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D
 P

RThe kinetics of alkaline hydrolysis of malachite green (MG+) have been studied spectrophotometrically in the
presence of cetyltrimethylammonium bromide (CTAB) under pseudo-first-order condition at buffered of
pH 11 and 298 K. The rate increases slightly up to the critical micelle concentration of CTAB then increases
rapidly for surface catalysis of the micelles. The reaction has also been studied in the water pools of the CTAB/
1-butanol/heptane/water reverse micelles and found 4–8 times faster over its rate in aqueous phase but the
rate decreases exponentially with its water pool (w) size. The CTAB micellar medium has been characterized
using steady state emission spectroscopy and tensiometry at the reaction condition for better explanation of
the experimental findings. The thermodynamic activation parameters for the hydrolysis reaction have also
been determined for comparison of the kinetic behavior in different environments.

© 2013 Elsevier B.V. All rights reserved.
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C1. Introduction

The chemistry of dyes and their applications to other scientific fields
get immense popularity in themodern era. They have played an impor-
tant role as an effective indicator in the analysis of some elements such
as ruthenium (Ru), iodine (I) and osmium (Os) [1]. The recognition of
DNA by dye molecules is of paramount importance in biochemistry
and molecular biology [2]. Dye sensitization of semiconductors is
becoming a promising strategy for solar energy conversion [3]. The prin-
cipal application of dyes is in the coloration of substrates, typically
textiles, where a great quantity of water and dyes are used, with about
50% of the dyes discharged into wastewater, thereby polluting the
environment [4]. The wastewater, discharged from textile industries,
contains high concentrations of reactive dyes that exert serious threats
to sustainability of natural ecosystems [5]. Moreover, the contamination
of reactive dyes may present a risk to the aquatic living organisms
through bioaccumulation thus entering into their food chain. Toxicity
of reactive dyes has been reported at concentrations as low as
5.2 mg L−1 [6]. Recently, several methods for dealing with the treat-
ment of textile wastewater like physico-chemical treatment [5], biolog-
ical oxidation [7], adsorption and advanced oxidation processes (AOPs),
e.g. ozonation, photolysis, electrochemical, and sonolysis [8] have been
investigated. Usually, these processes lead to the release of more toxic
products than the parent compound that prove fatal for the living
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creatures [9]. Hydrolysis is one of the prime detoxification mechanisms
for organic compounds as hydrolysis by-products are normally less
toxic to the environment than the parent compound [10].

A number of investigations over the last three decades [11–13] have
revealed that the rates of a variety of organic reactions are altered in the
presence of dilute aqueous solution of surfactants [14]. One of the most
important properties of the aqueous surfactant solution is their ability
to solubilize a wide variety of organic molecules, thereby influencing
their reactivity. The variation of rate can be explained with the specific
interactions between surfactant molecules and reactant species, viz.
Coulombic, hydrophobic and charge transfer. All of the interactions
can play a significant role in altering the rate of the reaction [15,16].
The surfactant molecules mutate the reaction rate through the forma-
tion of aggregates, called micelles. These micelles are capable in chang-
ing the rate of the reaction by severalways [17]—decreasing the entropy
of reactant species due to their binding with micelles, relative stabiliza-
tion or destabilization of the reactants due to their preferential interac-
tion with surfactants and promoting the approach of reactants towards
the micellar core. The catalytic activity of micelles has been studied for
different organic reactions, especially the hydrolysis of esters [18], Schiff
bases and carbocationic dyes [19]. That means the micellar effects on
the reactivity have frequently been a matter of study. However, a lot
of interests have been placed on the studywith reversemicelles because
of its similarity with the microenvironment in the biological cells
[20]. Although the majority of kinetic studies have been carried out in
the ternary systems formed by AOT (sodium bis(2-ethylhexyl)
sulfosuccinate)/alkane/water microemulsions [21]; nevertheless, only
few systematic quantitative studies have been carried out in four
component microemulsions [22–24]. Zakharova et al. [25] have shown
aline fading of malachite green in the presence of micelles and reverse
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Fig. 1. UV–vis Spectra of MG+ and –OH reaction mixture in aqueous buffer medium at
different time intervals. [Inset: Change of absorbance as a function of time at 616 nm.]
[MG+]0 = 5.77 × 10−5 mol L−1, pH = 11, μ = 4 × 10−3 mol L−1 at 298 K.
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the catalytic effect of reversemicellar systems on the alkaline hydrolysis
of phosphonic acid esters. Microemulsions, also called reverse micelles,
are pseudo-heterogeneous mixtures of water-insoluble organic com-
pounds, water and a surfactant/co-surfactant mixture. They are trans-
parent, isotropic and thermodynamically stable dispersion systems of
‘oil’ and ‘water’. Two types of reverse micelles are recognized—oil-in-
water (o/w) reverse micelles, where the ‘oil’ resides at the center of
the droplet and is surrounded by surfactant and co-surfactant, whereas
‘water’ is at the droplet center in thewater-in-oil (w/o) reversemicelles.
The size of liquid drop in the dispersed phase is in the range of 8–80 nm.
Due to the dynamic nature of reverse micelles, they can exchange their
constituents including water, surfactants or other content [26]. The
charged head groups of the reverse micelles make the liquid confined
in it different in their physical properties from that of the bulk phase
[27,28]. The liquids, entrapped in a very small cavity of nanometer
range, play the fundamental role as a medium that controls the struc-
tures, functions and thermodynamics of the system which is akin to
that of the biological membrane system. One of the most striking
features of reverse micelles is the “water pool” which is usually
expressed by the molar ratio of water to surfactant i.e., w = [H2O]/
[Surf.] [29–31]. The size of water pool can precisely be controlled by
taking different values of ‘w’. The parameter ‘w’ is believed to be the
key factor in controlling the most important structural features of the
reverse micellar system. In most instances, water-in-oil systems (w/o)
have been used and the water droplets have been proven useful as
‘minireactors’ for various types of reactions.

Malachite green (di[4-dimethylaminophenyl]phenyl cation) is an
important water soluble dye. The name of the dye just comes from the
similarity of its color. These dyes represent a class of dyes of commercial
and analytical importance [32]. The high solubility of the dye in water
makes it potential water pollutants. In the textile industry, the removal
of the dyes from effluents in an economic fashion is a major problem.
Since these wastewaters contain substances that modify the medium,
and a study of the dyes fading in the presence of surfactants, which
are already present in such water, can contribute to the development
of new decontaminating procedures. The kinetic studies of alkaline
fading of malachite green thus have extensively been developed [33].

In this article, we have presented some of our interesting results on
the study of kinetics of alkaline fading of malachite green in micellar
medium and reverse micellar medium of the cationic surfactant CTAB.
All of the experimental works have been carried out in buffer medium
of pH = 11 at 298 K. The reaction of malachite green with hydroxide
ions is a one-step reaction [34] and follows pseudo-first-order kinetics.
Rationalizations of the kinetic results with proper explanations have
been attempted.

2. Experimental

2.1. Reagents & materials

Malachite green (MG+), CTAB, sodium carbonate and bicarbonate
salts have been used as received from Merck, India. Pyrene has been
procured from Sigma-Aldrich and used without further purification.
N-Cetyl pyridinium chloride (CPC) has been purchased from Merck,
India and recrystallized from methanol/ethanol mixture before use.
Highly pure water from Milli-Q Ultra has been used for preparation of
aqueous solutions throughout the experiment. Fresh aqueous solution
of malachite green has been used for day to day works and it is stored
in a dark place. The concentration of malachite green solution has
been determined spectrophotometrically using its molar extinction co-
efficient, ε616 (MG+) = 148424 L mol−1 cm−1 [35]. The aqueous solu-
tion of CTAB and CPC have been prepared with 0.02 mol L−1

Na2CO3 = 0.02 mol L−1 NaHCO3 buffer solution of pH = 11 (±0.02).
Ethanolic solution of pyrene has been used as a probe. All fluorimetric,
tensiometric and kinetic experiments have been carried out at a
constant temperature of 298 K and buffer medium of pH = 11.
Please cite this article as: S. Dasmandal, et al., Kinetic investigations on alk
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2.2. Methods

2.2.1. Fluorimetry
Steady-state fluorescence measurements have been performed on a

ShimadzuRF-5000 spectrofluorimeter thermostated at 298 K (±0.1 K).
For the determination of critical micelle concentration (CMC) and effec-
tive dielectric constant (ε) onCTABmicellar surface, a pyrene solution of
concentration 1 × 10−6 mol L−1 has been used as a probe. Pyrene has
been excited at 332 nm, and its emissions recorded at 375 and
386 nmcorresponding to the first and third vibronic peaks respectively,
with theuse of both excitation and emission slits of 5 nm. The formation
ofmicelle has been attributed by the change in the intensity ratios of the
first and third peaks (II/IIII) from the emission spectra of pyrene. The
aggregation number (N) of CTAB in buffer (pH = 11) medium has
been determined using the steady-state fluorescence quenching
(SSFQ) method where N-Cetyl pyridinium chloride (CPC) has been
employed as quencher (Q). For the determination of N, the concentra-
tion of CTAB has been kept well above its CMC throughout the
experiments.

2.2.2. Tensiometry
Tensiometric measurement has been carried out on a calibrated du

Nouy tensiometer (Jencon, India) employing ring detachment tech-
nique [36]. A buffer solution of 10 mLhas been placed in a thermostated
298 K (±0.1 K) doublewalled jacketed glass container where the CTAB
solution of desired concentration has been added gradually in a number
of steps with the aid of a micro-pipette from Finnpipette. After each ad-
dition of surfactant, the mixture has been stirred well using a magnetic
stirrer, allowed the mixture to equilibrate and finally the measurement
of surface tension (γ) was carried out subsequently. The measured
values of surface tension have been found to be reproducible within
±0.02 dyn cm−1.

2.2.3. Kinetic measurements
The alkaline hydrolysis reactions have been carried out spectropho-

tometrically on a UV–visible Spectrophotometer (Shimadzu, UV-1800)
equipped with a Peltier temperature controller, TCC-240A maintaining
a constant temperature of 298 K (±0.1 K). The kinetics of hydrolysis re-
actions have usually been performed up to 2–3 half-lives of the reaction.
The decrease in absorbance (Fig. 1) at 616 nm has been recorded as a
function of time. All the kinetic runs have been carried out under
pseudo-first-order conditions with excess amount of alkali over MG+.
The observed pseudo-first-order rate constants (kobs) have been
aline fading of malachite green in the presence of micelles and reverse
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determined from the first order exponential decay curve fitting of
absorbance (At) against time (t) graph using Microcal Origin 8.0 soft-
ware on a computer.

Microemulsions of desired compositions have been prepared by the
addition of appropriate volume of aqueous part (MG+ and buffer). Thus
the concentrations of MG+ inside the water pool i.e., the local concen-
tration of MG+ ([MG+]L) have been calculated considering the total
volume of the added aqueous part.
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3. Results and discussion

3.1. Fluorimetry

3.1.1. Determination of CMC and micellar surface effective dielectric
constant (ε) of CTAB

The fluorescence spectrum of pyrene in aqueous solution possesses
significant vibronic fine structure consisting of five major peaks. Being
a hydrophobic compound, pyrene tends to solubilize in the micellar
core of aqueous micellar solutions of CTAB and thereby experiences
some variations in its spectrum from that obtained in surfactant
solutions of concentrations below CMC. The intensity ratio of the first
vibrational band (375 nm), the highest energy one, and the third
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vibrational band (386 nm), II/IIII, have been plotted against surfactant
concentration, above and below the CMC (Fig. 2a). The CMC value of
CTAB has been obtained from the vicinity of inflection point on the
sigmoidal curve. A derivative plot has been used for accurate determina-
tion of CMC (Table 1).

The vibronic peak intensity ratio (II/IIII) in the pyrene emission
spectrum provides a measure of the apparent environmental
micropolarity as this ratio is directly related to the dielectric constant
where the probe is housed [37]. An increment in the intensity ratio is
the indication of increased polarity. The result shows the intensity
ratio decreases sharply with surfactant concentration closes to the
CMC. It indicates that micellar surface becoming less polar as the
concentration of surfactant increases. This ratio (II/IIII) becomes constant
at 1.34when the concentration of CTAB is sufficiently greater than CMC.
The effective dielectric constant of the micellar surface has been esti-
mated from the calibration plot between fluorescence intensity ratio
(II/IIII) and static dielectric constant (ε) of various solvents [38] and the
value has come out as 42.5 (Fig. 2b).

3.1.2. Determination of aggregation number (N)
The micellar aggregation number has been obtained from fluores-

cence quenching measurements where the probe (pyrene) and the
quencher have been assumed to be solubilized on the micellar pseudo
phase [39]. The ratio of the intensities in the absence of quencher
(Q) to that in the presence of quencher, I0/I, is related to the quencher
concentration by Eq. (1)[40]

ln
I0
I
¼ N Q½ �

CMC− S½ �T
ð1Þ

where, [Q] is the total concentration of the quencher, [S]T and CMC are
the total concentration and critical micelle concentration of CTAB re-
spectively. The aggregation number (N) at different surfactant concen-
trations has been obtained from the slope of the plot of ln(I0/I) versus
[Q] (Fig. 3) and the values have been shown in Table 2. The aggregation
number of CTAB micelles in aqueous buffer medium (pH = 11) has
been found to increase continuously in the concentration range of
(3–30) × 10−3 mol L−1 [41] which eventually means the increment
of micellar surface area with the increase of surfactant concentration.

3.2. Tensiometry

The surface tension of CTAB has been found to decrease rapidly with
the addition of surfactant, and it remains almost unchanged after the
onset of micellization even if the concentration of surfactant has been
further increased. The CMC value has easily been obtained from the
intersection of two straight lines of the plot of surface tension (γ) versus
the logarithmic surfactant concentration (log {[CTAB]0/mol L−1})
(Fig. 4). The value of CMC obtained in this technique (Table 1) is in
good agreement with that obtained by fluorimetric measurements.

3.3. Kinetics

3.3.1. Effect of malachite green on the rate of reaction
The solution ofmalachite green consists of a colored cation (MG+) of

which the intense color is due to the presence of conjugation in the
Table 1 t1:1

t1:2Critical micelle concentration (CMC) of aqueous solution of CTAB (pH = 11) in different
t1:3techniques at 298 K.

t1:4Technique 103 CMC, mol L−1

t1:5Spectrofluorimetric 0.87 ± 0.02a

t1:6Tensiometric 0.86 ± 0.02a

t1:7Kinetic 0.82 ± 0.02

a CMC value has been lowered considerably from that of reported value in pure water
[42] by both fluorimetry and tensiometry methods. t1:8

aline fading of malachite green in the presence of micelles and reverse
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system. The alkaline hydrolysis of MG+ results in a disruption of the
conjugation and consequent loss of the color with time. The reaction
proceeds according to Scheme 1.

The kinetic studies has been carried out keeping the concentration of
MG+very low compared to that of –OH in order tomaintain the pseudo-
first-order condition. Under this circumstance, a series of kinetic runs
have been carried out in the range of concentration of MG+

(1.15–8.63) × 10−5 mol L−1 at constant excess concentration of
hydroxide ion ([−OH]0 = 1.0 × 10−3 mol L−1) at 298 K. The ionic
strength (μ) of the medium has been maintained at 4.0 × 10−3 mol L−1

by adding NaNO3.
The absorbance of MG+ (at 616 nm) has been found to decay expo-

nentially with time. The plot of observed pseudo-first-order rate
constant, kobs, versus [MG+]0 shows that the values of kobs remain
almost constant {(1.89 ± 0.03) × 10−3 s−1} upon changing the
concentration of MG+ which confirms the first-order dependence of
reaction rate on the concentration of MG+.

3.3.2. Effect of hydroxide on the rate of reaction
A fewkinetic runs for the alkalinehydrolysis ofmalachite green have

been performed with the variation of [−OH]0 in the range of 0.2–
2.0 mol L−1at [MG+]0 = 5.77 × 10−5 mol L−1, μ = 4.0 × 10−3

mol L−1 at 298 K. The values of kobs obtained at different [−OH]0
{(0.57–3.32) × 10−3 s−1}, reveal a linear dependence on [−OH]0 in-
dicating that the reaction is first-order with respect to the concen-
tration of −OH. The well known mechanism of this reaction taking
place in bulk phase [43] has been presented in Scheme 1. The ob-
served rate law can be expressed as

rate ¼ −d MGþ� �
dt

¼ k0 þ kOH
−OH½ �0

� �
MGþh i

0
:

Table 2
Micellar Aggregation numbers for different initial concentrations of CTAB (pH = 11) at
298 K.

103 [CTAB]0 mol L−1 Aggregation number (N)a

3.0 124
5.0 126
10.0 130
20.0 138
30.0 147

a Aggregation numbers have been calculated from Eq. (1) using CMC value of
0.87 × 10−3 mol L−1.
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RUnder the experimental condition, [–OH]0 NN [MG+]0 i.e., the initial
concentration of –OH remains almost constant throughout the
reaction.Therefore,

−d MGþ� �
dt

¼ kobs MGþh i
0

ð2Þ

where,

kobs ¼ k0 þ kOH
−OH½ �0

kOH is the second-order rate constant for alkaline hydrolysis reac-
tion. Here, the value of the rate constant for hydrolysis of MG+ in
pure water, k0, has been obtained from the intercept of the plot
kobs versus [−OH]0 and it comes out as 2.9 × 10−4 s−1. The value
of kOH calculated from Eq. (2) is 1.51 ± 0.04 L mol−1 s−1.

All other experimentalworks have been performedwith a particular
initial concentration of hydroxyl ion (i.e., 1.0 × 10−3 mol L−1) which
has been obtained by using a buffer of Na2CO3–NaHCO3. However, in
this circumstance, the requisite pseudo-first-order condition has still
been maintained and also the reaction shows first-order kinetics with
respect to [−OH]0.

3.3.3. Influence of CTAB on the rate of reaction
We have examined the influence of cationic surfactant, CTAB, on the

alkaline hydrolysis of malachite green (MG+) throughout the pre- and
Scheme 1. Hydrolysis of Malachite Green (MG+).

aline fading of malachite green in the presence of micelles and reverse
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post-micellar region. Observed pseudo-first-order rate constants (kobs)
for hydrolysis of MG+ at constant [−OH]0 have been found to increase
by nearly 7 times with an increase in the total concentration of CTAB
from 0.0 to 5.4 × 10−3 mol L−1. The rate of the process has initially
been found to increase slightly, but after a certain concentration of sur-
factant it risesmuch steeply up to a limit beyondwhich the increment of
the rate is not too much (Fig. 5). The critical micelle concentration
(CMC) of CTABhas been obtained kinetically as theminimumsurfactant
concentration required inducing a substantial change in the observed
rate constant. The obtained value, CMC = 0.82 × 10−3 mol L−1, is
somewhat smaller (~25%) than the value obtained tensiometrically in
pure water, 1.09 × 10−3 mol L−1 (very close to the reported value
[42]), which has been ascribed to the known effect of the presence of
electrolytes on the critical micelle concentration of surfactant. This
value of CMC obtained kinetically has been observed in good agreement
with that obtained in tensiometric and fluorimetric measurements
(Table 1).

In post-micellar region, the catalytic effect of CTAB is a result of the
increased local concentration of the reactants in the micellar pseudo
phase [44]. It has been found that the aggregation number of CTAB mi-
celles increases steadily with CTAB in the concentration range of
(3.0–30.0) × 10−3 mol L−1 (Table 2). The availability of surface area
of themicelles thus increasedwith the addition of CTABwhich in conse-
quence increases the effective concentrations of MG+ and −OH ions in
the Stern layer due to hydrophobic (as the organic moieties are present
inmalachite green) and Coulombic interaction respectively (Scheme2),
and thereby increasing the reaction rate. It has already been shown that
the dielectric constant ofMG+micro-environment decreaseswith CTAB
concentration. This decrease in the effective dielectric constant (ε) has
been attributed to the creation of electric field by the charged micelle
surface [45]. The value of ε obtained on CTAB micellar surface,
42.5 (at 298 K), is much smaller than that in aqueous phase, ε = 80.1
(II/IIII ≈ 1.81) [38] According to Hughs–Ingold rule [46,47] for nucleo-
philic substitution reactions, the formation of the neutral carbinol base
(Scheme 1) from two oppositely charged reactants is more favorable
in lower dielectric constant media and thus with increase in CTAB con-
centration, the rate of alkaline fading of MG+ increases. However, the
rate of the reaction at sufficiently high concentration of CTAB
(NNCMC) has been found to be almost constant due to the increased
Coulombic repulsion between the micellar head groups and MG+

which prevents the further incorporation ofMG+ into themicellar core.
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Fig. 5. Effects of [CTAB]0 on pseudo-first order rate constants (kobs) for hydrolysis of MG+.
[MG+]0 = 5.77 × 10−5 mol L−1, pH = 11 at 298 K.
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plained quantitatively in terms of the micellar pseudo phase (PP)
model [48]. The variation of the rate constant (kobs) with surfactant
concentration has been treated as shown in Scheme 3.

The substrateMG+ has been assumed to bindwith n number of sur-
factantmolecules with binding constantKm

MGþ to form aggregates and kw
h

& km
h are the pseudo-first-order rate constants for the alkalinehydrolysis

in the aqueous medium, and micellar pseudophases respectively. This
model leads to the following expression of kobs for micelle-catalyzed
reaction. The detailed derivation of kobs has been shown in supplemen-
tary data.

kobs ¼
khw þ khm K

m

MGþ
D½ �
Co

� �n

1þ Km

MGþ
D½ �
Co

� �n ð3Þ

where Co is the standard concentration. The experimental results have
been fitted to Eq. (3) by means of a non-linear regression analysis
using Origin 8.0 (Fig. 5). The value of kOH has been kept constant and
is equal to the value previously obtained in aqueous phase. The values
of the rate constants (kobs and kcal), K

m
MGþ and km

h for CTAB micelles
have been summarized in Table 3. The observed value of n (Table 3) is
far less than the number of surfactant molecules found in the micelle
(Table 2). This has been interpreted as indicative of the formation of
small sub-micellar aggregates which interacts with the reactants and
thereby increases the rate, though slightly, at surfactant concentration
below the CMC.

3.3.4. Influence of CTAB reverse micelles on the rate of reaction
The study has been carried out on the influence of microemulsion

composition on the rate of alkaline hydrolysis of malachite green
in twoways—variation of the size of water pools keeping the concen-
tration of CTAB fixed and also varying the CTAB concentration at
constant w.
Scheme 3. Q2
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Table 3t3:1

t3:2 Pseudo-first-order rate constants (kobs and kcal) for alkaline hydrolysis of MG+ in CTAB
t3:3 micellar medium at 298 K.

t3:4 103 [CTAB]0
mol L−1

103 kobs (s−1) 103 kcal (s−1) 103 kmh (s−1) Km
MGþ n (±0.2)

t3:5 0.0 0.48 0.48
t3:6 0.1 0.51 0.48
t3:7 0.2 0.52 0.48
t3:8 0.4 0.53 0.48
t3:9 0.6 0.55 0.50
t3:10 0.8 0.57 0.53
t3:11 1.0 0.69 0.58
t3:12 1.4 0.92 0.80
t3:13 1.8 1.43 1.17 4.01 9.6 × 108 3.5
t3:14 2.2 1.66 1.65
t3:15 2.6 1.99 2.15
t3:16 3.0 2.41 2.60
t3:17 3.4 2.78 2.97
t3:18 3.8 3.27 3.25
t3:19 4.2 3.41 3.45
t3:20 4.6 3.57 3.61
t3:21 5.0 3.71 3.72
t3:22 5.4 3.88 3.80
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The microemulsions are assumed to be divided into three regions—
the oil-rich domain (o); the central aqueous core (w) and the surfactant
interfacial region (i). The reactants distribute themselves among the
three pseudophases according to their solubilities, and the overall rate
of the reaction would be the sum of the rates in the different
pseudophases.
T 419420
421

422423
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3.3.4.1. Identification of the reaction position. The observed experimental
behavior can be interpreted by acquiring the knowledge of the location
of both reactants in the microemulsion. Under the conditions of this
study, the hydrolysis reactions may take place either in the aqueous
pseudophase (i.e., aqueous core) or at the interface or both according
to the distribution of the reactants. The−OH ions are highly hydrophilic
in nature and their suitable location should be in the aqueous
pseudophase of the microemulsion, whereas the Coulombic repulsion
between malachite green (MG+) and CTAB head groups will compel
the dye to be present in the water rich domain i.e., inside the water
pool, whether a portion of MG+ may also be present at the interface
due to hydrophobic interaction with CTAB. The hydrolysis reactions
are therefore assumed to be occurring primarily in the central aqueous
core of themicroemulsion, although a small part of the reaction seemed
to be taking place at the interface.
U
N
C

a

Scheme 4. (a) Probable distributions of MG+ among the pseudophases of CTAB
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Therefore, the mechanistic Scheme 4 (a) can be simplified to
Scheme 4 (b). On the basis of this diagram, the reaction rate can be
expressed as,

r ¼ kw S½ �w þ ki S½ �i ð4Þ

where [S]w & [S]i are the molar concentrations of MG+ in central aque-
ous core and at the interface respectively and kw& ki are the true hydro-
lysis rate constant in the central aqueous core and at the interface
respectively.

Let r ¼ r1 þ r2;where; r1 ¼ kw S½ �wand r2 ¼ ki S½ �i
As S½ �wN N S½ �i
i:e:r1N Nr2
So; r1 þ r2≃r1:

Therefore, Eq. (4) has been reduced to

r ¼ kw S½ �w: ð5Þ

The distribution equilibrium of the substrate between the surfactant
interfacial region and the aqueous pseudophase can be defined in terms
of molar relation such as

Kiw ¼ S½ �w
S½ �i

w: ð6Þ

Considering that the total concentration of the substrate (MG+)
would be the sum of the concentrations in the two pseudophases i.e.,
[S]t = [S]w + [S]i applying Eqs. (5) and (6), the expression of kobs can
be formulated as

kobs ¼
kwKiw

Kiw þw
: ð7Þ

Eq. (7) can be rearranged as

1
kobs

¼ 1
kw

þ 1
kwKiw

:w: ð8Þ

Eq. (7) predicts the existence of a linear relationship between 1/kobs
versusw. Fig. 6 reveals the expected linear dependency of kobs on w in-
dicating the reaction to be occurring in the central aqueous core of the
microemulsion. The values of kw and Kiw obtained from the intercept
and the slope of the curve have been tabulated in Table 4.

3.3.4.2. (a) Influence of the size of water pool (w). The kinetics of alkaline
hydrolysis of malachite green (MG+) have been studied in a series of
experiments in which the size of water pools have been varied
b

reverse micelle & (b) identification of the position of hydrolysis reaction.
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(w = 1.852–10.185) keeping the concentration of CTAB constant. The
experimental results show an exponential decrease in the values of
second-order rate constant (kOH) upon increasing the size of water
pools (w) (Fig. 7). In CTAB reverse micelles, the water dipoles are
strongly oriented by the counter ions, Br−, present inside the central
aqueous core [49]. The hydrogen bonds among the water molecules
thus get destroyed partially. Therefore, the effective concentration
of –OH ions can be expressed as

−OH½ �e ¼
n−OH

Vf
w

: ð9Þ

We know that,

Vw ¼ Vf
w þ Vb

w ð10Þ

where, n–OH is the no. of moles of –OH ions, Vw is the total volume of
water added, Vw

f and Vw
b are the volumes of free water and that of

bound water respectively. As the orientation of bound water is restrict-
ed by Br− ions, it would not take part into solvation of the reactant spe-
cies. It is obvious that Vw

b is proportional to the no. of moles of CTAB
present in the system. Therefore,

Vb
w∞ CTAB½ �

∴Vb
w ¼ b

Vw

w
ð11Þ

where b is a constant, related to the quantity of boundwater in CTAB re-
verse micellar system.

Using Eqs. (10) and (11) we have

Vf
w ¼ Vw 1−b=wð Þ: ð12Þ
U
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Table 4
Kiw values for the distribution of MG+ between interface and central aqueous core of
reverse micelle for different initial concentrations of CTAB at 298 K.a

[CTAB]0,
mol L−1

103kw, s−1 Kiw

0.1 2.23 ± 0.04b 12.73
0.2 2.24 ± 0.05 10.91
0.3 2.38 ± 0.05 8.04
0.4 2.50 ± 0.05 6.16

a [MG+]L = 8.65 × 10−4 mol L−1, pH = 11.0.
b Error limits are standard deviations.
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−OH½ �e ¼
n−OH

Vw ¼ Vw 1−b=wð Þ
∴ −OH½ �e ¼

−OH½ �aq
1−b=w

ð13Þ

[–OH]aq is themolar concentration of –OH solution used for the prepara-
tion of reverse micelles.

Considering the effective concentrations of the reactant species, hy-
drolysis rate inside the water pool can be expressed as

r ¼ k –OH½ �e MGþh i
e

¼ kobs MGþh i
e
:

ð14Þ

The rate constant values used in Fig. 7 have been obtained by divid-
ing the kobs values by the corresponding [–OH]aq values.Thus,

kOH ¼ kobs
−OH½ �aq

¼ kobs
−OH½ �e 1−b=wð Þ : ð15Þ

Eq. (15) clearly indicates that the bimolecular rate constant (kOH) for
the hydrolysis reaction in CTAB reverse micelles decreases upon in-
creasing the values of w.

The diminishing trend of the rate constant (kOH) in microemulsion
can be attributed to the differences in properties between surfactant-
entrapped water and bulk water. It has been speculated that the water
trapped in microemulsion is less polar than water in the continuous
aqueous phase [50] and decreasing the size of water pools also leads
to a decrease in the polarity of the water within it. This consideration
leads us to investigate the kinetic consequences upon the hydrolysis re-
action occurring in the central aqueous core. As we have stated previ-
ously, Hughs–Ingold rule predicts that the rate of reactions between
two oppositely charged reacting species forming a neutral product is fa-
cilitated on going frommore polar medium to a less polar medium. The
alkaline hydrolysis of malachite green leads to the formation of neutral
carbinol base (Scheme 1), which is stabilized in a less polar
environment. This implies kOH decreases along with w. Furthermore,
the local concentrations of the reactants inside the water pool
([MG+]L and [−OH]L) have been found to be surprisingly high in
aline fading of malachite green in the presence of micelles and reverse
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Table 5t5:1

t5:2 Second-order rate constants (kOH) at 298 K and the thermodynamic activation parameters for alkaline hydrolysis of MG+ (pH = 11.0) in different environments.

t5:3 Medium kOH,
mol−1 L s−1

(298 K)

Δ‡H0,
kJ mol−1

Δ‡S0,
J mol−1 K−1

(298 K)

Δ‡G0,
J mol−1

(298 K)

Ea,
kJ mol−1

(298 K)

t5:4 Aqueousa 0.47 71 ± 1 −13.0 ± 0.3 75 ± 2 73 ± 2
t5:5 Micelleb 0.69 67 ± 1 −22.9 ± 0.5 74 ± 2 69 ± 1
t5:6 Reverse micellec w = 1.852 3.46 55 ± 1 −50.5 ± 1.0 69 ± 1 57 ± 1
t5:7 w = 5.555 2.66 57 ± 1 −46.9 ± 0.9 70 ± 1 59 ± 1
t5:8 w = 10.185 1.68 59 ± 1 −43.4 ± 0.8 71 ± 2 61 ± 1

a [MG+]0 = 5.77 × 10−5 mol L−1t5:9
b [MG+]0 = 5.77 × 10−5 mol L−1, [CTAB]0 = 1.4 × 10−3 mol L−1t5:10
c [MG+]L = 8.65 × 10−4 mol L−1, [CTAB]0 = 0.4 mol L−1t5:11
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comparison with the bulk aqueous phase and this has been reflected in
the values of kOH. In our experimental conditions, the rate constant in
microemulsion has been found as 4–8 times as in bulk aqueous phase
(Table 5). As we vary the size of water pools (w) from 1.852 to 10.185,
the effective concentrations of the reactants inside the water pools de-
crease and kOH get decreased consequently.

3.3.4.3. (b) Influence of the concentration of CTAB. Alkaline hydrolysis of
malachite green in CTAB reverse micelle has also been studied with
the variation of CTAB in the concentration range of 0.1–0.4 mol L−1

for fixed values of w (Fig. 8). From Fig. 8, it has been observed that kOH
decreases exponentially with [CTAB]. The experimental results have
been interpreted considering the formalism of distribution of a solute
between two phases. The cationic dye, malachite green distributes itself
both at the interface and in the central aqueous core of the reverse
micelles. The values of distribution coefficient, Kiw, have been found to
decrease as we increase the initial concentration of CTAB (Table 4),
that means the effective concentration of MG+ in the aqueous core de-
creases. Therefore, the kOH values for the alkaline hydrolysis of MG+ in
the reverse micelles decrease with CTAB at all w values.

3.3.5. Effect of temperature on the rate of reaction
The effect of temperature on the rate of alkaline hydrolysis reaction

has been studied in aqueous, CTABmicellar medium and reverse micel-
lar medium at different temperatures in order to obtain the activation
parameters of the reactions. The plot of ln{(kOH/T)/mol−1 L s−1 K−1}
versus 1/T (Fig. 9) shows that the second order rate constants increase
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Fig. 8. Second-order rate constant (kOH) for hydrolysis of MG+ in CTAB/1-butanol/
heptane/water reverse micelles at several w, plotted as a function of [CTAB]0.
[MG+]L = 8.65 × 10−4 mol L−1, pH = 11 at 298 K.
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tion (Eq. (16)). From the transition state theory, [51]

ln
kOH=T

mol‐1 L s‐1 K‐1

� 	
¼ ln

kB=h
K‐1 s

� 	
þ Δ‡S0

R
−Δ‡H0

RT
ð16Þ

where the symbols have their usual meanings. If we extrapolate the five
lines of Fig. 9 towards higher temperature, it can be found that they will
intersect at a single point, corresponding to a temperature of 429.7 K
(±2 K). This temperature is clearly an iso-kinetic temperature, since
all the five reactions in different environments must have the same
rate constant (kOH) at this point [52].

The values of standard entropy of activation (Δ‡S0), standard enthal-
py of activation (Δ‡H0) and free energy of activation (Δ‡G0) of the
respective mediums have been determined using Eq. (16) and the cal-
culated values have been tabulated in Table 5. The activation energy
(Ea) of the series of reactions has also been determined (Table 5) from
Arrhenius plots of ln(kOH/mol−1 L s−1) versus 1/T. The kinetic data in-
dicates that the second order rate constant in different media follows
the order: CTAB reverse micellar medium NNCTAB micellar medium
NNaqueous medium.

From the data of Table 5 (and Fig. 9), Δ‡H0 has been plotted against
Δ‡S0 (Fig. 10) and the plot shows a linear relationship betweenΔ‡H0 and
Δ‡S0 according to Eq. (17) for the series of reactions

Δ‡H0
i ¼ αþ βΔ‡S0i ð17Þ

where α and β are constants and the quantity β is often defined as the
iso-kinetic temperature.
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Fig. 9. Plots of ln{(kOH/T)/mol−1 L s−1 K−1} versus (1/T) for alkaline hydrolysis ofMG+ in
different environments. [MG+]0 = 5.77 × 10−5, mol L−1, pH = 11.
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This behavior is called the compensation effect [52]. The slope of the
curve has been found to be 425.9 K (±2 K)which is very much close to
that obtained from the intersection point of Fig. 9. Hence, an iso-kinetic
relationship for the series of reactions may be said to exist which indi-
cates that the alkaline hydrolysis of malachite green in different envi-
ronments proceeds through an identical mechanism.

4. Conclusion

CTAB influences the kinetics of alkaline hydrolysis of malachite
green (MG+) below and above its CMC. In pre-micellar region, forma-
tion of small sub-micellar aggregates by the CTAB monomers increases
rate slightly whereas in post-micellar region, the rate increases signifi-
cantly for the micellar surface catalytic effect. The kinetically deter-
mined CMC of CTAB at buffered of pH = 11 has been found to be
~25% lesser than the same determined tensiometry in pure water. The
rate of the reaction is noticeably dependent on the polarity at themicel-
lar interface. The gradual increment of aggregation numbers of CTAB
micelleswith its concentration ensures the enhancement of the reaction
rate with CTAB concentration. The kinetic behavior of the reaction in re-
versemicelles has been explained by considering the formalismof pseu-
do phase to reverse micelles where the substrate is supposed to be
distributed between the interface and thewater pool. Thus this alkaline
fading reaction in CTAB reverse micelles takes place at much faster rate
than in normalmicelles or in continuous aqueousmedium. The reaction
rate in reverse micelles decreases with increasing water pool size. The
activation parameters of the reaction corroborate the kinetic data, and
indicate an iso-kinetic relationship for the reaction going on in different
environments. Thus the above experimental findings reveal that CTAB
reverse micelle gives us a more efficient route for the removal of mala-
chite green fromwastewater in the textile industry in amuch economic
approach.
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