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+* Rate Law for Consecutive & Parallel Reactions of Ist Order Reactions

In addition to the opposing or reversible reactions, two other types of simultaneous reactions are
consecutive and parallel reactions. In this section, we will discuss the kinetic profiles of these two types of
reactions up to the first order only.

» Consecutive Reactions

In many complex reactions, the order of the reaction has not been found equal to the molecularity
noted from the stoichiometry. So, these reactions must take place in multiple steps rather than a single step.
These multiple steps are individually labeled as consecutive reactions.

The consecutive reactions may be defined as the single-step reactions which can be written to
represent an overall reaction.
In order to understand the kinetic profile of consecutive reactions, consider two first-order reactions

in which reactant 4 converts to B which in turn converts to product C.

k k
A—5p —Z¢ (83)

Where k; and k; are the rate constants for the first and second steps, respectively. In other words, 4 is the
reactant, B is simply the intermediate and C is the final product.

However, krand &, have comparable values, a rate law depending upon both the constants can be written. Now
suppose that the initial concentrations of reactant A4 is Co; while the concentrations of 4, B and C after time ¢
are Cy4, Cp and Cg, respectively. So, we can say that

CO = CA + CB + CC (86)

Now, the rate can be deduced in terms of C4, Cz and Cc as given below.

1. Rate law in terms of C: The rate of disappearance reactant of 4 in the given reaction can be given by the
following relation.

Gy, (87)
or

—%id = k,dt (88)
Integrating both sides, we get

—InCy = kqt+1 (89)

Where [ is the constant of integration. However, when ¢ = 0, C4 = Cy, the equation (89) takes the form
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—InC, =1 (90)

Using the value of integration constant from equation (90) in equation (89), we get

—InC, = kyt —InC, 91)

or
InCy —InCy = kyt (92)

or

C

—lnC—': = kqt ©3)

or
G 94
1nE;l S 4)

or
Cis T (95)

Co

or

Cy = Coe fat (96)

2. Rate law in terms of Cg: The rate of formation of intermediate B ¢an be given by the following relation.

dfC] 7
dt — _kch + kch
or
d[Cg] (98)
“dr =ky1Cy — k2Cp
After putting the value of C4 from equation (96) in equation (98), we get a linear differential equation of first
order i.e.
d|C 99
[dtB] = k1Coe ™" — ke, Cp &9
Integrating and then rearranging equation (99), both side, we get
ky (100)
C — C _klt _ —kzt
[ B] 0 (kz _ kl) (e e )
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3. Rate law in terms of C¢: The overall rate of formation of the product C in the given reaction can be given

by the following relation.

d[Cc]

_dt =k,Cp

(101)

After putting the value of C4 and Cp from equation (96) and equation (100) into equation (86), we get the

following result.

k
CC = CO - Coe_klt - CO (k 1k ) (e_klt - e_kzt)
2

or
—kqt kq —kqt —kyt
= Co[t e () (e - o)
2 — Ky
or
k e—k1t k e—kzt
261 ~ ¢ leinEd -1 ]
P [ kz T kl kz o kl
or
Me 491 -PEOZE
— C 1 J— _klt R
0[ (e Tika Bl (¢ gk
or
_c|q (Ry/= ke Tt + ke kb | e™hat
- Ky, =k
_ C [1 <k26_k1t - kle_klt + kle_klt - kle_k2t>:|
° ky — ky
o)
0 ky, —ky
or

1
CC = CO [1 - m (kze_klt - kle_kzt)]

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

The equation (96), (100) and (109) can be used to plot the time-dependent variation of C4, Cp and Ce,

respectively.
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Figure 7. The plot C4, Cs.and C¢ as a function‘of time in a typical consecutive reaction.

It can be clearly seen that the concentration of 4 decreases exponentially, while the concentration of

B increases first and then declines. The concentration of C'increases continuously and finally becomes equal

to the concentration of 4.

Maxima in the concentration of B: In addition to the time-dependent concentration variation of different

species, one more important parameter to measure is the maximum B concentration. Since, for this the value

of [dC3]/dt = 0, the differentiation of €quation (100).and.then.putting equal to/zero gives

d[Cp) ky
C
dt W <

0 Bl

_kle_klt = kze_kzt = O

or
kje kit = |, e k2t
or
ky, ekt
k, et
ﬁ = e(ki—k)t

2

Taking logarithm both side, we get

) (_kle—klt S kze_kzt) =0

(110)

(111)

(112)

(113)

(114)
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lnﬁ = In e(k1—k2)t (115)
ks
k 11
In—= = (ky — ky)t (116)
ks
1 kq (117)
t =———In—
T (k= k) ks,
Now putting the value of 7 from equation (117) in equation (100), we get
kq —kqIn(k,/k;) —kyIn(k, /k;) (118)
Cg]l =C = Vel "t/ t2)
[Cs] = Co (kz — kl) [eXp{ k. — k, } eXp{ ki — k, }]
Simplifying and then rearranging the above equation, we get
k 119
[CB]max = (o (k_Z) ghe/ (k1 =k2) ( )

1

Rate law in special cases: In addition to the typical consecutive reaction i.e. k1 = k>, two special cases also
arise from the nature of the step reactions discussed below.

i) When ky, >» ki: In these types of reactions, the value of &1 can be neglected. Therefore, the equation (109)
takes the form

CslzlGolih=teTiaf) (120)

Graphically,

Ce

—— Concentration

CA

—> Time

Figure 8. The plot Cy4, Cs and Cc¢ vs time in a typical consecutive reaction when k2 >> ki.
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It can be clearly seen that the concentration of the intermediate practically remains constant, and therefore, the
steady-state approximation can be applied in this case.

ii) When ki > k»: In these types of reactions, the value of & can be neglected. Therefore, the equation (109)
takes the form

Cc = Co(1 —ekzt) (121)
Graphically,
Ce
=
=
g
=
L
Q
S
Cp
Cy

—— 3 Time

Figure 9. The plot C4, Cs and Cc'vs time in a typical consecutive reaction when ki > k.

> Parallel Reactions

In many reactions, the reactant reacts to form more than one product simultaneously. If the amount
of one the reaction product is very large in comparison to the others, then we can simply neglect these other
reactions. However, if the amount of the product formed by other reactions are significant, we must refine the
overall rate equation to represent this.

The parallel or side reactions may simply be defined as the reactions in which initial species react to

give multiple products simultaneously.

In order to understand the kinetics of parallel reactions of the first order, suppose that a reactant 4
reacts to form product B and C simultaneously. A typical depiction of the parallel or side reaction with two

pathways is given below.
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yB
A
%C

Where k| and k; are the rate contents. Now suppose that a is the initial concentration of the reactant 4, while x
is the decrease in the concentrations of the reactant after ‘¢’ time. Hence, the rates of first (R;) and second

reaction (R») can be given as:

d|B 122
Ro= S ) = a0 (2
or
d|C 123
(AR LUR) B o (129

The overall reaction rate can be obtained by adding equation (122) and equation (123) as

dx d{B] d|C]| (124)
E——dt—+7—k1(a~x)+k2(a—x)
or
dx 125
=t @) (12
or
dx (126)
= (ky + ky)dt
) (ky + ky)d
Integrating the equation (126) and then rearranging, we get
1 a (127)
=ln—7F—
kl + kz t n (a — x)
Also, dividing equation (122) by (123), we get
Ry  ki(a—x) (128)
R, ky(a—x)
Which implies that
Ry _ ﬁ (129)
Ry ks
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Hence, the value of rate constants involved, i.e., k1 and &> can easily be obtained from the use of equation (127)

and equation (129).

(ot

.2

s

=

o

3 [C]

Q

T [B]
[A]

- Fime

Figure 10. The variation of the concentrations of reactants and products as a function of time in a typical
parallel reaction.

It should also be noted from the equation (129) that the ratio of the concentration of products remains the same
with time. Furthermore, the percentage of 'both products can, also-be obtained from the knowledge of rate

constants using the relations given below.

k 130
Fractional Quantum Yield of A = i -I-lkz (130)
also
k 131
Fractional Quantum Yield of B = 2 (131)
ki+k,

The percentage is obtained by multiplying corresponding fractional quantum yields by 100. Similarly, parts
per thousand (ppt) and parts per million (ppm) can be obtained by multiplying equations (130) and (131) by
10° and 109, respectively.
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