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Diclofenac belongs to a class of drugs called nonsteroidal antiinflammatory drugs.
The kinetics and mechanism of oxidation of diclofenac by sodium N-halo-p-toluenesulfo-
namides viz., chloramine-T and bromamine-T in NaOH medium have been studied at
293 K. Under comparable experimental conditions, reactions with both the oxidants
follow identical kinetics with a first-order dependence on each [oxidant]o and a frac-
tional-order dependence on each [diclofenac]o and [NaOH]. Activation parameters have
been computed. N-hydroxyldiclofenac is identified as the oxidation product of diclofenac.
Michaelis-Menten type of mechanism has been suggested. The rate of oxidation of diclo-
fenac is about four-fold faster with bromamine-T when compared with chloramine-T.
This may be attributed to the difference in electrophilicities of Clþ and Brþ ions and also
the van der Waal’s radii of chlorine and bromine. Plausible mechanism and related rate
law have been designed for the observed kinetics. VVC 2009 American Institute of Chemical

Engineers AIChE J, 55: 3234–3240, 2009
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Introduction

The sodium salts of arylhalosulfonamides, generally
known as organic haloamines, have attracted the attention of
chemists as versatile redox titrants.1 The diverse chemical
behavior of organic haloamines is attributed in general
to their ability to act as halonium cations, hypohalites,
N-anions, which act both as bases and nucleophiles, and
nitrenoids in limiting cases.2 As a result, these compounds
react with a wide range of functional groups and affect a
variety of molecular changes. Organic haloamines are mild
oxidants containing a strongly polarized N-linked halogen
which is in þ1 state. The subject has been extensively
reviewed and well studied.2–6 The important chlorine com-
pound of this class is sodium N-chloro-p-toluenesulfonamide
or chloramine-T (CAT), a byproduct in the manufacture of
saccharin. This reagent has been exploited as an oxidant for

a variety of substrates in both acidic and alkaline media.1–11

The bromine analogue of CAT, bromamine-T (BAT), is
gaining importance as a mild oxidant and is found to be a
better oxidizing agent than the chloro derivative.3–5,12–14

This reagent can be easily prepared by the bromination of
CAT. Although BAT is a better oxidant compared with
CAT, an extensive literature survey reveals that only spo-
radic references are available about the oxidative behavior of
BAT from the kinetic and mechanistic points of view. This
aroused our interest to perform the detailed kinetic study on
the oxidation of diclofenac by the closely related reagents
CAT and BAT in alkaline medium to explore the mech-
anistic aspects of these oxidations and, also, to asses their
relative rates. The studies extended to the relevant kinetic
features of CAT and BAT and to identify the reactive oxi-
dizing species of these oxidants in aqueous alkaline medium.

Among the groups of pharmaceutical compounds of great-
est environmental interest15 are the nonsteroidal antiinflam-
matory drugs. Diclofenac, ([o-[(2,6-dichlorophenyl)amino]-
phenyl] acetic acid), is a synthetic compound and therapeuti-
cally belongs to the group of nonsteroidal antiinflammatory
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drugs. It is one of the most commonly used pain killers and
clinically largely used as sodium salt. It is a versatile drug
having therapeutic nature, such as analgesic, antiarthritic,
and antirheumatic.16 In view of medicinal importance of this
compound, a number of analytical methods17,18 have been
developed for its quantitative determination, and also, a very
few oxidation19 and degradation20 investigations have been
carried out. But surprisingly, to date, no oxidation study of
this drug has been reported from its kinetic and mechanistic
view points. Hence, there was a need for understanding the
oxidation mechanism of this drug, so that the study could
throw some light on the fate of the drug in the biological
systems and the mode of action at molecular level. For these
reasons, kinetics and mechanism of oxidation of diclofenac
is a subject of interest and the current kinetic study gives an
impetus, because the substrate diclofenac is a potent drug.

In the light of these considerations, we report herein, the
hitherto unreported results on the oxidation kinetics and
mechanistic aspects of diclofenac by CAT and BAT in
NaOH medium. The principal aim of this research is to: (i)
accumulate kinetic data, (ii) elucidate suitable mechanism,
(iii) deduce relevant rate law, (iv) identify the oxidation
products, (v) compute activation parameters, and (vi) assess
relative reactivity and kinetic features of CAT and BAT to-
ward diclofenac in NaOH medium.

Experimental Procedure

Materials

CAT (E. Merck) was purified by the method of Morris
et al.21 BAT was obtained22 by the partial debromination of
diBAT by 4 mol dm�3 NaOH. The purity of these reagents
was assayed iodometrically to determine the active halogen
content. Aqueous solution of these oxidants was standardized
by the iodometric method and stored in brown bottles to pre-
vent any of its photochemical deterioration. Pharmaceutical
grade diclofenac (Johnson & Smith) was kindly provided by
State Drug Control Unit, Bangalore, India, and of assigned
purity of 98.7%. It was used as received, and aqueous solu-
tion of the compound was prepared fresh just before use.
Solvent isotope studies were made with D2O (99.4%) sup-
plied by Bhabha Atomic Research Centre, Mumbai, India.
Analytical grade chemicals and double distilled water was
used throughout. The regression coefficient (r) was calcu-
lated using fx-350TL scientific calculator.

Kinetic procedure

All the kinetic experiments were performed under pseudo
first-order conditions of [substrate]o � [oxidant]o. In this
study, the detailed kinetic experiments were performed at a
standard temperature of 293 K. Reactions were studied in the
temperature range of 283–313 K to evaluate activation param-
eters. For this purpose, a Raagaa Ultra Cold Chamber with
digital temperature control (Thermostat, India) was used. The
temperature was maintained constant with an accuracy of
�0.1�C. Reactions were performed in glass-stoppered pyrex
boiling tubes, whose outer surfaces were coated black to elimi-
nate any photochemical effects. For each run, requisite
amounts of solutions of the substrate and NaOH, and water (to
maintain a constant total volume) were introduced into the

tube and thermostatted at 293 K until thermal equilibrium was
attained (30 min). A measured amount of oxidant solution,
also thermostatted at the same temperature, was added rapidly
to the above mentioned mixture to initiate the reaction. The
mixture was periodically shaken to ensure uniform concentra-
tion, and the progress of the reaction was monitored by an
iodometric determination of oxidant in measured aliquots (5
ml each) of the reaction mixture at different time intervals.
The reaction was followed for more than two half lives. The
pseudofirst-order rate constants (k0 s�1), calculated from the
linear plots of log [oxidant] vs. time, were reproducible within
�2–4%. The regression coefficient (r) for the linearity was
performed using fx-350TL scientific calculator.

Stoichiometry

Varying ratios of oxidant to diclofenac in presence of
0.5 � 10�3 mol dm�3 NaOH were equilibrated at 293 K for
24 h. The unreacted oxidant in the reaction mixture was
determined by iodometric titration. This analysis showed that
one mole of diclofenac consumed one mole of oxidant in
both the cases, and the observed reaction stoichiometry is
represented as follows:

(1)

Here, Ar ¼ p-CH3C6H4SO2� for CAT and BAT, with
X ¼ Cl or Br.

Product analysis

In the stoichiometric ratio, the reaction mixtures contain-
ing different concentrations of oxidant and substrate in
0.5 � 10�3 mol dm�3 NaOH, under stirred condition, was
allowed to react for 24 h at 293 K. After completion of the
reaction (monitored by thin layer chromatography), the reac-
tion products were neutralized with acid and extracted with
ether. The organic products were subjected to spot tests and
chromatographic analysis, which revealed the formation of
N-hydroxyldiclofenac as the oxidation product of diclofenac
and p-toluenesulfonamide (PTS) as the reduction product of
the oxidant. The presence of these two products was con-
firmed by Gas chromatography-mass spectrometry (GC-MS)
analysis. GC-MS data was obtained on a 17A Shimadzu gas
chromatograph with QP-5050A Shimadzu mass spectrome-
ter. The mass spectrum showed a molecular ion peak at 311
amu (Figure 1), clearly confirming N-hydroxyldiclofenac.
Further, it was noticed that there was no reaction between
N-hydroxyldiclefenac and CAT or BAT under the present set
of experimental conditions.

PTS was extracted with ethyl acetate and detected by
paper chromatography.6 Benzyl alcohol saturated with water
was used as the solvent system, with 0.5% vanillin in 1%
HCl solution in ethanol as spray reagent (Rf ¼ 0.905). Fur-
ther, the molecular ion peak of 171 amu (Figure 2) confirms
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PTS. All other peaks observed in GC-MS can be interpreted
in accordance with the observed structure.

Results and Discussion

The kinetics of oxidation of diclofenac by CAT and BAT
(henceforth abbreviated as oxidant) have been investigated at
several initial concentrations of the reactants, under pseudo
first-order conditions of [substrate]o [[ [oxidant]o, in pres-
ence of NaOH at 293 K in both cases. Under the identical
experimental conditions, the kinetic and mechanistic features
for the oxidation of diclofenac with the closely related com-
pounds CAT and BAT in NaOH medium are same. But the
relative rates of oxidation of diclofenac by BAT are about
four-fold faster than CAT.

Kinetic orders

Effect of Reactant Concentrations on the Reaction Rate.
With the substrate in excess, at constant [diclofenac]o,
[NaOH], and temperature, plots of log [oxidant] vs. time were
linear (r[ 0.9926), indicating a first-order dependence of the
reaction rate on [oxidant]o. The pseudofirst-order rate con-
stants (k0 s�1) remain unaltered with variation in [oxidant]o,
confirming the first-order dependence on [oxidant]o (Table 1).
Under the same experimental conditions, the rate increases

with increase in [diclofenac]o (Table 1) and plots of log k0 vs.
log [diclofenac] were linear (r[ 0.9957) with slopes of 0.45
and 0.50 for CAT and BAT, indicating a fractional-order de-
pendence of rate on [diclofenac]o. Further, plots of k0 vs.
[diclofenac]o were linear (r[ 0.9851) with an intercept, con-
firming a fractional-order dependence on [diclofenac]o.

Effect of NaOH and PTS Concentrations on the Reaction
Rate. The rate of reaction increased with increase in
[NaOH] (Table 1), and plots of log k0 vs. log [NaOH] were
linear (r [ 0.9986) with slopes of 0.60 and 0.48 for CAT
and BAT, showing a fractional-order dependence on
[NaOH]. Addition of PTS (ArNH2) to the reaction mixture
(5.0 � 10�3 mol dm�3) did not affect the rate significantly
indicates that ArNH2 is not involved in any step before the
rate determining step of the proposed scheme.

Effect of Ionic Strength and Halide Ions on the Reaction
Rate. Effect of ionic strength on the reaction rate was
investigated in presence of 0.1 mol dm�3 sodium perchlo-
rate, keeping all other experimental conditions constant. It
was found that addition of NaClO4 showed insignificant
effect on the reaction rate, demonstrating the involvement of
nonionic species in the rate determining step. Subsequently,
the ionic strength of the reaction mixture was not fixed for
kinetic runs. Further, addition of Br� or Cl� ions in the
form of their sodium salts at the concentration of 5.0 �
10�3 mol dm�3 showed a negligible effect on the reaction
rate, which suggests that no inter halogen or chlorine (or
bromine) is formed and that there is a direct interaction of
the oxidizing species with the substrate.

Effect of Dielectric Constant and Solvent Isotope on the
Reaction Rate. Rate studies were carried out in water-MeOH
mixtures having different compositions (0–30% v0v), thereby,
varying the dielectric constant (D) of the medium, but the rates
were not significantly altered in case of both the oxidants.
Because the oxidation of diclofenac by CAT and BAT was
accelerated by OH� ions, the solvent isotope effect was stud-
ied in D2O as the solvent medium for both the oxidants. The
rate constants for CAT and BAT revealed that k0 (H2O) was
equal to 2.36 � 10�4 s�1 and 7.90 � 10�4 s�1, and k0 (D2O)
was 3.86 � 10�4 s�1 and 10.4 � 10�4 s�1, respectively. Thus,

Figure 1. GC-Mass spectrum of N-hydroxyldiclofenac
with its molecular ion peak at 311 amu.

Figure 2. GC-Mass spectrum of PTS with its molecular
ion peak at 171 amu.

Table 1. Effect of Variation of Oxidant, Diclofenac, and
NaOH Concentrations on the Reaction Rate at 293 K

104 [oxidant]o
(mol dm�3)

103 [diclofenac]o
(mol dm�3)

103 [NaOH]
(mol dm�3)

104 k0 (s�1)

CAT BAT

0.5 2.0 0.5 2.41 8.02
1.0 2.0 0.5 2.33 7.82
1.8 2.0 0.5 2.36 7.90
3.6 2.0 0.5 2.30 7.88
5.0 2.0 0.5 2.37 7.86
1.8 0.5 0.5 1.37 3.48
1.8 1.0 0.5 1.74 5.72
1.8 2.0 0.5 2.36 7.90
1.8 4.0 0.5 3.13 10.6
1.8 8.0 0.5 4.38 15.9
1.8 2.0 0.1 0.95 3.73
1.8 2.0 0.2 1.53 5.17
1.8 2.0 0.5 2.36 7.90
1.8 2.0 1.0 3.64 11.2
1.8 2.0 2.0 5.28 15.2

[oxidant]o ¼ 1.8 � 10�4 mol dm�3; [diclofenac]o ¼ 2.0 � 10�3 mol dm�3;
[NaOH] ¼ 0.5 � 10�3 mol dm�3.
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the solvent isotope effect, k0 (H2O)
0k0 (D2O), was found to be

0.61 and 0.76 for CAT and BAT, respectively.
Effect of Temperature on the Reaction Rate. The reaction

was studied at different temperatures (283–313 K), keeping
other experimental conditions constant. From Arrhenius plots
of log k0 vs. 1/T (r [ 0.9934), composite activation parame-
ters (Ea, DH

=, DS=, DG=, and log A) were computed for
the oxidation of diclofenac by CAT and BAT. These data
are summarized in Table 2.

Polymerization study

Alkene monomers, such as acrylonitrile, and freshly pre-
pared 10% acryamide solution were added to the reaction
mixture to initiate polymerization by free radicals formed in
situ. The lack of polymerization indicated the absence of
free radicals in the reaction mixture. This clearly ruled out
the possibility of free radical mechanism. The controlled
experiments were also performed under similar reaction con-
ditions without oxidant.

Organic N-haloamines

Organic N-haloamines are sources of positive halogens,
and these reagents have been exploited as oxidant for a vari-
ety of substrates in both acidic and alkaline media.2–4

Because organic N-haloamines have similar chemical proper-
ties, it is expected that identical equilibria exist in aqueous
acidic and basic solutions of these compounds.23,24 CAT and
BAT act as oxidizing agents in acidic and alkaline media,2

with a two electron change per mole, giving PTS and NaCl
or NaBr. The redox potential of CAT-PTS couple is pH de-
pendent25 and decreases with increase in pH of the medium
(Eredox1.138 V, 1.778 V, 0.614 V, and 0.5 V at pH 0.65, 7.0,
9.7, and 12, respectively). In view of the homogeneity in
properties of CAT and BAT, similar redox potential behav-
ior can be expected for BAT as well. The nature of the
active oxidizing species and mechanism depends on the
nature of halogen atom, the groups attached to the nitrogen,
and the reaction condition. The species responsible for such
oxidizing character may be different depending on the pH of
the medium.

Reactive species of CAT and BAT

CAT and BAT (ArNXNa) are moderately strong electro-
lytes24 in aqueous solutions ðArNXNa Ð ArN�Xþ NaþÞ,
and depending on the pH of the medium, these reagents fur-
nish different types of reactive species in solutions.21,23–27 In
alkaline solutions of CAT and BAT, dihaloamine (ArNX2)
does not exist, and the possible oxidizing species are
ArNHX, HOX, and ArN�X. Further, the following set of
equilibria can be expected23 in alkaline solutions of CAT
and BAT:

ArN�Xþ H2O Ð ArNH2þOX� (2)

ArN�Xþ H2O Ð ArNHXþ OH� (3)

ArNHXþ H2O Ð ArNH2þHOX (4)

ArNHXþ OH� Ð ArNH2þOX� (5)

Equations 2, 4, and 5 suggest rate retardation with the
addition of PTS (ArNH2), whereas Eq. 3 predicts a decrease
in rate by OH� ions. Because these predictions are contrary
to our experimental observations, it is likely that the anion,
ArN�X, itself acts as the reactive oxidant species in this
work.

Reaction scheme

In these investigations, the acceleration of rate by OH�

ion indicates the formation of anion ArN�X from the conju-
gate acid ArNHX in an OH� accelerating step. In view of
preceding discussion and the experimental facts, it is reason-
able to assume an anion ArN�X is the reactive oxidant spe-
cies, which interacts with the substrate. In the light of these
considerations, the oxidation mechanism for the oxidation of
diclofenac by CAT and BAT in alkaline medium is formu-
lated as given in Scheme 1.

A detailed mode of oxidation of diclofenac by CAT and
BAT in alkaline medium is depicted in Scheme 2. In a fast
initial equilibrium [step (i) of Scheme 1], the conjugate acid,
ArNHX, in the alkali accelerating step generates the active
oxidizing anionic species ArN�X. In the next fast equilib-
rium [step (ii)], the lone pair of electrons on nitrogen of
diclofenac attacks the positive halogen of ArN�X, forming a
transition state X. This transient species X in a slow0rate
determining step [step (iii)] undergoes deprotonation to form
a halo intermediate X0, with the elimination of ArNH2. This
transient species X0 interacts with the hydroxyl ion by

Table 2. Temperature Dependence on the Reaction Rate and
Activation Parameters for the Oxidation of Diclofenac by

CAT and BAT in Alkaline Medium

Temperature (K)

104 k0 (s�1)
(104 k3 s

�1)
CAT

104 k0 (s�1)
(104 k3 s

�1)
BAT

283 1.37 (1.25) 3.59 (5.80)
288 1.74 (3.64) 4.90 (9.10)
293 2.36 (5.26) 7.90 (15.4)
303 3.13 (12.5) 14.7 (28.6)
313 4.38 (15.3) 29.0 (54.0)
Ea (kJ mol�1) 72.4 (62.1) 54.4 (48.3)
DH= (kJ mol�1) 70.0 (59.6) 51.9 (45.8)
DG= (kJ mol�1) 92.5 (90.6) 89.7 (88.3)
DS= (JK�1 mol�1) �76.4 (�25.0) �150 (�127)
Log A 12.4 (10.5) 8.93 (8.67)

Values in parentheses are the decomposition constants and activation parame-
ters for the rate determining step.
[oxidant]o ¼ 1.8 � 10�4 mol dm�3; [diclofenac]o ¼ 2.0 � 10�3 mol dm�3;
[NaOH] ¼ 0.5 � 10�3 mol dm�3.

Scheme 1. A general reaction scheme for the oxidation
of diclofenac by CAT and BAT in alkaline medium.
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nucleophilic substitution, leading to the formation of N-
hydroxyldiclofenac.

Kinetic modeling

If [oxidant]t is total effective concentration of oxidant,
then

oxidant½ �t ¼ ArNHX½ � þ ArN�X½ � þ X½ � (6)

From steps (i) and (ii) of Scheme 1,

ArNHX½ �¼ X½ � H2O½ �
K1K2 diclofenac½ � OH�½ � (7)

and

ArN�HX½ �¼ X½ �
K2 diclofenac½ � (8)

By substituting for [ArNHX] and [ArN�X] from Eqs. 7
and 8, respectively, into Eq. 6 and solving for [X], we get

X½ �¼ K1K2 oxidant½ �t diclofenac½ � OH�½ �
H2O½ � þ K1 OH

�½ � þ K1K2 diclofenac½ � OH�½ � (9)

From slow/rate determining step [step (iii)] of Scheme 1,
we get

Rate ¼ � oxidant½ �t=dt ¼ k3 X½ � (10)

By substituting for [X] from Eq. 9 into Eq. 10, the follow-
ing rate law is obtained.

Rate ¼ K1K2k3 oxidant½ �t diclofenac½ � OH�½ �
H2O½ � þ K1½OH�� þ K1K2 diclofenac½ � OH�½ � (11)

Rate law (Eq. 11) is in accordance with the kinetic find-
ings, wherein a first-order dependence of rate on [oxidant]o
and fractional-order dependence on each of [diclofenac]o and
[OH�] was observed. Because Rate ¼ k0 [oxidant]t, Eq. 11
can be transformed into Eqs. 12–14, as follows:

k0 ¼ K1K2k3 diclofenac½ � OH�½ �
H2O½ � þ K1 OH

�½ � þ K1K2 diclofenac½ � OH�½ � (12)

1

k0
¼ 1

diclofenac½ �
�

H2O½ �
K1K2k3 OH

�½ � þ
1

K2k3

�
þ 1

k3
(13)

1

k0
¼ 1

OH�½ �
�

H2O½ �
K1K2k3 diclofenac½ �

�

þ
�

1

K2k3 diclofenac½ � þ
1

k3

�
(14)

Above rate Eqs. 13 and 14 may be verified by plotting the
graphs of 1/k0 vs. 1/[diclofenac] and 1/k0 vs. 1/[OH�]. A plot
of 1/k0 vs. 1/[diclofenac] (r ¼ 0.9936; Figure 3) from Eq. 13
yields a slope ¼ [H2O]/K1 K2 k3 [OH�] þ 1/K2k3 and an
intercept ¼ 1/k3. Similarly, a plot of 1/k0 vs. 1/[OH�] (r ¼
0.9833; Figure 4) from Eq. 14 gives a slope ¼ [H2O]/K1 K2

k3 [diclofenac] and an intercept ¼ 1/K2k3 [diclofenac] þ 1/
k3. From the slopes and intercepts of Eqs. 13 and 14, the
values of the equilibrium constants, K1 and K2, and the
decomposition constant k3 were evaluated for the standard

Scheme 2. A detailed mechanism involving the elec-
tron transfer during the oxidation of diclofenac by CAT
and BAT in NaOH medium.

Figure 3. Double reciprocal plots of 1/k0 vs. 1/[diclofe-
nac]. Experimental conditions are as in Table 1.
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run with the experimental conditions; [oxidant]o ¼ 1.8 �
10�4 mol dm�3; [diclofenac]o ¼ 2.0 � 10�3 mol dm�3; and
[NaOH] ¼ 0.5 � 10�3 mol dm�3 at 293 K for CAT and
BAT. The values obtained are K1 ¼ 7.07 � 108 and 19.5 �
108, K2 ¼ 1.26 � 10�2 and 46.0 � 10�2 dm3 mol�1, and
k3 ¼ 5.26 � 10�4 and 15.4 � 10�4 s�1 for CAT and BAT,
respectively. Further, the proposed mechanism and the
derived rate law are supported by the following experimental
findings.

Michaelis-Menten Kinetics. Because the rate was frac-
tional-order in [diclofenac]o, Michaelis–Menten type of
kinetics28 were adopted. The diclofenac was varied in the
concentration range of 0.5 � 10�3 to 8.0 � 10�3 mol dm�3

at different temperatures (283–313 K), with all other experi-
mental conditions being held constant. Based on Eq. 13,
plots of 1/k0 vs. 1/[diclofenac] were found to be linear (r [
0.9851). From the intercept of such a double reciprocal plot,
the decomposition constant k3 for the rate determining step
were evaluated at different temperatures for both CAT and
BAT. Further, activation parameters for the rate determining
step [step (iii) of Scheme 1] were deduced using Arrhenius
plots of log k3 vs. 1/T. All these data are summarized in Ta-
ble 2. The relative magnitudes of energy of activation and
other thermodynamic parameters for the rate determining
step, as well as the composite reaction, support the proposed
reaction mechanism and the derived rate law.

Effect of Dielectric Constant. In these investigations, var-
iation of dielectric constant of the medium does not affect
the rate significantly. The effect of varying solvent composi-
tion and dielectric constant on the rate of reaction has been
described in several studies.29–33 For limiting case of zero
angle of approach between two dipoles or an ion-dipole sys-
tem, Amis31 has shown that a plot of log k0 vs. 1/D gives a
straight line, with a negative slope for a reaction between a
negative ion and a dipole or between two dipoles, whereas a
positive slope results for a positive ion-dipole interaction.
The total absence of the effect of varying dielectric constant
on the rate cannot be explained by the Amis theory.31

Applying the Born equation, Laidler32 has proposed the fol-
lowing equation for a dipole-dipole interaction:

ln k0 ¼ ln ko þ 3=8 kTð2=D� 1Þ l2A=r
3
A þ l2B=r

3
B � l26¼=r

3
6¼

h i
(15)

where ko is the rate constant in a medium of infinite dielectric
constant, l represents the dipole moment, and r refers to the
radii of the reactants and activated complex. It can be seen
from Eq. 15 that the rates should be greater in a medium of
lower dielectric constant when r36¼ ¼ r3A þ r3B, indicating that
the extent of charge dispersal in the transition state is different.
On the other hand, r36¼ � r3A þ r3B implies the absence of a
dielectric effect of the solvent on the rate, as was observed in
these investigations, signifying that the transition state is not
very much different from the reactants with respect to the size
and charge of the transition state and the reactants.

Effect of Solvent Isotope. The observed solvent isotope
effect k0 (H2O)/k

0 (D2O) \ 1 corroborates the proposed
mechanism and the derived rate law. For a reaction involv-
ing a fast equilibrium Hþ or OH� ion transfer, the rate
increases in D2O, because D3O

þ and OD� are a stronger
acid and a stronger base, respectively, than H3O

þ and OH�

ions.34,35 According to the concept of solvent isotope effect,
the expected increase of reaction rate in deuterium ions is
about 2–3 times greater.34 The increase of reaction rate with
D2O observed in these studies and the solvent isotope effect
k0 (H2O)/k

0 (D2O) \ 1 conform to the above theory. How-
ever, the magnitude of increase of rate in D2O is small,
which can be attributed to the fractional order dependence of
rate on [OH�].

Relative reactivity of CAT and BAT

A comparison of the rates of reaction of CAT and BAT
shows that the oxidation of diclofenac is about four-fold
faster in BAT compared with that of CAT, under identical
set of experimental conditions. This is endorsed by the rela-
tive magnitudes of activation energies (Table 2). This trend
may be attributed to the difference in elctrophilicities of the
halocations, Clþ and Brþ ions, involved in the oxidation
processes and is also related to the ease with which these
species are generated in reactions. In these oxidation reac-
tions, the electronegativity values of Brþ and Clþ play a
vital role. Bromine has the elctronegativity of 2.7, whereas
chlorine has a higher value of 2.8. As the elcetronegativity
increases, the electropositive nature decreases. Because the
halo cations are the reactive species in these oxidation reac-
tions, the electropositive nature is in the order: Br [ Cl.
Therefore, the reactivity of BAT is more, when compared
with CAT. This trend may also be due to the moderate dif-
ference in the van der Waals’s radii of bromine and chlorine.
A similar behavior has been noted4,5,12,14,36,37 in the oxida-
tion of several other substrates using CAT and BAT. The
facts furnished in this research and the literature
reports4,5,12,14,36,37 led to conclude that BAT is a stronger
oxidant compared with CAT.

The proposed mechanism is also supported by the moder-
ate values of energy of activation and other thermodynamic
parameters. The energy of activation is highest for the slow-
est reaction and vice versa, indicating that the reaction is
enthalpy controlled (Table 2). The positive values of DH=

and DG= indicate that the transition state is highly solvated.
The negative values of DS= suggest the formation of a rigid

Figure 4. Double reciprocal plots of 1/k0 vs. 1/[OH2].
Experimental conditions are as in Table 1.
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associative transition state with a few degrees of freedom in
both cases. Further, the comparable values of DG= signify
the same type of the reaction mechanism could be operative
for the oxidation of diclofenac by CAT and BAT in alkaline
medium. The values of frequency factor (A) specify the fre-
quency of collisions and the orientation of reacting mole-
cules. The ineffectiveness of the additions of PTS, neutral
salts, and halide ions on the rate of the reaction are in agree-
ment with the proposed mechanism and the derived rate law.

Conclusions

The kinetics of oxidation of diclofenac by CAT and BAT
in NaOH medium follows the identical kinetics with a rate
law—d[oxidant]/dt ¼ k [oxidant]o [diclofenac]xo [OH�]y,
where x and y are less than unity. N-hydroxyldiclofenac was
identified as the oxidation product of diclofenac. Thermody-
namic parameters and reaction constants were deduced. In
the proposed mechanism, anion ArN�X is assumed to be the
reactive oxidant species, which interacts with the substrate.
The relevant rate law has been designed. Under identical ex-
perimental conditions, the rate of oxidation of diclofenac is
about four-fold faster with BAT when compared with CAT.
This may be attributed to the difference in electrophilicities
of Clþ and Brþ ions and also the van der Waal’s radii of
chlorine and bromine.
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