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Abstract—The effect of anionic surfactant sodium dodecyl sulfate (SDS) on the hydrolysis of a substrate
(mono-4-methyl-2-nitroaniline phosphate) by HCI was studied at 303 K. The reaction followed the first-
order kinetics with respect to both HCI and the substrate. SDS effectively catalyzes this reaction, which rate
increases with the concentration of SDS due to an increase of dielectric constant of the medium. The kinetic
data were fitted to Menger—Portnoy, Piszkiewicz and Berezin kinetic models to explain the observed micellar
effects. The various activation parameters both in the presence and absence of SDS were evaluated; a reason-
able mechanism was proposed. The rate constant in micellar phase, binding constant and index of cooperat-

ivity were calculated accordingly.
DOI: 10.1134/S1061933X14060027

INTRODUCTION

Organic phosphates are very important substances
utilized in various branches of chemistry. Phosphate
esters exhibit interesting biological and pharmacolog-
ical properties that make them useful as pesticides and
drugs. Phosphate mono- and diesters are the key com-
ponents of many biochemical reactions [1], first of all,
of phosphate ester hydrolysis, which underlies energy
metabolism and various cellular transduction path-
ways in biological system. In living organisms, there is
a wide variety of monophosphate, diphosphate and
triphosphate compounds (essential esters). Some of
them, such as adenosine diphosphate and adenosine
triphosphate, plays especially important role in
metabolism [2, 3]. These esters are widely used as sol-
vents and as fuel additives for explosion control. The
widespread use of toxic phosphates and phosphonates
as insecticides, and their use as chemical weapons, has
led to investigation of the fast detoxification and
decontamination method [4]. Organophosphorous
compounds are widely used as pesticides, insecticides,
and chemical warfare agents [5]. The field of organo-
phosphate chemistry is one of the most rapidly grow-
ing in the chemical industry [6].

Surfactant molecules when dissolved in water in
concentration above certain critical value (critical
micellar concentration, CMC) form aggregates which
are called micelles. Micellar effect represents the most
extensively studied example of surfactant influence on
the kinetics of organic reactions in water and aqueous-
organic mixtures [7—12]. Micellar systems allow for
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controlling the rate of chemical transformations pro-
ceeding within the colloidal phase. Acceleration of
organic reactions in micellar solution is determined
mainly by the concentration of the reactants in the
micellar pseudophase [13—15]. The micelle forms
specific microenvironments for different fragments of
the reactant molecules; that is, a non-polar hydropho-
bic core binds similar hydrophobic species, whereas
the outer, charged polar shell can interact with the
hydrophilic groups. This micro-heterogeneity of the
micellar environment underlies a catalytic action of
micellar solutions. The ionic micelles enhance the rate
of bimolecular reactions by increasing the concentra-
tion of the reactants within the small volume of Stern
layer of the micelle. Duynstee and Grunwald were first
[16], who found that anionic surfactants inhibited the
rate of alkaline fading of several dyes, whereas the cat-
ionic surfactants exhibited an opposite tendency. The
consideration of electrostatic and hydrophobic inter-
actions between the reactants and micelles can
account qualitatively for the kinetic effect on the reac-
tions in micellar solutions. Surfactants and polymers
are widely used as micellar matrices for medicine and
industrial applications such as production of cosmet-
ics, food, detergents, textiles and paints. A significant
amount of systematic kinetic results have been
reported in the literature on the effects of micelles on
various organic reactions [17, 18].

Recently, a number of theoretical and experimental
approaches have been used to address the problem of
hydrolysis of anthropogenic organophosphorus ester,
paraoxon [19]. The catalytic systems so far developed
for cleavage of paraoxon include metal ion catalysis
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[20, 21], hydrolysis using nucleophiles [22], enzy-
matic degradation [23] and reactions in colloidal
aggregates [24]. Although several studies on the cata-
lytic degradation of phosphate esters have been
recently published [25], the hydrolysis of phosphate
esters in the presence of surfactants remains poorly
explored. Ghosh et al. [26] studied the kinetic of
hydrolytic decompositions of organophosphate and
triphosphate by N-hydroxyamide in cationic micellar
solution. The rate enhancement has been observed
upon the nucleophilic attack of cationic micelles at
phosphorus center. The interfacial ion exchange,
which controls of the interfacial nucleophile concen-
tration, and the reactivity at the micellar interface
have been explained.

Hydrolysis is a chemical process, in which a certain
molecule splits in two parts by the addition of a mole-
cule of water. One fragment of the parent molecule
binds a hydrogen ion (H*) from water molecule,
whereas the other group attaches the remaining
hydroxyl group (OH™). Hydrolysis is an important
process in energy metabolism and storage in plants
and animal. All living cells require a continuous
energy supply for the biosynthesis and also for the
active transport of ions and molecules across cell
membranes. The study of hydrolysis of a variety of
organic phosphates has become the subject of intense
biochemical research. Metal ions can catalyze the
enzymatic and non-enzymatic hydrolysis of a large
number of phosphate esters [27]. Metals ions enhance
the rate of hydrolysis through a formation of complex
that results in neutralization of charge, enhancement
of nucleophilicity, polarization of P—O bonds and
appropriate alignment of reactants and, thereby, facil-
itates the reaction.

Herein, we report the micellar effect on the kinetics
of hydrolysis of organophosphate and the effect of sur-
factant, sodium dodecyl sulfate (SDS), on the rate of
various reactions under different experimental condi-
tions such as chemistry of solvent and temperature.

EXPERIMENTAL
Materials

Ammonium molybdate: 8.3 g of ammonium molyb-
date was dissolved in 100 mL of distilled water under
continuous shaking.

Hydrochloric acid: Hydrochloric acid of A.R. qual-
ity was used. It was standardized by 0.1 N sodium tet-
raborate (Borax) solution.

Amidol reagent: 1.4 g of amidol (impure, brownish
black in color) was taken in a conical flask covered
with a carbon paper; 2.0 g of activated charcoal and
10.0 mL of distilled water were added into the flask and
then were shaken for 20 min. The colorless amidol
solution was filtered into the flask containing 100 mL
of 20% sodium metabisulphite. The as-prepared
reagent was kept in a dark and cool place.

BHAWANA BAIRAGI et al.

Synthesis of Mono-4-methyl-2-nitroaniline Phosphate

CH,

Mono-4-methyl-2-nitroaniline phosphate (MNP)
has been synthesized by Cavalier method [28]. The
method involves the reaction of 4-methyl-2-nitroa-
niline with phosphorylating agent phosphorous pen-
taoxide (P,Os) in 1 : 1 molar ratio. Saturated solution
of barium hydroxide was added drop by drop to aque-
ous solution of mono-4-methyl-2-nitroaniline phos-
phate until the solution becomes pink-colored. A
white precipitate was obtained which was filtered and
washed several times with distilled water having few
drops of acetic acid to remove inorganic phosphate. It
was then dried to obtain barium salt of mono-4-
methyl-2-nitroaniline phosphate. All the chemicals
used were of A.R. grade.

The confirmation of the compound was done by
comparing the theoretical and observed percentage of
elements and also with the recorded IR spectrum as
shown below.

a—Flemental analysis—theoretical (observed):
C, 22.1(23.65); H, 2.67 (2.19); N, 5.33 (4.45).

b—IR absorption spectra: The IR spectrum of
mono-4-methyl-2-nitroaniline phosphate was
recorded on Shimadzu FTIR Model-136 using KBr
pallets.

(v, cm™')—Theoretical (observed): N—H, 3330—
3050 (3065); O—H stretching, 3570—3200 (3350);
C—H stretching, 2960—2835 (2944); C=C aromatic
stretching, 1600—1450 (1557); P=0 stretching, 1299—
1250 (1257); P—N stretching, 850—650 (834); C—N
stretching, 1065—953 (1023).

Kinetic Measurements

Allen’s modified spectrophotometric method was
used for the kinetic study of the hydrolysis of all esters.
This procedure involves the measurement of inorganic
phosphate formed from the ester during hydrolysis.
Phosphomolybdate complex [NH,);PO, - 12Mo0QO;] is
formed by the reaction of inorganic phosphate with
ammonium moybdate. This complex is reduced to
molybdenum blue, a soluble complex, by the addition
of 2,4-diaminophenol dihydrochoride (amidol) solu-
tion. The reaction-produced blue color is fully devel-
oped within ten minutes and remains stable for thirty
minutes at room temperature. The intensity of the
blue color is directly proportional to the amount of the
free phosphoric acid. The optical density of the blue
color followed Beer’s law and was measured by
Systronic 105 spectrophotometer at a wavelength
(Amay) Oof 735 nm.
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Fig. 1. Plot of log k., versus [MNP] obtained under exper-
imental conditions (see Experimental section).

RESULTS AND DISCUSSION

The detailed kinetic investigations were performed
under pseudo-first order conditions, when [MNP] >
[HCI]. The kinetics of hydrolysis of the phosphate was
investigated at 303 K. To study the effects of the con-
centration of different reactants on the kinetics of the
hydrolysis reaction and to propose a suitable reaction
mechanism, concentration of each reactant was varied
keeping concentration of other reactants constant.
Pseudo-first order rate constant was determined in
each experimental set to establish the dependence of
reaction rate on concentration of each reactant as well
as on the order of the reaction.

Effect of Variation of [MNP]

Hydrolysis was carried out in solutions with
MNP concentration varied from 1.0 x 1072 to 8.0 x
1072 mol dm=3. The results show that the rate of
hydrolysis increases with concentration of substrate
(S). The plot of logk,, versus log[MNP] yields a
straight line with a positive slope indicating that the
order with respect to MNP concentration is a posi-
tive fractional value (Fig. 1).

Effect of Variation of [HCI]

Hydrolysis was studied for the systems with
HCI concentration varied from 1.0 x 1073 to 10.0 x
103 mol dm™3. The data suggest that the rate of
hydrolysis increases with HCI concentration. The plot
of logk,, versus log [HCI] also yields a straight line
with a positive slope (Fig. 2).

Effect of Temperature

The reaction was studied at five different tempera-
tures with 5°C interval in the range from 25 to 40°C.
The rate of the reaction increased with temperature
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Fig. 2. Plot of logkys versus [H™] for the SDS-catalyzed
hydrolysis of MNP.

both in absence and presence of SDS. Thermody-
namic activation parameters such as the enthalpy of
activation (AH?), the entropy of activation (AS*) and
Gibb’s free energy of activation (AG*) were obtained
from the Arrhenius equation (Table 1).

Activation parameters provide useful information
about the environment in which chemical reactions
take place. In order to obtain more information
regarding the microenvironment of submicroscopic
aqueous micelles, a series of kinetic runs were carried
out at different temperatures with constant reactants
concentration both in the absence and presence of
SDS micelles. Gibb’s free energy, enthalpy, entropy
and heat capacity of activation are widely used to eval-
uate experimental reaction rates, especially for
organic reactions in solution. In the absence as well as
in the presence of surfactant, the plots of logk,,, ver-
sus 1/T'were linear with a negative slope (Fig. 3) which
confirms the applicability of Arrhenius equation. The
large negative value of entropy of activation (AS%)
indicates that more ordered activated complex is
formed in the presence of SDS with respect to the
assemble in the SDS-free solution. The high values of
free energy of activation (AG¥) and enthalpy of activa-
tion (AH*) suggests that the transition state is highly
solvated.

Table 1. Thermodynamic parameters for the hydrolysis of
MNP in presence and absence of SDS

Svstemn E,, AH?, —AS*, AG?,

b kJ mol~!| kJ mol~! |J K=" mol~'| kJ mol~!
With SDS 46.08 | 47.83 58.51 65.55
Without SDS | 34.47 | 34.20 120.9 70.80
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Fig. 3. Plots between logky,s and 1/7 in the presence of
SDS (/) and in the SDS-free system (2).

Effect of Polarity

In order to determine the effect of polarity of the
medium on the rate of the reaction, the micellar-cat-
alyzed acidic hydrolysis of MNP was studied in the
systems with varied concentration of 1,4-dioxane
(Table 2). The obtained data suggested that the reac-
tion rate increased with the concentration of 1,4-diox-
ane, that is, the reaction proceeded faster upon an
increase of the polarity of the medium. The influence
of polarity on the rate of a reaction between two ions
has been described by the well-known equation [29]
given below

logk s
' 2 (1)
= logk,— (Z,Zze N/2.303(4me,)d g RT) x 1/D,

where k; is the rate constant in a medium of infinite
dielectric constant, Z, and Z are the charges of react-
ing ions, d,y refers to the size of activated complex, T
is an absolute temperature and D is the dielectric con-
stant of the medium. Equation (1) predicts a linear
relationship between logk,,, versus 1/D. In our system,
a plot of logk,, versus 1/D gave a straight line with a

Table 2. Effect of change in percentage of 1,4-dioxane con-
tent on the rate of MNP hydrolysis in presence and absence
of SDS

Percentage Kops % 10° ks % 10°
of dioxane, | 1/D x 103 (min™") in pres- (min~') in
v/v ence of SDS | absence of SDS
0.00 0.0125 12.13 3.11
10% 0.0138 14.33 4.15
20% 0.0155 16.14 5.17
30% 0.0176 18.20 6.55
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Fig. 4. Plot of log ks versus 1/D for the hydrolysis reaction
catalyzed with SDS.

negative slope (Figs. 4, 5) corroborating the involve-
ment of two dipoles into the process.

The results suggest that the rate constant gradually
increased upon the addition of solvent. The observed
solvent-induced effect is in a good agreement with
Chanley’s observation [30].

On the basis of experimental findings, the follow-
ing reaction scheme was proposed for the micellar
effect on the hydrolysis of the phosphate (MNP):

K
S+ H"=—=SH"™, (2)
SH* —~~ Product. (3)
Scheme 1.

Considering Eqgs. (2), (3) of Scheme 1, we con-
struct the following rate equations:

rate = k[SH*], (A)

rate = kK[S][H*]. (B)

These rate relations are in a good agreement with
the experimental results.

Measurements of Critical Micellar Concentration

Surfactants undergo spontaneous aggregation
above CMC, which value and dependence on experi-
mental parameters is important for understanding the
self-assembly of surfactant molecules. Micelles act as
microreactors which can either accelerate or inhibit
some reactions [31]. Micelles influence chemical
reactivity by binding or excluding reactants from the
reaction space as well as by changing the free energy of
activation. The CMC values of the SDS were deter-
mined from specific conductivity versus surfactant
concentration graphs obtained in the presence and in
the absence of reactants (Fig. 6). The difference
between the CMC values results from the well-known
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Fig. 5. Plot of log ks versus 1/D for the hydrolysis of MNP
in the absence of SDS.

effect of added electrolyte which decreases the CMC
due to the decrease of repulsion between the polar
head groups on the micellar surface. Our results are in
agreement with our earlier observations of micelle for-
mation at relatively low surfactant concentrations.

Influence of SDS on Rate Constant

Micelles constitute an unusual medium, which
may affect the rate of reactions. Catalysis by micelles
involves at least three main steps: (i) binding of the
substrate to the micelle; (ii) the actual chemical trans-
formation within the micelle (most often on the
micellar surface), and (iii) the release of product(s).
The process, which underlies micellar catalysis or
inhibition, is the binding of the counter ion to the
micelle. Micelle can either attract the reactive ions or
repel them depending on the electrical charge of the
head groups of surfactant molecules. Micelle can
either harbor the solubilized substrate and reactive
ions together or separate them, and, thereby can cause
either catalytic or inhibition effect. The effect of SDS
micelles on the reaction rate was investigated by per-
forming the experiment in the presence of varied
amounts of SDS. On increasing SDS concentration
up from 0 to 8.0 x 10~3 mol dm—3 at constant concen-
trations of the substrate and HCI at 30°C, the pseudo-
first order rate constant (k) increased from 2.10 x
1073 to 12 x 10~3. At higher concentrations of the sur-
factant, a decrease of rate constant was, however,
observed (Fig. 7).

Most of the micellar-mediated organic reactions
are believed to occur either inside the Stern layer or at
the junction region of Stern and Gouy—Chapman lay-
ers. The main factor involved in the kinetic micellar
effects is therefore the electrostatic repulsion between
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Fig. 6. Dependence of specific conductance of the reac-
tion system on the concentration of SDS.

the substrate and surfactant. In our case, negatively
charged micellar surface repels the ionized substrate
bearing negative charge in the Stern layer. Upon an
increase of the concentration of SDS, the local molar-
ity of reactants in the Stern layer increased, leading to
the increase of k..

Kinetic Models of Micellar Effect

One of the most important properties of micellar
system is its ability to influence the rate of chemical
reaction. Micellar catalysis of reactions in aqueous
solutions is usually explained on the basis of a distribu-

kgps x 1073 (min~!)
22 -
20 -
18 -
16
14
12
10

N B~ N

0 2 4 6 8 10 12 14 16
[SDS] x 10 (mol dm—3)

Fig. 7. Plot of kg versus [surfactant] for the SDS-cata-
lyzed hydrolysis of MNP.
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Fig. 8. Fitting of the experimental kinetic data to Menger—
Portnoy’s model.

tion of reactants between water and the micellar
“pseudo-phase.” The reaction occurs at different rates
in the two media. If the solubility of the reactants is
greater in the micelles than in water, then the local
concentration is increased in the micelle, often with
suitable orientation of the reactants bound in the
micelle. Surfactant catalysis can be ascertained by
plotting a graph between k., versus [SDS] by the
model proposed by Menger and Portnoy for bimolec-
ular reactions.

Menger and Portnoy’s model. Catalysis by micelle
involves at least three main steps: (a) binding of the
substrate to the micelle, (b) its chemical transforma-
tion in the micelle, most often, on the micelle surface,
and (c¢) release of product(s). Menger and Portnoy
[14] developed a pseudo-phase model which has been
fitted to various micelle-catalyzed reactions. Accord-
ing to this model, rate constant is generally treated on
the assumption that a substrate “S” is distributed
between the aqueous and micellar phases as shown in
Scheme 2

S+nD =—

L» Product«J

Scheme 2.

where D, is the micellized surfactant. This model
leads to the following relationship for micellar
catalysis
1 _ 1 + 1

kobs_kw km_kw (km_kw)Ks[Dn]'
According to Eq. (4), the plot of (k. — k)~ versus
[D,]”" (D, = [D] — CMC) should give a straight line
exhibiting a positive intercept with the (kp, — k)~

4

BHAWANA BAIRAGI et al.

axis as it is shown in Fig. 8. The Menger and Portnoy
model allows determination of the binding constant k;
and the rate constant k,,, in the micellar phase. The val-
ues of k, and k,, were calculated from the slope and the
intercept of the plot of (k,, — k,)~' versus [D,]™!
and were found to be 5.0 x 1073 mol~! dm~3 and 6.5 x
1073 mol~! dm™3, respectively.

Piszkiewic’s model. The micellar catalysis or inhi-
bition can be modeled theoretically by simplifying the
mechanism and assuming that only one substrate is
incorporated into the micelle and that the aggregation
number of the micelle is independent of the presence
of substrate. Piszkiewicz [32] suggested a Kkinetic
model analogous to well-known Hill model to explain
the catalysis of molecular reactions by surfactants.
According to this model, a substrate (S) undergoes
aggregation with » number of surfactant molecules
(D) forming a catalytic associate (D,S). This aggregate
then reacts to yield a product as described in
Scheme 3.

nD +S=—=D,S,
D,S —/

S

Product,

Product.
Scheme 3.

For the micelle-catalyzed reactions, the rate con-
stant, as a function of the surfactant concentration, is
given by

k. [D]" + kK
obs = knlDI + KoKy 2, (5)
Ky —[D]

where k, is the rate constant in the presence of sur-
factant. On rearrangement and taking a logarithm, the

above equation gives
]Og[(kobs - kw)/(km - kobs)] = ”IOg[D] - IOg KD; (6)
where Kp is the dissociation constant of micelle into
its components. Here, # is an index of cooperativity,
[D] is the total concentration of surfactant within the
system, and k,,, and k,, are the rate constants in micel-
lar and aqueous pseudo-phases, respectively. To deter-
mine the values of k,, and k., for the acidic hydrolysis,
the reaction was studied in absence of SDS to obtain
k,, and in the presence of SDS to calculate k. The
correct value of k,, can not be determined experimen-
tally; therefore its value was calculated using Menger—
Portnoy approach. Figure 9 shows a straight line for
the plot of log[(kqws — &)/ (ki — Kobs)] versus log[D].
The slope of this line gives the value of n (4.273 x 1073).
Berezin’s model. Berezin and coworkers developed
the first general pseudo-phase model and successfully
simulated bimolecular reactions between neutral and
organic reactants. The inhibition of the hydrolysis at
high concentration of SDS can be explained using
Berezin’s model [33], which involves solubilization of
both reactants in the micellar phase. According to this

k
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Fig. 9. Fitting of the experimental kinetic data to Piszk-
iewicz’s model.

approach, a solution existing above the CMC may be
considered as a two-phase system, consisting of an
aqueous phase and a micellar pseudo-phase.

(C;H,05N,P),, + (H),, —

“

(C;H,05N,P),. + (H"),,—2mr (Product),,

(Product),,

Ks

Scheme 4.

A quantitative expression for the rate of bimolecu-
lar reaction (Scheme 4) occurring only in aqueous (k,,
path) and micellar (k,,, path) phase for the pseudo-first
order rate constant is drawn as follows:

kobs

k,, + ki, KsKy(Cyprp— CMC) (7)
[] + KS(Csurf_ CMC)][I + KO(Csurf_ CMC)]’

where K and K| are the association constants of MNP
and HCl respectively, Cy,is the analytical concentra-

tion of SDS (k,, = k,,/V), V'is a molar volume of the

micelle and k,, and k., are the pseudo-first order rate
constants in absence and presence of micelles, respec-
tively. The charged species involved into the hydrolysis
of MNP are small molecules; the hydrophobic and
electrostatic interactions between them can be consid-
ered as minor ones. When Cg, is small, k, >

ko KsKo(Courr —
Eq. (7) gives the following relation

CMC). Based on this assumption,
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Fig. 10. Fitting of the experimental kinetic data to
Berezin’s model.

k

obs

k, (8)
[1+(Ks + K)XCyprp— CMO) + KsKf(Cyre— CMC)

Since (Cy,— CMC) is very small, the terms contain-
ing (Cy,s — CMC) may be neglected, and the Eq. (8)
may be rearranged as

KsKq

1 1
— = — 4 C....— CMC). 9
kobs kw ( surf ) ()

w

According to Eq. (9), a plot of k;ll,s versus (Cgy,¢

CMC) should give a straight line with a positive slope
(Fig. 10).

In bimolecular micelle-catalyzed reactions, the
reaction rate increases due to the changes in the envi-
ronment of reactants which reduce the difference in
free energy between the initial and transition states.
This effect can be attributed to an increase in the fre-
quency of molecular collisions as a result of the close
association of the two reacting species at the micellar
interface.

Mechanism of Micellar Catalysis

Based on the above modelling of the experimental
observations, we suggested the possible mechanism of
micellar catalysis of the hydrolysis of MNP in the SDS
micellar solution.
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A. Formation of mononegative acid species

Q
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OH Fast H CQ
T
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B. Bimolecular nucleophilic attack of water on phosphorous via mononegative species
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CONCLUSION REFERENCES

Herein, we reported the study of the micellar-cata-
lyzed hydrolysis of 4-methyl-2-nitroaniline phosphate
in the aqueous acidic solution of SDS at 303 K. The
results suggest that the rate of the reaction is acceler-
ated by the presence of anionic surfactant. According
to the calculation of thermodynamic activation
parameters, the value of activation energy in presence
of SDS is lower that in the SDS-free system, that
explains observed enhancement of the rate of hydroly-
sis in the micellar solution.
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