole (kJ mol ). ‘
The reactants are not directly converted into products. They first
to form an activated complex and then this activated complex dec®
products. We can say that activation energy is an energy barrier (0 " ;
between the reactants and products. The reactant molecules must €105
barrier before they can fopn .lhe.prpducts. bl
Crossing this barrier is similar to carrying a ball to the top of thc." : Ll
rolling down the other Sid_& But if the ball will not reach at the top Ot:h' ;,t
back. Similarly, if activation energy is not provided, the reaction will l: it
the reactants will not converted into products, It can be best unders

(326)

gain g

Sconned with CamScanner



cnergy d'agmm Avtivaser) comples

[n case of exothermic
ctions, the potential energy 91‘ o
reactants is higher than products, This
dlﬁ‘enn(:CH shownby AH. Tostartthe 3| |
we have to provide the .

Actevation enerey is 1he
, nengy difference hetween
¥ reactants and the activated

complex

A'H s negative for

mf"oﬂ Heat ol Rescixm (A H) prui . il
eergy E, to reach at the top of the o l _ Product
harrier.
In case of endothermic
wactions, the potential energy of Reaction path ——p
actants is lower than products. This Figure 9.3: A graph between reaction path and
i potential energy for exothermic reaction
difference 1s shown by AH, To start the Aetimid comtex
. - Activation cnergy is
reaction, we have to provide the the eneryy difference
2 £ ¥ between reactants and
emergy E, to form an activated 1 30 RoRvANR O
Mroxdects

somplex.
The activation energy for the

orward and reverse reactions is not |
ame for all of the reactions. For

Fotenital Erergy

wofiermic_reactions, the activation | =
nergy for the forward reaction is less R

Figure 9.4: A'graph between reaction path and
ta That of reverse reacnon because _ potential encrgy for endothermic reaction

e reaCTTS 7S 2 at higher energy level than the products. On the other hand, the
““mmmmghm than that of forward reaction
*AUse the products are at higher energy level than that of reactants. For

ic Teactions, the activation energy for the forward reaction is higher than
Crse reaction because the reactants are at lower energy level than that of
“°15. On the other hand, the activation energy for the reverse reaction is lower

HOM
foduots

iy

that of forward reaction because the products are at lower energy level than
gt"’.rh‘s ote that:
Mg Teactions which are exothermic in forward direction will be
J pas inthe reverse direction,

.reactxons usually have low activation energies, and slow

RN activation enegg!es
b Ysis (Effect of Catalysts)

it _whlcﬁ 18 not consumed in a reaction but alters the rate of chemical
alled Catalyst. In most of the cases, the catalyst increases the rate of
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chemical reactions but in some cases, it decreases the rate of chemical peg.:
The catalyst which increases the rate of reaction is called positive catan;“'l
catalyst which decreases the rate of reaction is called negative catalyst or i)'s.L j
The increase in the rate of chemical reaction by the addition of a catalysxl:mq
catalysis.

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

reaction economical.

9.4.1 Characteristics of Catalyst

The characteristics of catalyst are as follows:
I) The main function of catalyst s to increase the rate of reaction by

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 a catalfst™
reaction occurs at higher rate and at lower temperature. It changes P9°
- mechanism of chemical reaction and a new reaction path is provided to there&="
In this way, greater number of reactant molecules can cross the lower energy
As a result of this, rate of reaction increases. For example, oxygen 85

g
obtained by the thermal decomposition of potassium chlorai¢ (K(:IO,)‘

laboratory:
The decomposition of KCIO, at room temperature is very slow when €8
absence ofa catalyst.

_ Heat
2KC103(SJ Slow ZKCl(s} + 302(3) 'uﬂust
TR oy o

On industrial scale, the reaction must occur at an appreciable rate and rc65°d .
high yield of the product. Hence, the rate of decomposition can be in° .
small amount of manganese dioxide (Mn0Q,), a black powder, 18 added 0!

Heat=MnO);

2 KCIO1 Fast *» 2KCly + 304,
(328)




It is clear from the tiglnrc 9.5 that the ' I
catalyst lowers the activation energy |
qnd provides anew path to the reaction 1
but AH remains same.
i) The catalyst (MnO,) 1S not
consumed in the reaction as discussed Heat of Reaction (A H)
earlierand can be recovered at the end ! | l
" of reaction. The catalysts recovered | A
can be used again. Hence, catalyst is
pot written into the equation because it
Resction path —————

neither &§ e reac_mm i Figure 9.5: Effect of catalyst on activation energy
product. It is usually written above the of reaction

ATOW.

iii) A catalyst only reduce the time of equilibrium, it does not change the

equilibrium position of reversible reactions.

v) A catalyst has no effect on the total enthalpy (AH) of reaction. Hence, it can not

start those reactions which are not thermodynamically feasible.

v) 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
 carbon monoxide and oxygen gases of water gas (CO+H,) react to produce CH, and

H,0 whilein the presence of ZnO catalyst, they react to produce CH,OH.

COw * 3HZ(z) e H,0p + CHyy

COg + 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).

SCO(” + 17 sz Fe/AlO, > C8H18(1) + 8]-{20“)
" Catalyst can be deactivated by small amount of impurity. Deactivation of a
‘WN by small amount of impurity is called poisoning ofa c?atalyst A subsumcc~
m ivates the catalyst is called poison. For examplej. in contact process of
lee..” € presence of small amount of As;O; (impurity) in sulphur dioxide gas
::"“lhe catalytic be_hav.iour of V,05 (vanadium pentaoxide). Here Arsenic
Yi n(;:ﬁoa) acts as a poison. ' ‘ '

“@talytic behavior of catalyst can be increased by the introduction of

I (329)
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|
another substance. A substance which increases the activity of a catalysy i callyg
promoter or activator, It is also called Catalyst for a catalyst. For example, Nicke|;
used as a catalyst in the hydrogenation of vegetable oil to ghee. The camyu:
activity of nickel can be increased by using copper and tellurium.
viii)Catalysts are more effective in a finely divided form (powder form) becayge
high surface activity. For example, a finely divided nickel also called Raney
nickel is used in the hydrogenation of vegetable oil to form ghee.

9.4.2 Typesof Catalysis

Catalysts exist in different physical states: therefore, there are three typesof
catalysis on the basis of the nature of the rate increasing substances: (i
Homogeneous Catalysis, (b) Heterogeneous Catalysis, and (c) Enzyme Catalysic

a) Homogeneous Catalysis
In homogeneous catalysis, the reactants and catalysts are in same phas
Homogeneous catalysis occurs either in gaseous phase or in the liquid (solutioa)
phase. Consider the example of the formation of sulphuric acid by lead chamit
process. In lead chamber process, sulphuric acid is produced by dissolving SO; o)
in water. The SO, gas is obtained by the oxidation of SO, gas. Such reactori
catalyzed by nitric oxide (NO). .

NO,

2 SOZ(gy ¥ 024 4] _"_—y_’_ . Sol(g) .

In this reaction both the reactants and catalyst are gases. =

Consider another example of the hydrolysis of an ester (ethy] acetate) 5
presence of anacid (sulphuricacid) orabase (KOH). “

H{)oroc OH™
CH,CO0C;Hsi Hi0p & > CH,COOH ot €80
Here both the reactantsand catalyst are in solution.

b)  Heterogeneous Catalysis 4
In heterogeneous catalysis, the reactants and catalysts are in different Py ;
heterogeneous catalysis, the reactants are mostly in gaseous or in liquid st g
catalysts are in sohd states. Heterogeneous catalysis most often involves : '
reactants which are being on the surface of the solid catalyst. The atoms &% o "
the surface of catalyst are very reactive and provide a site for the W“t:c‘pi
adsorption may either be physical or chemical, In physical adsorption, €™ G
are attached 10 catalysts surface by weak intermolecular force® .
in chemical adsorption, the reactants are attached to the surface of the re p
chemical bonding-The bonds in the reactant species during chemical = i
may either be broken or weakened. The adsorption of reactants on the sYI
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g catalyst INCIeases the coneentration of reactants which in turn increases the
!d‘ sfreaction. Consider the manufacture of sulphuric acid by contact process. In

- act process, 5“'P““”:° “‘{'d is produced by dissolving SO, gas in water. The SO,
_jsobtained by the oxidation of SO, gas in the presence of vanadium pentaoxide
) 205)“““)" . Vi) :
b 250,y Oy &—— 280,

Here reactants are gases and catalyst is solid,

Consider another example of the hydrogenation of ethene to ethane in the
«wesence of nickel catalyst. Ni
CH,=CHyt Hyy —"— CH,-CH,,

Here reactants are gases and catalyst is solid. Most of the catalysts used in
ustrial chemical processes are heterogeneous, because such catalysts can be
asilyseparated from the reaction products to some extent.

gs hﬂe’A:'l\eUmufSo-ellel:mmscmlym

1A —— ]

X Protein molecules which catalyze the chemical reactions in the living
i aljg 2/es. The chemical reaction which is catalyzed by

% a reaction taking place in that cell. Many enzymes have been
3

Sconned with CamScanner



identified and obtained in pure crystalline state from the cells to which they e
However, the first enzyme was prepared in the laboratory in 1960. Some ¢op &
examples of enzyme catalysis are: L

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

~

2(C¢H,,0;), + nH,0 sy nC;HR0y,

Yeast
(Starch) (Maltose)
i) The maltose can be converted into glucose and fructose by maltase enzy

present in the yeast.
Ci,H,,0,, + H,0 —2 5 CH,0 + CeHip0g

Yeast ;
(Maltose) (Glucose) (Fructose)

- Lo

iii) The cane sugar juice can also be converted into glucose and fructost b

invertase enzyme present in the yeast.
C;pHp 0y + HYO — S CeHp04 + CeHyi0s

Yeast : }
(Sucrose) (Glucose) (Frugtose}

S
! «

iv) Glucose can be converted into ethyl alcohol by the zymase enzymep
the yeast. .
CH, 0, —22% 5 2C,H,0H. + 2C0, E

Yeast 3
y) The urea is hydrolyzed into ammonia and carbon dioxide by urease 1A
present in the soya bean. :

(Nuuzzfco + H,0 ;;“j:-, 2NH; + €O,
L {

4
-

Ammonia

TG
A

-2

effective in removing

re usedtosoften fabric and restore colour of fibers.
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product is called effective collision. A
» Catalyst is a substance that usually speeds up a chemical l'eactmq :.7.‘

“ ‘v

activation energy. The catalyst is not used up by the reaction aﬁd‘ N
recovered at the end of reaction. :

» Thcprocmsbywhxcha camlystmcrcas&themteofchcmlcal’_ 0t .
catalysis.Catalysis may either be homogencous or heterogeneqs
homogeneous catalysis, the catalyst and reacting Wbm J
_phase while in heterogeneous catalysis, the catalyst ami eactin

- existin different substances. e

> Enzymes are usually the complex protein molecules and 2
living cells. They are also known as biological catalyst s becau

the reactions in the lxvmgoells.

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 e
products

(b) lower than the energy of products and higher than the cotf
reactants
(c) lowerthantheenergy ofboth the reactants and products

(d) higherthan the energy ofboth the reactants and pmducts o
iii) A substance that alters the rate of chemical reaction witho!
consumed in the reaction is called:

(a) Catalyst (b) reactant

(c) product (d) activated complex

iv) Thesloweststep ina step-by-step reaction is called

(a) Ratedetermining step (b) rate limiting step ‘
(¢c) ratecontrolling step (d) all of them :

e
v) The rate of which reaction increases four: times by doubl'“ 1
concentration(s) of reactant(s)?

(a) Firstorder (b) second order

(334) J
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(c) th"‘d order ((]) zero order

vi) Decomposition of N, Oy is an example of:

(a) Firstorder (b) second order

(¢) third order (d) zero order

vit) Thecollision 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) Theunitofrate constant for third order reaction is:

(@) s’ (b)mol 'dm’s

(¢) mol”dm’s” (d)moldm ’s '

x) Which one of the following reactions is NOT the example of

heterogeneous catalysis?
Pt

8) 2802 + 02 - vy / 2303
b) CH,=CH; + H, —>— CH,-CH,

¢) CO + 2H, —u%t20 , CHOH
d) 250, + 0, ——— 250,

Q2. 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)

1) 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)

iv) The rate of reaction by increasing temperature.
decreases/increases) ;
V) A catalyst the activation energy of the chemical
Ieaction. (decreases/increases)

Vi) he amount of energy needed for molecules to undergo reaction is

- .(internal energy/activation energy) .
& Wsmauer the surface area of the reacting substances, the

is the reaction rate. (higher/lower) ) ;
m metals (group 1A elements) react with water swiftly than

alkaline earth metals (group A elements) due to il
(339)
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Q.3.

gtomic 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) e

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

Label the following statements as True or False:

i) The neutralization of acids by bases is the example of sloy

reactions.
ii) Order of reaction is predicted from a balanced chemical equation
because the sum of exponents in the rate equation Is equal to the

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 collisions
among the molecules of reactants are effective.
v) The rate of both forward and revers

increasing temperature.

vi) Itiseasytoignite the match stich than a big log.
vii) Thereaction intermediate has temporary existence and is unstable.
viii) The activation energy for the forward and reverse reactions 15
for all of the reactions.

ix) Asubstance whichslows down a reaction is called inhibitor.

x) Aparticular catalyst works fora particular reaction.

What is chemical kinetics? What information it gives for the chenn®
of react®

reactions?

What is meant by the reaction rate? What are the usual units

rate? y
How can you differentiate between average rate and instamaneous'“" |
chemical reaction? .
Name the factors that affect the reaction rate. Discuss the effect ©
concentration, temperature, and surface area on reactionTates: . gy %
What is reaction mechanism? Discuss the reaction mechanis™ |
reaction, |
What is order of reaction? What do you know about first ordets pkw
order, third order and zero order chemical reactions? Give a0 exal!

e reaction InCreases by

each.

. Consider the formation of phosgene gas from CO and CL: ﬁi
i

The initial rates obtained from three experiments at a given (empe™
givenin the table.
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| ' nitial Concentration (mol dm™) ’ initial Rate ]

‘ Experiments ICO] , T (msof dm"s") |

[ 1 ‘ 0.015 "& 0.0068 | 1.7x10" ’

T [ obap 7 jinxysA‘ 340210 |
) 0015 | o024 | s10%10"

By using the data, determinc (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.

Q.11: Defne rate determining Step, elementary step, and reaction intermediate.

Ql2: Explain the Sigh ficance of the rate determining step on the overall rate of a
multistep reac lion.

Q.13: Explain collision theory and give main conditions of this theory.

0.14: Explain the following:
(a) Rate law (b) Transition state (¢) Activation energy

Q15: Explain how activation energy influences the rate of chemical reaction?

QI6: What. is catalysis? Explain the difference between homogencous and
heterogencous catalysis, Give an exaimple of cach.

QI7: Whatis catalyst? What are the characteristics of catalyst? What s the efteet
ofa catalyst on the activation encrgy?

Q18: Describe some of the important industrial processes that are dependent on
catalysts,

RI9: Explain the following statements:
4) The reaction of thick copper wire with hot concentrated sulphuric acid
isslow and 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
ot from the balanced chemical equation.

d) The rate of reaction can be increased without changing the

lemper

"’)» The order of reaction is not necessarily equal to the sum of the

?‘mﬁeﬂm inthe balanced chemical equation.

' Catalystis neither areactantnora product.
_ ﬁ; "€ radioactive decay is the example of first order reaction. '
i) The'second order and third order reactions have different units.
Which Sugar dissolves the fastest, the granular sugar or the powder
WGiVG reason.

——
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