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REFL
Chemical kinetics: the study of reaction rate, in addition to the
conditions affecting speed and the mechanism of the
reaction

We study in chemical reactions:

Reaction rate: changes in a concentration of a product or a
reactant per unit time. Mathematically

qf[ﬁ]:?—mﬁncemration

-

Reaction rate =
At
— change

We use the experiments data for the forming of Butanol from
butane chloride when studies the change of concentration for
butane chloride with the time.

C4HyCl(ag) + H,O()——— C,HOH(aq) + HCl(ag)



The average rate of the reaction is the change in concentration
divided by the change in time:

A [CiHs)  0.1000 — 0.0905 M

average rate =

At 00.0—-0.0 s
Time, t(s) [CyHyC1] (M) i
0.0 0.1000 0090 N ratentt =0
50.0 0.0905 ooso| |
100.0 0.0820 0070
150.0 0.0741 S 0060
200.0 0.0671 E 0.050 191 L
300.0 0.0549 U040 | — rate at i = 600 s
400.0 0.0448 0.090 %
500.0 0.0368 000 - —
800.0 0.0200 0.0
1[],']['[} D 0 100 200 300 III.'HI' :II:.H::' 600 700 800 900
Average Rate (M/s)
-Note that the average rate
19 x 107 decreases as the reaction
17 x 107 proceeds.
1.6 x 107
14 x 107 -This is because as the reaction
122 x 1074 goes forward, there are fewer
1.01 X 10 j collisions between reactant
0 X 1[!: : molecules.
0.560 > 10
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-A[C4HgCIl _  A[C4,HOH]

Rate = EY; v

Example: find the ratios between the rate of reactant and product
for the reaction:



Ho(g) + lo(9) —— 2 Hl(g)

Answer:
e — _AHs] _ 1A[HIT
i R TR
The reaction
Ny + 3Hy — 2NH;

proceeded in a closed autoclave of the volume 1 = 5dm’. In the course of 1s, 0.01 moles of
nitrogen reacted.

a) Estimate the rates of consumption of nitrogen and hydrogen, the rate of formation of

ammonia, and the rate of the reaction.
b) Find out how these rates will change if we write the reaction in the form

1 B
EN-}*ﬁHg =3 HHJ,

Solution

a) The change in the concentration of nitrogen is
Aenz = Annz/V = —0.01/5 = =0.002 mol dm™.

The rate of consumption of nitrogen is

deny, . Aey, 0002

- — = - i -3 g—1
N =~ Ar 1 0.002 moldm—'s
According to
,_ ldo_ ldoy _ 1de_ldo
" adr bdr  sdr tdr

a2 = r = 0.002 mol dm™ 57!

ri2 = 3 r = 0.006 mol dm™ s~

s = 2 r=0.004 mol dm™ s~

b) For the same reaction written in the form

N’h+—H‘1 4 MH
- 2 = -:I

| S
[P}

The rate of reaction will be double, the rates ryz . ryz , raus will not
change



Kinetic equation

A differential equation representing the relation between the
concentrations of substances and time.

f].f'.\
dr

Ty = — — ,f[l",x. Ol vves Oz, Oy ...

The rate of formation of the product or the rate of reaction appearing on
the left side of the equation. By solving kinetic equations we obtain the
time dependence of the reactants concentrations. The “simple” reaction
refer to for such a chemical reaction whose kinetic equation has the form:

dep 3
=~ = ky Rl
dr ACB

where A, B,. . . are the reactants. The exponent @ is called the order of

reaction with respect to component A, B is the order of reaction with

respect to B, etc.

The sum of the exponents n =« + f§ + . . . is called the (overall) order of

reaction.

The constant kA in the Kinetic equation 1s called the rate constant. It 1s

the function of temperature. The dimension of the rate constant depends

on the reaction order. Main unit: s~ (molm=)""", where n is the order of

reaction.
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Example” Estimate the orders and rate constant k from the results
observed for the reaction? What is the rate when [H20:] = [I] = [H*] =
1.0 M if you have the results for many runs of reaction?"



HO, + 3F+ 2H* > I+ 2 H,0
Run Rate M S
1 0010 0010  0.0050 1.15e-6
2 0.020 0.010 0.0030 2.30e-6
3 0.010 0020  0.0050 2.30e-6
4 0010 0010  0.0100 115e-6
Answer:

FROM run 1 and 2 we can divided it to find one of them

115e-6 k(0.010)40.010)(0.0050F <« exprmt1 1

2.30e-6  k(0.0200(0.010)¥(0.00507 «exprmt2 2

Then X =1
Question:

Bromide ions and bromate ions react in acid solution to give bromine

according to the equation:
6H* + 5Br- + BrO* — 3Br: + 3H:0
Rate measurements on four different reaction mixtures gave the

following data.
Mixture [H*)] [Br) [BrO,] Relative
{mol 1) (mol 17") (mnl‘l"} rate
1 0.45 0.375 0.075 1
2 0.45 0.75 0.075 2
3 0.9 0.375 0.075 4
-4 0.45 0.375 0.15 4

(a) What is the rate expression for the reaction?
(b) What is the order of the reaction with respect to each of the

reactants?

(¢) What is the overall order of the reaction?
(d) Explain why the rate equation and the overall equation are

different.




1) Chemical Kkinetics is the branch of chemistry which deals with the
study of:

a) Speed or rate of chemical reaction.

b) The factors affecting the rates of the reaction.
¢) The mechanism by which the reactions proceed.
d) All of these. ((ANSWER : All of these))
2) The unit of the rate of reaction is:

a) mol L' min !

b) mol ' L min"!

¢) Bothaand b

d) none of these.

((ANSWER : mol L' min "))

3) The rate of reaction depends upon the molar concentration of
reactants which:

a) Keep on increasing with passage of time.

b) Keep on decreasing with passage of time.

¢) Remains same with passage of ime.

d) Does not depend upon the time.

((ANSWER : Keep on decreasing with passage of time.

4) The factors on which the rate of reaction depends is:
a) Temperature.

b) Presence of catalyst.

¢) Presence of light.

d) All of these. ((ANSWER : All of these.

Given the following data for this reaction:
NHa*(aq) + NOz27(aq) = Na(g) + 2H20()

EXPT [NH.] [NO:;] RATE
1 0.010M 0.020 M 0.020 M/s
2 0.015M 0.020 M 0.030 M/s
3 0.010 M 0.010 M 0.005 M/s

Find the rate law for the reaction.
For simple reaction:

A+ B — products

The rate of the forward reaction at any time can be related to the
concentration of A



And B at different time which can be expressed as follows:

rate a [A]|B]

when substituted the Proportion mark a we obtain the equation:
rate = k[A][B]

where k is the rate constant.

In more general terms, for a simple reaction:

nA +mB — products

rate = k[A]'[B]"

This equation is t/ie rate law. The quantities n and m are termed the
orders with respect to the reactants A and B respectively. The overall
order of reaction is given as the sum of the powers of the concentration
terms that occur in the rate equation, i.e. in the above example the overall

order is n + m.
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Rate law Order of reaction
rate a[A]” 0
rate a [A]' I
rate u [A]* 2
rate a[A]'[B]" 2
rate u [A]'[BJ? 3

Example
Calculate the rate constant for the reaction between nitrogen monoxide and

oxygen:
2NO + O: — NO:

—

Experiment | Initial concentrations (mol 1"') | Initial rate of NO,

[NO] [0,] formed (mol I 1)
1 | 2.0 x 107 4.0 x 10 1.4 % 10-
2 2.0 = 1078 HO = 10" 2.8 = 10°"
3 4.0 = 10 4.0 = 10 5.6 = 10-"
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Kinetics and reaction mechanism
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Example:

H,0, + 2HI — 2H,0 + I,

Experimentally the rate equation is of the form:

rate = k[H,0][HI]

Suggest the mechanism for these reaction if the intermediate that
produces in determination step 1s X.

Answer:

This tells us that the rate must be controlled by a step in which one
molecule of hydrogen peroxide reacts with one molecule of hydrogen
1odide. We can suggest that:

H,0, + HI — X (slow rate-determining step)

X + HI — products (faster step)

where X is an intermediate formed in the reaction.

However, the kinetics themselves give us no direct information about
either the nature of X or about the total number of steps involved. These
must be deduced by other means, such as spectroscopy. The generally
accepted mechanism for this reaction is:

H>0, + HI — H»0 + HOI (slow step)

HOI + HI — H:0 + I (faster)
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Zero order reaction (n=0)

'_"'.W'ld:-u:\u
A+ B 5 C
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X (M)

Slop=AY/ AX =k,

L J

time (s)
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Acetone + I, + Mn(O,; — CH;COOH + HI
CH,=CH; + H, »" CH:-CHs
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First order reaction [n=1]
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dx/dt =k, [A] =k, (a-x)
How much A is left after time ¢

dx/(a-x) =k, dt
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JdxAa-x) =k [ dt

Inl/(a-x)=k; t+¢
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In 1/(a-x)

Slop = AY/AX= K,

In1/a
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[A]y is the initial concentration of A (r=0), while [A); is the
concentration of A at some time, {, during the course of the reaction.
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CH:COOC:Hs + H:0 + H* = CH3:COOH + C:HsOH
50:C1; = SO; +Cl:
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Second order reaction [n =2] with [A] = [B]
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Example:

The decomposition of NO; at 300° C is described by the equation
NO; (o) = NO (g + 1/2 O3 (g)

And studies by measuring the concentration of reactant with time as
shown in the table below:

Time (s) [NO,], M

00 | 0.01000
500 | 0.00787
1100.0 0.00649 |
2000 | 000481 |
3000 | 0.00380 |

Determine the order of decomposition of NO,.
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Example:

The decomposition of NO: at 300° C is described by the equation
NO> (o) = NO (9 + 1/2 Oz (9

And studies by measuring the concentration of reactant with time as
shown in the table below:

Time (s) [NO,], M

00 | 0.01000
500 | 0.00787
100.0 | 0.00649 |
2000 | 0.00481
3000 | 0.00380

Determine the order of decomposition of NO,.
ANSWER:
We should try to find the order of the reaction as shown

Graphing In [NO;] vs. ¢ yields (if the order was first)

=454

Time (s) [NO,, M In[NO,]

00 | 001000 -4610 | _
500 | 000787 | 4845 | %
1000 | 000649 5038 | 54
2000 |000481 | 5337 | 5

13000 | 0.00380 | 5573 001000 200 300

Time (s)




Does not fit: thus In(a-x)=-Ki t + In a cannot explain the behavior of the
reaction.

Know let us trying with second order by A graph of 1/[NO;] vs. t gives
this plot.

l/la-x =kt + 1/a

Y-excess Intercept
Slope X-excess

Time (s) (NO,J, M 1NO;] [

00 001000 100 | _

500 ooore7) 127 | 2

1000 000649 154 | T

00 0001 28 |

300 loooseo| 263 | 0 ™ W

Time (s)

This is a straight line. Therefore, the process is second-order in [NO;]. As
we shows that second order equation can explain the reaction.
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Second order reaction [n =2] with [A] # |B]
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(bA+aB)-(A+B)x =1
Thus (A +B)x=0and bA+aB=1

A=-B and B=1/a-b thus A=-1/a-b

Than : Afla-x) dx + B/(b-x) dx = k2 dt

A [1/a-x) dx + B [1/(b-x) dx = k; [dt

By substitution the value of A and B we obtained:
(-1/a-b) [1/(a-x) dx + (l/a-b) [1/(b-x) dx = k, [dt
(-1/a-b) [-In (a-x)] + (1/a-b)[-In(b-x)] = kat+ ¢



1/a-b In(a-x) = 1/a-b In(b-x) = ka2t +c¢
By rearrange the last equation: 1/a-b [In (a-x)/(b-x)] = k2t +¢
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1/a-b [In (a-x)/(b-x)] = k2t + 1/ a-bIn a/b
1/a-b [In b(a-x)/a(b-x)] = k2 t
) Sl

; / Slop = AY/AX = (a-b) k.
&

- —

- In a/b

time s




Slop = AY/AX = (a-b) k,

In b(a-x)/a(b-x)

time s

-ty
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I-[A] =[B]=[C]
2-[A] =[B] #[C]
3-[A] #[B]#[C]
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dx/dt = k3 (a-x )
Jax/ (a-x)* = ks Jdt
1/2(a-x)* = kst + ¢
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c= 1/2a’
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1/2(a-x)* = kst + 1/2a*
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Slop = AY/AX = 2k,

1/(a=x)’

1/a=

time s
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ZNO + Br: = ZNOBr
INO + Clz = ZNOBr



Chemical Kinetics 4 aJ ¢Sl

Unite of Rate Constant k

What are the units of k?

Assuming time is measured in seconds, the rate of a reaction is
always expressed in terms of M/s.

Zero Order

If the reaction is zero order, the rate law is, Rate =k

The units of k must be the same as that of rate, M/s.

First Order

In a first order reaction, the rate law is, Rate = k[A]

In terms of units, this is M/s = k * M. The units of k must be 1/s, or s-..
Second Order

In a second order reaction, the rate law is,

Rate = k[A]*

In terms of units, this is M /s = k * M?

The units of k must be 1/Ms, or M-'s!,

Question:

For the decomposition of hydrogen peroxide in dilute sodium hydroxide
at 20 °C

2 H,0x(aq) 2 H:Ogy + Oz
The average rate of disappearance of H,O, over the time period fromt =
0 to t =516 min is found to be 8.08 x 10-5 M/min. What is the rate of
appearance of O; over the same time period?
Answer:

The reaction equation shows that for every two moles of H,0, that react,
one mole of O 1s formed. Therefore the rate of formation of O- 15 half the
rate of H,O; consumption.

_ - -5
M:L{M =l:={ stk =4.04x107 M /min

At 2 At 2 1n
Chapter_14_Kinetics_2_7_BV
Problems:

1-The 1somerization of methyl isonitrile to acetonitrile in the gas phase at
250 °C CH;NC — CH:CN

is first order with a rate constant of 3.00 x 10-° s-'. If the initial
concentration of CH;NC is 0.107M, how much time must pass for the
concentration of CH;NC to drop to 0.0142 M?



2- Consider the table of initial rate for the reaction between hemoglobin
(Hb) and carbon monoxide.

Experiment |HB ;. pmol/L [CO] . pmol/L | Imtial Rate, pmol/(L - s)
1 2.21 1.00 0.619
2 4.42 1.00 1.24
3 3.36 2.40 2.26
a . Order with respect to HB:

b. Order with respect to CO:
. Rate law for this reaction:
d. Value and units for the rate constant:

Find the half time of reaction [ tin]

This terms refer to the time which required to consume the half
amount of reactant. Thus to find that we can suppose the value of
x=1/2a and t replace by t;; :

The order rate law half time
n=10 x=kot t1/2= a/2ke
n=1 In (a/a-x) =ki t t2 =0.693/k

n=2 1/(a-x)=k2t+ 1/a tiz=1/a ks



Mathematical treatment of rate law

You can derive the integrated rate law equations using [y = mx + b]

i i i
¥ : 3
Time Time Tume
Zero order First order Second order
k=negative slope k= negative slope k = the slope
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Pt=XPi

b gl i g

Po=a and P=x thus a-x=Py-P
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Specific problem:

Butadiene, CsHg, dimerizes in a Diels-Alder condensation to yield a
substituted cyclohexene, CsHi:. Given the data on the 400 K gas phase
reaction below, show that the dimerization occurs as a second order
process and find the rate constant.
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The complication here is that we are given the fofal pressure rather
than the reactant pressure as a function of time.

The reactant pressure is related to the total pressure through the
stoichiometry of the reaction 2 C4Hs — CsHz.

Let 2x be the pressure of CsHs that has reacted;

then P(CsHiz) = x, and P(CsHs) = Po-2x, where Py is the initial
pressure. The total pressure is thus

Pioi = P(CsHyg) + P(CsH)j2) = Po=x, or x = Py-Piw.

Consequently, P(CsHs) = Py — 2(Po-Piat) = 2P1ot-Po.
A plot of 1/(2Ptot-P0) vs. time a least squares fit gives the
slope of the line as k = 3.8 x 1077 5! torr!.
Recalling that 1 torr = (1/760) atm and assuming ideal gas
behavior, we can express k in more conventional units:
k=(3.8x107 s torr’") x (760 torr/1 atm) x (82.06 cm® atm
mol! K1) x (400 K)
= 9.48 cm® mol! s,
Thus, -d[A)/df = (9.48 cm® mol™ s) [A]%
s sl
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Pseudo - Order Reactions
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It often occurs for second-order reactions that the experimental
conditions can be adjusted to make the reaction appear to be first
order in one of the reactants and zero order in the other.

Molecularity and Order of R ion

A chemical reaction that takes place in one with only one step i.e., all
that occurs in a single step is called elementary reaction (simple
reaction) while a chemical reaction occurring in the sequence of two
or more steps is called complicated reaction (complex reaction). The
sequence of steps through which a complicated reaction takes place is
called reaction — mechanism. Each step in a mechanism is an
elementary step reaction.

The molecularity: of an elementary reaction is defined as

The minimum number of molecules, atoms or ions of the reactants(s)
required for the reaction to occur and is equal to the sum of the
stoichiometric coefficients of the reactants in the chemical equation of
the reaction.

In general, molecularity of simple reactions is equal to the sum of the
number of molecules of reactants involved in the balanced
stoichiometric equation. orThe molecularity of a reaction is the
number of reactant molecules taking part in every step of the reaction.

The minimum number of reacting particles that come together or
collide in a rate determining step to form product or products is called
the molecularity of a reaction.

For example, decomposition of H:(): takes place in the following two
steps:

Step 1: H:0: — H.0 + [O] Slow



Step 2: [O] + [O] — O. Fast
Overall Reaction H.0; — H.0 + 1/20,

The slowest step is rate-determining. Thus from step 1, reaction appears to
be unimolecular.

Note:

¢+ Molecularityis a theoretical concept.

* Molecularitycannot be zero, -ve, fractional, infinite and
imaginary.

* Molecularitycannot be greater than three because more than
three molecules may not mutually collide with each other.

There are some chemical reactions whose molecularity appears to be more
than three from stoichiometric equations, e.g.

« 4HBr + 02 — 2H:0 + 2Bn:
e 2MNIy + 16H* + 5C2 Os* — 2Mn** + 10CO; + 8H:0

In the first reaction molecularity seems to be '5" and in the second reaction
molecularity seems to be 23", Such reactions involve two or more steps;
each step has its own molecularity not greater than three.

The main differences between molecularity and order of reaction:

Moleculariy Order of Reaction

It is the total number of reacting species It is the sum of powers of molar

(molecules, atoms or ions) which bring the concentration of the reacting species in

chemical change. the rate equation of the reaction.

It is always a whole number. It may be a whole number, zero,
fractional,

It is a theoretical concept. It is experimentally determined.

It is meaningful only for simple reactions or It is meant for the reaction and not for
individual steps of a complex reaction. It is its individual steps
meaningless for overall complex reaction.

http://www.askiitians.com/iit-jee-physical-chemistry/chemical-
Kinetics/molecularity-of-reaction.aspx
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Methods for Determination the Order of Reaction
1-by using the unite of rate constant (k)
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Unite of k= (M)!™ * 5!

2- Initial Rate Method or isolation methods

In this method initial rate of reaction is determined by varying the
conceniration of one of the reactants while others are kept constant

R = K[AF[BF[CT

if [B] & [C] = Constant then for two different initial concentrations of
A we have

Ry, = L'_'A.]ET and flo, = L-:A.]:‘;
. Hy, :-:lli']I v
iy, ' Aoz

2- Graphical Method

This method can be used when there is only one reactant. If the plot of
log [A] vs t is a straight line, the reaction follows first-order. If the plot
of 1/[A] vs t is a straight line, the reaction follows second order. If the
plot of 1/[A]2 is a straight line , the reaction follows third order.
Generally, for a reaction of nth order, a graph of 1/[A]™! vs t must be
a straight line.

Here [A] is the concentration of reactant at any given time of the
reaction (other t =0). [A] = (a-x) where a is the initial concentration and
X is the extent of reaction at time t.

3- Half life method

+ This method is used only when the rate law involved by only one
concentration term.

tam woa'™
tan =k 1/a™!
log tamy=logk + (1-n)a
« Graph of logty: vs log a, gives a straight line with slope (1-n) , where
'n’ is the order of the reaction.



+ Determining the slope we can find the order n.

» If half life at different concentrations is given then.
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Taking logarithm and rearranging

logitya) —lagityn )

n=1+
logas — logay

« Plots of half-lives concentration (tyz = a'®):

Zero order 1st order 2nd order 3rd order

e
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This relation can be used to determine order of reaction 'n’

Question:

From the following data show that the decomposition of hydrogen
peroxide in aqueous solution is a first - order reaction. What is the value
of the rate constant?

Time in minutes 0 10 20 30 40
Volume V in ml 25.0 20.0 15.7 12.5 9.6

where V is the number of ml of potassium permanganate required to
decompose a definite volume of hydrogen peroxide solution.
Solution:



The equation for a first order reaction is the volume of KMnOjy used,
evidently corresponds to the undecomposed hydrogen peroxide.

Hence the volume of KMnO, used, at zero time corresponds to the initial
concentration a and the volume used after time t, corresponds to (a - X) at
that time. Inserting these values in the above equation, we get

when t = 10 min.

ki = 2.23/10 log (25/20) = 0.022318 min™' = 0.000372 5!

when t = 20 min.

k; =2.23/20 log (25/12) = 0.023265 min™ = 0.0003871 s-!

when t = 30 min.

k; = 2.23/30 log (25/12.5) = 0.02311 min™" = 0.000385 5™

when t = 40 min.

ky =2.23/40 log (25/19.6) = 0.023932 min™" = 0.0003983 s™!

The constancy of k, shows that the decomposition of H20; in aqueous
solution is a first order reaction.

The average value of the rate constant is 0.0003879 s,

4-differeantioal method:
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R =kn [A]n

By take the log for the two sides of equation we can obtained

Log R =log kn + n log [A]

Than we plot log R vs log [A] the slop from this process give us the value
of order n.



rate = k[AT jlﬂpe
log,rate =log, k[A]'=log, k +nlog,,[A]

logjorate n=2 y-intercept

n=1

Iogmk n=0

=
ra

logyo[A]

The temperature dependence of reaction rates

Question from Atkins

The variation in the partial pressure of azomethane with time was
followed at 600 K, with the results given below. Confirm that the
decomposition
CH:N:CHaigy—CH3CHag + Naig
is first-order in azomethane, and find the rate constant at 600 K.
t/s 0 1000 2000 3000 4000
p/Pa 10,9 7.63 5.32 371 2.59

22.1b The rate of the reaction A +3 B —C + 2 D was reported as 1.0
mol dm™ s7, State the rates of formation and consumption of the
participants.




22.10a The second-order rate constant for the reaction
CH:COOC:Hs(aq) + OH (aq)—CH3CO: (aq) + CH:CH:OH(aq)

is 0.11 dm3 mol™ s7!. What is the concentration of ester after (a) 10 s,
{(b) 10 min when ethyl acetate is added to sodium hydroxide so that

the initial concentrations are [NaOH] = 0.050 mol dm™ and
[CH3COOC2HS5] = 0.100 mol dm™?

22.1 The data below apply to the formation of urea from ammonium
cyanate,

NH4CNO—NH:2CONH:.
Initially 22.9 g of ammonium cyanate was dissolved in in enough
water to prepare 1.00 dm3 of solution. Determine the order of the

reaction, the rate constant, and the mass of ammonium cyanate left
after 300 min.

t/min 0 20.0 50.0 65.0 150
miurea)/g 0 7.0 12.1 13.8 17.7



