Periodate oxidation of aromatic amines — Modelling for the effect of pH on reaction rate
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Using kinetic features and the product identification for the periodate oxidation of aromatic amines
in general and o-anisidine in particular, the effect of pH on the reaction rate has been explained
by kinetic modelling. An attempt has been made in this article to present the mathematical steps
in a simple way clarifying all steps using basic mathematical equations so that a person with only
basic knowledge of mathematics can understand the steps.

1. Introduction

The oxidation of aromatic amines is important for degrada-
tion/removal of these pollutants from industrial effluents. There
are many reports available for the oxidation of aromatic amines
by periodate ion in catalyzed/uncatalyzed condition [1-13]. This
article aims at providing knowledge about the modelling of these
(uncatalyzed) reactions using kinetic and other features by
taking the example of periodate oxidation of o-anisidine [12-
13], with special attention to the unique rate-pH profile obtained
in these non-Malapradian oxidation reactions.

2. Features of the reactions under consideration

The summary of features of this reaction as already worked
out in separate experimental studies [1-13], is as follows:

1. The reactionis firstorder in substrate and oxidant each.

2. There is no effect of free radical scavengers on the
reaction rate.

3. There is no appreciable effect of ionic strength and di-
electric constant of the medium on the reaction rate.

4. The thermodynamic parameters like Entropy of activa-
tion, Activation energy, Free energy of activation,
Arrhenius frequency factor and Enthalpy of activation
suggest the solvation is playing important role in the
reaction.

5. Taking the oxidation of o-anisidine as a representative

case, the stoichiometry has been found to be 1 mol
amine: 2 moles periodate for the initial stage of the
reaction given below.
CH30CgH,NH, + 2104~ + 2H" —
CH30CgH;0, + 2HIO; + NH4
The molecular mechanism is given in chart.
1/k, versus [H*] plot indicated a minima at a pH value
that differs in case of different amines (Fig. 1). The value
of minima relates to the Dissociation constant of the
aromatic amine under consideration.
8.  The reaction mixture shows colour changes followed
by precipitation.
9. The main product of the reaction are quinoneimines
and substituted benzoquinones.
10. The rate law, respectively for uncatalysed reactions, is
given below:
d[C]/dt= kKK, [S][IO4 ]y [H*]/
{KaKy * (Ky + KoKo) [H]+ Ky [H*]2}
where kK and kK5K, are the empirical composite rate cons-
tants for uncatalysed and catalysed reactions, K, is ionic prod-
uct of water, K, is acid dissociation constant of H,107, S is the
aromatic amine and K, is base dissociation constant of aromatic
amine.

In present article, we shall focus only on the uncatalyzed
reactions.
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Fig. 1. Effect of [H*] on reaction rate at [NalO,] = 0.001 mol dm=3, [OMA] = 0.01 mol dm™3, acetone = 10% (v/v), Temp. = 35 + 0.1°C.

2.1. Derivation of rate law:

The stoichiometry is given by,
CH30CgH,NH, + 2105 + 2H* —

CH30CgH;0, + 2HIO; + NH4 1
Assuming CH30CgH4NH, and H,IO0g as the reactive spe-

cies and based on the observed kinetic data and pH- depen-
dence, the following mechanism can be proposed:

K

CH30CgH4NH, + [103] == [A] 2)

k
[A] —— Intermediate [B] (slow) 3)
()
The intermediate, C, appear to undergo very slow reorgani-
zation / hydrolysis to yield the reaction product.

[B] + 103 ——— Intermediate [C] (Fast)

Intermediate [C] —— Product

()

In the mechanism for simplicity, H4|O¢™ has been written as
I0,™. Since the elementary reactions in liquid phase are a rarity,
the formation of a transient intermediate [C], which could be a
collisional complex/ reactant pair in a rapid step having a low
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value of equilibrium constant, K, is assumed in the proposed
gross mechanism

The mechanistic steps (2—3) lead to the rate law:
d[C]/dt = k[A]
= kK[CH30CH4NH, ] [10,7]

(6)
(7)

Since the observed kinetics shows first order in each of
[CH30CgH4NH,] and [I0,7], the value of K must be low.

Since the observed kinetics shows first order in each of
[CH30CgH,NH, ] and [10,7], the value of K must be low. This
can be proved as described below.

If [104~]y and [S], represent the initial concentrations of re-
actants in excess, at a fixed pH, under the condition [0, ], >>
[S], the rate of formation of intermediate, C, is given by:

d[C]/dt = KK [1047]fee [Slfree 8)

As [1047]is in excess initially. Therefore, its free concentra-
tion and initial concentration can be taken as almost the same.
Further representing the excess initial concentration of 10,~ by
[1047]p, we get,

d[C]/dt= KK [10,7]p [Slree 9)
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If total concentration of substrate is represented by [S], then,

[S1= [Slfree * [Slc (10)

where [S] is the concentration used for formation of com-
plex ‘A.

Further, [S]¢ = [A] = K[Sltee [10471g
From egs. (9) and (10),

(1= [Slfee * KISlee [1047]g

(1)

Or
[S]=[Slfree (1 + K[1047]o)
Or
[Slfree = [S]/ (1 + K[1047]p)
From egs. (9) and (12),
d[C]/dt =kK[IO4715[S]/ (1 + K[IO47])
Likewise, under the condition [S]; >> [1047]
d[C]/dt=kK[IO, ] [S]y/ (1 + K[S]) (14)
Inegs. (13) and (14), Kmust be very small to get K[10, 7] or
K[S], negligible w.rt.1, and only than the order can be one in

both reactants. As the order has been found experimentally one
in each reactant, the value of K is very small.

(12)

(13)

Since the reaction shows first order in each of [S] and
[I047], the inequalities K[S], >> 1 and [IO,~] >> 1 should ope-
rate in egs. (13) and (14), respectively leading to the rate laws in
egs. (15) and (16).

d[C]/dt=ky[10,71[S]y (15)

where k, is a pH-dependent second order rate constant.

On the other hand, under the condition [S]o >> [I0,7], the
rate was defined by eq. (iii) and k,,; was equal to k, [IO,7],.

d[C]/ dt= ky[I07][S]y (16)

The values of k, determined from k . values indicate a clear
cut first order in each of periodate and aniline.

2.2. Derivation of complete rate law including [H*] dependence
and explanation for the effect of ph onreaction rate:

Speciation of substrate and the oxidant are to be taken into
consideration.

Speciation of Periodate ion:
Hsl0g < H,104~, K =2.3x1072 (17)
HylOg~ = H3l0%, K,=4.35x1079 (18)
Total concentration of periodate, [I0,7] is sum of [HglOg],
[Hs106]and [H310%], i.e.,
[10,7]= [H5lOg] + [HyI0g] + [H31057"]

7
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From equilibria (17) and (18)
[10471= {[HglOgT1 [H*]/ Ky} + [HylOg™] +
{Ky[HglOg™1/ [H*]} (19)

[10,7] = [HalOg K{[H]/ Ky + 1+ Ky / [H*]} (20)

On substituting [H*]=10%t0 10~° (pH=6to 9) and K, =2.3
x1072in eq. (20), we get

[10,7]= [Hyl0671[(4%10 510 4x1078) + 1 + (4.35x103 o
4.35)].

So [H*]/ K term is negligible in eq. (4) as compared to two
other terms. [Note: It will not be negligible even at pH 3, 4 or 5]

On neglecting [H*] /Ky in eq. (20), we get

[10,71=[HslOg71 (1 + Ky / [H'])

Or [1047]= {[HylOgI([H*] + Kp)} / [H]

Or [Hyl07] = [10,71[H*]/ ([H*]+ Ky) (21)
Speciation of Aniline:
CH30CgH,NH, + H,0 CH30C¢H,NH;* + OH~;
K, =3x10~10 (22)

Similarly from equilibrium (6), the total concentration of the sub-
strate [S] is given by

[S] = [CH30CgH,NH,] + [CH;0CGH,NH;"]

Or, [S]=[CH;0CgH4NH,] + K, [CH30CgH,NH,] / [OH"]

Or, [S] = [CH30CgH4NH,] (1 + K,/ [OHT])

Or [S] = {[CH30CH4NH,] ([OH™] + K,))} / [OHT]
Reactive free [CH30CgH,4NH,] is given by

[CH3OCH,NH,] = [S][OHT]/ {[OH7] + K} (23)
Complete rate law including [H*] dependence:

The rate is given by

Rate = kK[CH;0CgH4NH,] [H41047] 7

where [H;1057] = [10,47]

Under the condition when substrate is taken in excess,
and on substituting the values of [CH;0CgH,NH,] and [H,|0¢7]
from egs. (21) and (23) in to eqn. (7),

Rate = kK([Sy] [OH™]/

{[OH]+ Kph ([1047 T [H*1/ ([H'] + Ky)) (24)
Or
Rate = kK{[S,][OH™]/
[OH™] + Ky} {[10471H* 1/ [H] + Ky}
Or

Rate = kK[S,][OH][10,7][H*] /

({[OH]+ Ky} ([H'] + Ky)) (25)
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On putting, K, = [OH~][H*]in numerator in eq. (25),

Rate = kKK, [So][1047]/ (([OH™]+ Ky)) (H1+ Ky))  (26)
Or

Rate = kKK, [S]o[l10,7]/

{[OHI[H*] + [OH7]K, + Kb [H*] + KyKb}

Putting [OH~] = Kw / [H*] and [H*] [OH~] = Kw in deno-
minator,

Rate = kKK, [S]o[1047]/

{Ky, + (K Ko/ THT]) + Kp[HTT+ KoK} (27)
Multiplying by [H*] in numerator and denominator,
Rate = kKK, [S]o[10471[H*]/
{KW[H+]+KWK2+Kb[H+]2+K2Kb[H+]} (28)

On rearranging eqn. 28,
Rate = kKK,,[S]o[10,71[H*]/
{Ky Ko+ TH1(K,, + KoKp) + K [HT12) (29)
where kK is the empirical composite rate constant, K, is ionic
product of water, K, is acid dissociation constant of H;1047, K},

is base dissociation constant of aniline and [S ], represents the
concentration of aniline that has been taken in excess.

Comparing eqgn. (29) with egn. (15), we get,
ko[10471[S]g = kKK, [S1[10471[H*]/
{KyKo *+ THT(K,, + KoKp) + Ko [H1%)
Or
ky = KKK, [H]/{K, Ky + [H](K,, * KoKp) + Kb[H+]2} (30)
Equation (30) on rearranging becomes eqn. (31)
1/ky = {Ky Ky + [HT (K, + KoKp) + Ky[H'1%}/
kKK, [H*] (31)
Or
11ky = {K, Ko/ KKK, [H* 1} + {[H*1(K,, + KoKp) /
kKKW[H+]}+{Kb[H+]2/kKKW[H+]}
Or
11k = {Ky IKK[H* ]} + {K,, + KoK}, ) TKKK,, } +
(K H*IKKK, ) (32)
The nature of the rate law (32) shows that a plot of 1/k, ver-

sus [H*] shall pass through a minimum as discussed in a re-
view by Gupta and Gupta [14].

2.3. Differentiation of 1/k, with respect to [H*] as mentioned
above for arriving at final relation [H*],... = (kok, / k,)"/? and
obtaining the conditions of minimum in 1/k,™ [H] profile
Note: The formulas involved are as follows:
1. General formula is, d/dx (x") = nx"-
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Therefore,

d/dx(1/x) =d/dx(x~ 1) =—x"1"1=—-x2=-1/x2
And

d/dx(1/x2) =d/dx(x2)=-2x21=-2x3=-2/x3

2. d/dx(a+bx+cx3)2=[{d/d(a+bx+cx3)}
{(a+bx+cx3)2[(d/dx) (a+bx +cx®)]
=[2(a+bx +cx3)][d/dx(a) +d/dx(bx) + d/dx(cx®)]
=[2(a+bx+cx3)][0+b + 3cx?]
Lt means 1/x = oo

X—=0

4, x/y=0means,x=0

5. If differentiation coefficient is represented by d.c., Numera-
tor by N, and denominator by D, then,

D xd.c. of N- N xd.c. of D

d.c.of (N/D) =
(D)2

Differentiation of 1/k, with respect to [H']:
We have
1/ky = {Ko[KK[H* I} + {K,,, + KoKp) /KKK, } +
{Ko[H" 1/ KKK, }
Putting 1/k, = L, eqn. 32 reduces in the following form,
L = {Ky/KK[H*]} +{K,, + K;Kp) I KKK, } + {Ky [HF]/KKK,, }
Differentiating this eqn. w.r.t. [H*],
dL/d[H* =—K2/kK[H+]2+O+Kb/kKKW (33)

For minimum or maximum value of L (i.e. 1/k,),dL/d[H*] =0
Therefore, from eqn. (33) we have,

0= —K,/KK[H*]? + Ky /KKK,

(32)

Or

Ko/ KK[H*]? = K, /KKK,
Or

Ko/ [H 12 = K, /K,
Or

[H*12 = KK, /K, Or [H*]=[KK, /K] "2 (34)

This is the desired equation for predicting the minima or
maxima in 1/ks vs [H*] plot. Now for finding out whether a mini-
mum or maximum will be obtained, the value of second deriva-
tive i.e. d?[1/ky]/d[H*]? should be obtained. If the value of
second derivative is positive then the plot of 1/k, versus [H]
shall pass through a minimum. The following treatment should
be applied for getting the value of second derivative:
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Differentiating the eqn. (33) again w. r. t. [H*],

d?L/d[H*]? = 2Ky /KK[H*]®

This value of d2L/d[H*]2 is positive, so we will get minima
at[H*]= [K,K, /K,]"2. Or we can say that L i.e. 1/kj is mini-
mum when [H*] = [K,K,,/K;]"/2. Or

[H+]min. = (KZKW/Kb)w2

On substituting the values of K,, K, and K, we get

[H*] .- = 3.8x10~7 mol dm™3

It is gratifying to note that the calculated value of [H*] i, is
in excellent agreement with the experimental value of [H*] .., of
3.16x10~7 mol dm~3 obtained from 1/k,, versus [H*] plot (Fig.
1). Also, 1/k, — [H*] profile will show a minimum.

(35)

]min

2.4. Differentiation of k, with respect to [H*] as mentioned
above for arriving at final relation [H*],,, = (kok,/k,)"? and
obtaining the conditions of maximum in k, - [H*] profile

Eqn. (30) is,
ko = KKK, [HT1/{K, Ky + [H ](K,, + KoKp) + Kb[H+]2} (30)
Differentiating w. r. t. H*, using formula - 5 as given earlier,
dk,/d[H*] =
{K Ko+ [H1(K,, * KKp) + Ko [H'12 KKK, -
KKK, [HTT{(K,, * KoK}y) + 2K, [HT]}

(36)
{K Ko + [H1(K,, + KKp) + K [H12)2

For getting minimum or maximum value of k,, The value of
dk,/ d[H*] should be set equal to 0, and using formula - 4 (i.e.
if x/y = 0, then the numerator is zero),

{KyKo * [HTI(K,, + KoKp) + Kb[H+]2} kKK, — kKK, [H*]

{(Ky + KoKp) + 2K, [H]} =0 (37)
Or
KKK, [{K, Ky + [HT(K,, + KKp) + K [HF12) -
[H H{(Ky + KoKp) + 2K5[H*1} =0 (38)
Or
[{KyKa + H*1(K,, + KoKp) + Ky [H*12} -
[H1{(K,, * KKp) + 2Kp[H T} = 0/kK K, =0 (39)
Or
{K Ko * [H1 (K, + KoKp) + K [H* 12} -
[HT{(Ky, *+ KoKp) - 2K, [H* ]2} =0 (40)
Or
KKy + Ky [HF12 - 2K, [H*12} = 0 (41)
Or
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KyKo = Kp[H12=0 (42)
Or

[H*12 = KK, /Ky, (43)
Or

[H*]= [KoKy /K12 (44)

This is the desired equation for predicting the minima or
maxima in k, vs [H*] plot. Now, for finding out whether a mini-
mum or maximum will be obtained, the value of second deriva-
tive i.e. d?[k,] / d[H*]? should be obtained. If the value of
second derivative is negative then the plot of k, versus [H*]
shall pass through a maximum. The following treatment should
be applied for getting the value of second derivative:

Eqn. (31) is,
{K Ko+ [H (K, + KoKp) + K [H' 12} KKK, —
KKK, HH(K,, * KoKp) + 2K [H'T}

{K Ko+ [H (K, *+ KKy + Ky [HT12)2

Putting KK, =a, kKK, =b, and K, + KKy, = ¢

{a+[H'c+K,[H"]?} b~
b[H*]{c + 2K, [H*]}

dky/d[H*] =
{a+[H']c+ Ky[H"]?)2

Or
ab + be[H'] + bK,[H']? -

be[H*] - 2bK, [H*]?
dk,/d[H*]=

{a+[H']c+Ky[H']?)2
Or

ab - bKy[H*]?

dky /d[H*] = - (47)

{a+c[H*]+ K [H'])?2
Differentiating again w.r.t. [H*] (using formula -5 and 2),
0 2bK,[H*]{a + c[H*] + K,[H"]2)2 -
{ab—bKy[H*12}2{a + c[H*] + K, [H*]?}

d%k/d[H*]?= 0+ c+ 2K [H'])

(48)
{a+ c[H"]+ Ky [H"]2}

Here in the numerator, in the term —{ab - be[H+]2} 2{a+
C[H* ]+ Ky [H*12} {0 + ¢ + 2K, [H*]}, the value of the term ab —
bK, [H*]?, can be obtained by putting the value of [H*]? from
eqn. (38) i.e. [H*]2 = K,K,, /Ky,

ab - bK,[H*]? = ab - bK, (K,K,, / Ky
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Or in excellent agreement with the experimental value of [H'] .5,

ab-DbKy[H]?=ab-bK(a/K,) =ab—ab =0 (as, KK, = a)

As the term ab - be[HJ']2 in numerator of eqn. (43) is al-
ways zero, the numerator is always — ve. Hence, maxima will be
obtained in the plot of k, vs [H*] at a point at which

[H*] = [KK,, / K ]"2.

0f 3.16x10~" mol dm™3 obtained from k,, versus [H*] plot. Also,
ko — pH profile will show a maximum.

References

[1] Kaushik RD, Singh J, Manila, Tyagi P, Singh P. J. Indian Chem.

Soc. 2014;91,1483.

Or [2] Kaushik RD, Malik R, Kumar T, Singh P. Oxid. Commun. 2012;35,
316.
[H*] e = (KoK, /K12 (49) , , ,
[3] Kaushik RD, Kumar A, Kumar T, Singh P. React. Kinet. Mech. Cat.
On substituting the values of K, K, and Ky, we get 2010;101,13. doi: 10.1007/511144-010-0214-y.
+ - -7 - 4] Singh P, K T, Malik R, Kaushik RD. J. Indi il of Chemi
[H ]max =3.8x10~7 mol dm=3 [4] Slng. . Kumar T, Malik R, Kaushi J. Indian Council of Chemists,
2011;28,30.
Itis gratifying to note that the calculated value of [H+]max 1S [5] Kaushik RD, Kumar D, Kumar A, Kumar A. J. Indian Chem. Soc.

80



Kaushik et al.

(6]

[7]

(8]

9]

2010;87,811.

Kaushik RD, Manila, Kumar D, Singh P. Oxid. Commun. 2010;33,

519.

Kaushik RD, Malik R, Manila, Kumar A. Asian J. Chem. 2010;22,

2090.

Kaushik RD, Singh J, Manila, Kaur M, Singh P. Bull. Chem. React.

Engg. Cat. 2014:9,182. [doi: 10.9767/bcrec.9.3.6823.182-191].

Kaushik RD, Agarwal R, Tyagi P, Singh O, Singh J. Bull. Chem.

React. Engg. Cat. 2015;10,78.

81

(10]

(1]

(12]

(13]

(14]

Accounts of Chemical Education and Research 1 (2022)

Kaushik RD, Singh J, Chawla M, Rawat K. Rasayan J. Chem.
2020;13,541.

Singh J, Sushma, Kaushik RD, Tiwari MM, Chawla M.
Rasayan J. Chem. 2019;12,1203.

Kaushik RD, Malik R, Kumar A. J. Indian Chem. Soc. 2010;
87,317.

Singh J, Kaushik RD, Khandelwal N, Kumari E. J. Indian
Chem. Soc. 2016;93,93.

Gupta KS, Gupta YK. J. Chem. Edu. 1984;61,972.



Kaushik et al.

Prof. Rajneesh Dutt Kaushik, is a former Pro-
] fessor and Head, Department of Chemistry,
Gurukul Kangri University, Haridwar. Prof.
Kaushik is a renowned name in the educational
field of chemistry. He has over 45 years of aca-
demic/research experience with 135 publications. Prof. Kaushik,
has been the chairman of many conferences and also acted as
member national/lnternational Advisory committees of various
conferences/ workshops and symposia. Prof. R. D. Kaushik had
been the sectional recorder/Secretary of Chemical sciences sec-
tion of 98th and 99th annual conference of The Indian Science
Congress association. He was the Sectional President of Chemi-
cal sciences section of 101st annual conference of The Indian
Science Congress association. 47 students awarded Ph.D de-
gree under his guidance. He has been Invited as Visiting Scien-
tist for one year (2007-08) at Korea Institute of Energy Research
under Brain Pool Program of Korea federation of Science and
Technology, and also for research collaboration in Universitat
Polytacnica de Valencia, Spain.

82

Accounts of Chemical Education and Research 1 (2022)

r} Prof. Vinod Kumar, had been the Professor &
ke Head, Department of Computer sciences as well
as the Vice-Chancellor of Gurukul Kangri

, Deemed to be University. He is at present the

PVC of SGT University, Gurugram, India. He has

more than 200 research papers published in reputed journals.

£

&
-
L,

Dr. Jaspal Singh, is an Assistant Professor in
Department of Chemistry, Gurukul Kangri Uni-
versity, Haridwar. He is engaged in research work
related to chemical kinetics, synthesis of drug,
polymer science basically in emulsion and emul-
sion paint technology. He has over 10 years of research/aca-
demic experience, and over 40 publications in reputed interna-
tional/national peer-reviewed scientific journals. He has super-
vised 4 successful Ph.D’s. Dr. Jaspal has authored 3 books cre-
dited for his research work and some book chapters which are
published at international level.




