Reaction Kinetics, Mechanisms and Catalysis (2021) 133:933-952
https://doi.org/10.1007/s11144-021-02030-8

®

Check for
updates

Kinetics of oxidation of vanillic acid by colloidal MnO,:
correlation of micellar catalysis to the micellar properties
of surfactants and mixed surfactants

Mohammed Hassan'#® . Adnan Dahadha? - Mohammad Al-Dhoun’ -
Yazan Batineh' - Tamara R. Mfarej?

Received: 2 July 2021 / Accepted: 18 July 2021/ Published online: 24 July 2021
© Akadémiai Kiad, Budapest, Hungary 2021

Abstract

The kinetics of oxidation of vanillic acid by colloidal MnO, in an acidic medium
was investigated and used as a probe to study the micellar catalysis and its correla-
tion to micellar properties of surfactants. Three surfactants were employed; cationic
cetyltrimethylammonium bromide (CTAB), anionic sodium dodecylsulfate (SDS),
and non-ionic Tween-20 (TW-20), and some compositions of the two mixed sys-
tems CTAB-TW-20 and SDS-TW-20. The micellar properties were studied using the
conductivity method. The reaction rate was enhanced in the presence of the three
surfactants and the mixed systems. The catalytic profiles of the pure and mixed sur-
factant systems could be used to estimate the critical micelle concentrations of sur-
factant catalytic systems. Nevertheless, the kinetic measurements could not detect
the variations in the micellar structures that occur at post-micellar compositions.
Overall, the mixed systems studied showed a negative deviation of ideality with syn-
ergetic interaction. Therefore, Rubingh equations were used to calculate the micellar
mole fraction and interaction parameters in the mixed surfactant systems.
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Introduction

Surfactants are amphiphilic molecules that tend to aggregate at a specific concentra-
tion called critical micelle concentration (CMC). They have found diverse applica-
tions in different fields such as oil recovery [1], cosmetics, drug delivery, fabrication
of nanoparticles, etc. [2]. One of the important fields of surfactant applications is the
catalysis of chemical reactions. Surfactants were found to enhance reaction rates via
different mechanisms; bringing the reactants in close contact by solubilizing them
in the micro-micellar structure, offering an environment with appropriate dielectric
constant on the micellar surface, and provide a suitable medium for stabilizing tran-
sitions states [3]. In addition, the surfactant-enhanced selectivity for specific prod-
ucts of some chemical reactions has been reported [4, 5].

Mixed surfactant systems, mixtures of two different surfactants, were one of
the strategies that have been used to develop the desired properties of single sur-
factants. Mixed surfactants often show deviation of the ideal mixtures leading to
synergetic properties [6]. This deviation may result in the enhancement of the
desired property by synergetic interaction between the two surfactants. For exam-
ple, many mixed surfactant systems showed critical micelle concentrations below
those of either component [7]. The synergetic behavior made mixed surfactants
advantageous over single surfactants and received wider potential applications
[8]. Though the presence of mixed micelles in these systems was well evidenced,
the occurrence of a specific critical micelle concentration before their forma-
tion is still doubtable. Cui et al. revealed that in mixed surfactant systems, the
micelles of the lowest CMC components start to form, then the molecules of the
other component (with higher CMC) start to fuse with them [9]. Moreover, some
mixed systems showed two CMCs; the first is enriched with lower CMC compo-
nent and the other enriched with higher CMC component [10].

Micellar catalysis responds to the synergetic interaction between the compo-
nents of the mixed system. It has been found that the catalytic effect of mixed sur-
factant depends on several factors; CMC, the electrostatic properties of the micel-
lar surface, and shape and volume of mixed micelles, in addition to the nature of
reactants and products [11].

The sensitive response of reaction rates of chemical reactions to the variations in
the composition of mixed surfactant systems may offer a valuable technique to track
the properties of these systems. For example, the CMC was evaluated with good
precision using the catalytic profiles of surfactants and mixed surfactants [12, 13].

Oxidation-reduction (redox) reactions have been used extensively to track the
micellar catalysis of surfactants and mixed surfactants systems [14]. The focus on
redox reactions in this field is due to their accessible rates by simple techniques
and the availability of required chemicals. Among these reactions, those that
contain colloidal manganese dioxide have been well used as probes for micellar
catalysis with many organic and bioorganic substrates [15—17]. The interesting
properties of colloidal MnO, are its powerful oxidation for a wide variety of sub-
strates in the neutral medium [18], ease of preparation and the well-defined peak
in the UV-Vis spectrum centered close to 390 nm [19].
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Vanillic acid (VA), 4-Hydroxy-3-methoxybenzoic acid, is a derivative of dihy-
droxybenzoic acid and is found in many plant species such as the roots of Angelica
Sinensis and humans as catechins metabolite after drinking a green tea infusion [20].
It is usually synthesized by the oxidation of vanillin, the well-known flavoring agent.

In continuation of our research interest on micellar catalysis, we undertook this
work to investigate the micellar catalysis on the oxidation of vanillic acid (VA) by
colloidal manganese dioxide. Three types of surfactants were employed; cationic
cetyltrimethylammonium bromide (CTAB), anionic sodium dodecylsulfate (SDS),
and non-ionic Tween-20 (TW-20). Some compositions of the two mixed systems
CTAB-TW-20 and SDS-TW-20 were also tested as catalysts. The micellar proper-
ties of the three surfactants and mixed surfactant systems were explored using con-
ductivity measurements. Besides, we tried to shed light on the possibility of using
kinetic measurements as a tool to study the variation of the micellar properties with
the composition of either single or mixed surfactant systems.

Experimental
Materials

Vanillic acid (98%, Alfa Aesar), potassium permanganate (99%, AZ Chem), sodium
thiosulfate (99%, Sigma-Aldrich), sulfuric acid (95-97%, Sigma-Aldrich), sodium
sulfate (99%, Merck), SDS (99%, AZ Chem), CTAB (98%, S. d. fine. Chem. India),
TW-20 (Molecular biology grade, Sigma-Aldrich) were used without further puri-
fication. Stock solutions of 0.01 mol dm™> VA, 0.08 x 102 mol dm~> sulfuric acid,
0.01 mol dm~> potassium permanganate, 1.88x 1072 mol dm™> sodium thiosulfate,
0.20 mol dm™> sodium sulfate, 0.05 mol dm=> SDS, 0.01 mol dm~> CTAB, and
0.01 mol dm= TW-20 were prepared by dissolving the requisite amounts of each
substance in doubly distilled water. Colloidal manganese dioxide was prepared by
adopting a method reported by Perez-Benito and Arias method [21]. The original
method involves mixing 10 mL of sodium thiosulfate and 20 mL of potassium per-
manganate and complete the volume to 2L. Indeed, the resultant prepared colloidal
MnO, was found to be stable for at least a week. However, the oxidizing activity
of the solution was found to decrease with elongating storing period. Hence, we
considered preparing a fresh amount of 250 mL of the solution using proportional
amounts of potassium permanganate and sodium thiosulfate solutions and use it
within 48 h. The absorbance of the resultant solution was constant throughout its
using period, indicating that colloidal MnO, does not undergo redox reaction with
air oxygen.

Kinetic measurements
The kinetic investigation was carried out by adopting the conditions of the pseudo-

first order model, in which the concentration of VA was always kept in large excess
over that of colloidal MnO, The above-prepared stock solutions were used to drive
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the reaction and investigate the effects of various factors in its rate. In a 50 mL
beaker, 1 mL VA, 0.20 mL sulfuric acid, 1.00 mL sodium sulfate, and 8.80 mL
water were placed. The beaker was kept in a digital thermostated water bath (PRE-
CISION GP20, ThermoScientific, USA) at+0.1 of the required experimental tem-
perature. The stock solution of colloidal MnO, was also kept in the same thermo-
stat. After reaching thermal equilibrium, 2.00 mL of colloidal MnO, was pipetted
out and poured into the beaker with gentle stirring. The mixture’s absorbance was
then immediately monitored at different time intervals at 390 nm (A, of colloi-
dal MnO,) using AE-S90-2D spectrometer (A and E Lab, UK) and quartz sample
cells. The effects of the concentrations oxidant, substrate, sulfuric acid, sodium
sulfate, and surfactants on the reaction rate were examined in subsequent experi-
mental runs by addition of specific varying volumes of each reagent in the account
of the volume of water to ensure the total volume of the reaction mixture always
being kept at 13.00 mL. The concentrations of surfactants were varied in ranges that
center around the CMCs, to explore catalytic effect in the presence of pre- and post-
micellar amounts. Each experimental run was repeated three times, and the average
ks value was considered for further calculations. The mean percentage error in the

obs
measurements of k_, . was less than 3% of the average.

obs

Results and discussion
Product identification and reaction stoichiometry

The stoichiometry of the reaction was estimated by preparing several reaction mix-
tures, in which the concentration of VA was kept constant while the concentration
of colloidal MnO, was in excess and varied over a wide range. These solutions were
stoppered and kept in a dark place for about 48 hrs to ensure the reaction comple-
tion. Then, the excess amounts of colloidal MnO, were titrated against a standard-
ized sodium thiosulfate solution in the presence of dilute concentrations of sulfuric
acid. The calculations indicated that 2 mol of vanillic acid react with one mole of
Colloidal MnO,. One of the prepared mixtures was also tested with 2,4-dinitrophe-
nylhydrazine and give no precipitate, which indicates the absence of aldehydic or
ketonic carbonyl groups. Besides, bubbles were observed during the reaction, which
is evidence of evolving carbon dioxide gas that results from eliminating the carbox-
ylic group of VA.

The spectra of the reaction mixture taken at different time intervals and those
of VA and colloidal MnO, are seen in Fig. 1. VA showed three peaks centered at
wavelengths 215, 260, and 290 nm. With the progress of the reaction, the intensities
of the three peaks diminished with time. The position of the band at 215 nm slightly
shifted with time toward a shorter wavelength, while the positions of the two did not
vary. The lower wavelength peak converted to a knee for the reaction mixture close
to completion. The other two peaks almost disappeared in the spectrum of one of the
solutions used to measure stoichiometry.

Two isosbestic points are observed at the two wavelengths 325 and 370 nm, indi-
cating the conversion of VA to a product that absorbs at the range 320-370 nm.
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Fig.1 UV-Visible spectra at 298 K of VA (7.70x10% mol dm™, colloidal MnO,
(1.54x 107 mol dm™>), reaction mixture ad different time intervals in 5.33 x 10~ mol dm™ H,SO,

Similar spectra were observed during the oxidation of VA with hydroxyl radi-
cals [22]. The results were explained by the formation of a humic-like substance
(HULIS), which possesses a higher number of conjugated double bonds, causing
absorption at higher wavelengths. The possible mechanism of the formation of
HULIS is the combination of two free radicals formed from an initial attack of col-
loidal MnO, on VA. Based on the above results, the equation that best describes the
stoichiometry of the reaction can be written as follows:

COOH H5CO OCH,
2H+
MnO, +2 > HO OH +2CO; + H,0 +MnO
OCHj,
OH

ey

Pseudo-first order curves

Overall, the pseudo-order model, in which the concentration of the substrate was
always made > tenfold that of the oxidant, was followed. Fig. 2 shows the plots
of absorbance against time at different concentrations of the oxidant and keeping
other conditions fixed. The application of linear regression to the integrated first-
order equation was successful to about 30% of reaction completion. The subsequent
segments show curvature as the reaction progresses to completion. The deviation
from linear regression in the oxidation reactions that involve colloidal MnO, was
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Fig.2 Absorbance vs. time at different colloidal MnO, concentration; [VA]=7.70x10~* mol dm™,
[H,S0,]1=1.20% 1075 mol dm~3, [Na,S0,]=1.56x 1072 mol dm~3, at 298 K. The lines show the fitted
experimental data to Eq. 2

previously observed [23]. This observation was explained by the slowing down of
the reaction due to the adsorption of the product on the surface of colloidal particles
of the oxidant. Therefore, the authors recommended using a modified equation that
considers the desorption rate of the product from the surface of the oxidant. Besides,
Charles L. Perrin [24] reported that the use of the usual first-order integrated equa-
tion is expected to deviate from linearity at later stages of reaction due to the con-
tinual error increase in estimating the value of InA. Therefore, they advised the use
of non-linear regression to fit the absorbance-time curves to the following equation:

A = a+ be ! )

Here A is the absorbance at time t, k,, is the pseudo-order rate constant (observed
rate constant), a and b are constants that depend on the reaction conditions. As
shown in Fig. 1, the plots of A versus t were non-linearly fitted successfully to Eq. 2
with high regression coefficients (r*>0.99). Consequently, this method was adopted
to evaluate k,,, values from the kinetic experimental runs at different conditions.

Reaction order with respect to colloidal MnO,

The concentration of colloidal MnO, was varied in the range 1.20x 10°-1.90x 1
0~ mol dm™3, with keeping other conditions fixed, to explore the effect of MnO,
on the reaction rate. The obtained k., values were comparable within the standard
deviation of the measurements, which indicates that the order with respect to the
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oxidant is unity. The result that k. was independent of the concentration of the
oxidant, indicates that the colloidal MnO, functions solely as an oxidizing agent and
rules out the catalyzing effect on the reaction.

Reaction order with respect to VA

The plots between k ;. values and the molar concentration of VA in the absence and
presence of surfactant are shown in Fig. 3. The plots could best be fitted successfully
to straight lines at low concentrations of VA. However, they deviated from linearity
and adopted a parabolic trend at higher VA concentrations. The plots were best fitted
to the following equation:

k,p, = k[VA] + k[VA]* 3)

Here k and k are constants related to the rate of the reaction. Equation 3 indicates
that at low concentrations of VA, the second term becomes negligible, and the order
of the reaction approaches unity. However, at relatively higher VA concentration,
the second term becomes important, and the rate law of the reaction can be mod-
eled by the second order equation. This behavior has been reported, and the reaction
was described to have mixed order [25]. The similar dependence relationship of k
on VA in the absence and presence of post-CMC concentrations of the surfactants
proves the similar reaction mechanism in the absence and presence of micellar
media.
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Fig.3 k., vs. concentration of VA, in the absence and presence of surfactants; [colloidal
MnO,]=1.54x 107 mol dm™>, [[H,S0,]=1.20x 10> mol dm~3, [Na,SO,]=1.56x 1072 mol dm~>, at
298 K. The lines show the fitted experimental data to Eq. 3. The inset shows the regression parameters, B
=kand C=k
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Reaction order with hydrogen ion

The relation between k, and the concentration of hydrogen ions is shown in Fig. 4.
The concentration of hydrogen ion was considered as twofold the concentration of
added sulfuric acid. The plot is not linear, but the inset of Fig. 4 shows that the
relation between the reciprocals of k, and [H*] is linear with a positive intercept
at the vertical axis. This behavior is characteristic of the Michaelis—Menten kinetic
model, which assumes that the order depends on the concentration of the reactant
and ranges from 1 at very low concentration and O at sufficiently high concentration.
The behavior also indicates that the role of hydrogen ion is catalytic. The reaction
could proceed in the absence of the acid but at a slow rate. However, the rate was
sensitive to hydrogen ions, and the addition of low concentrations of sulfuric acid
resulted in a significant enhancement in the rate. The sensitivity became very low
at higher acid concentrations, and k, reached saturation level. Therefore, the sub-
sequent experiments were performed in a concentration of 1.20x 10> mol dm~ to
keep the reaction kinetics trackable spectrophotometrically.

Salt effect

Several experimental runs were performed with varying the concentration of sodium
sulfate and keeping other conditions fixed. No significant change in the value of
k., was observed in response to the change in the salt concentration. This result

0.032
[ J
0.024
.EDO
— 0.016 1
Itn ° 500
)
Ke] 400
xo . "_m
0.008 7
_‘0
° ©
. 100
0.000 - 0 : ‘
0 3500 7000 10900
@M mort am?
T T T T T T T
0.0000 0.0006 0.0012 0.0018 0.0024
[H+]/ mol dm®
Fig.4 k,, Vvs. concentration of [H*]; [VA]=7.70x10* mol dm™, [colloidal

MnO,]=1.54x 107 mol dm~3, [Na,SO,] = 1.56x 1072 mol dm~>, at 298 K. The inset shows the fit of the
plot between the reciprocals of k,,, and [H*] to a straight line
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indicates that no effect of the ionic strength in the reaction rate. Consequently, the
transition state of the slowest determining step is assumed to be a combination of
either two neutral reactants or one of them is neutral and the other is charged [25].

Critical micelle concentration measurements

The critical micelle concentrations of pure SDS and CTAB and their mixed systems
with TW-20 were measured by the conductivity method at 298 K. The obtained
CMCs of SDS and CTAB were 8.05 mM and 1.97 mM, respectively. The first is
in good agreement with the reported value, while that of CTAB is about double the
literature reported [26]. The CMC of TW-20 was measured spectrophotometrically
using methylene blue dye with A, of 660 nm. The obtained value is 0.05 mM,
which is very close to the reported value using the same technique [27].

Fig. 5 shows the conductivity vs. total concentration curves of some composi-
tions of SDS-TW-20 mixed systems. Each curve shows two break points at lower
and higher total surfactant concentrations. The two breaks correspond to the forma-
tion of two types of mixed micelles. Other authors have already confirmed the for-
mation of two kinds of mixed micelles in SDS-TW-20 using both conductivity and
surface tension methods [28]. The two CMCs are indicated by CMC; and CMCy
and are presented in Table 1. The two CMCs descend to lower surfactant concentra-
tion with increasing the mole fraction of TW-20.

Fig. 6 shows the conductivity versus surfactant concentration curves of some
compositions of CTAB-TW-20 mixed systems. Three breaks are observed at low,

800

700

600 -

500

400

300

Conductivity/ pS

200

100

T T T T T T T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012
[Total Surfactant]/ mol dm™

Fig.5 Conductivity vs. total surfactant concentration of some compositions of CTAB-TW-20 mixed sys-
tem at 298 K
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Table 1 Measured CMCs, calculated CMCs, micellar mole fractions at ideal and non-ideal conditions,
and interaction parameters of the mixed surfactant systems SDS-TW-20 and CTAB-TW-20

a(SDS)  CMC/10™* mol dm™ CMCy/10™* mol dm= ¢cmcid X x p
/10* mol dm™3
SDS-TW-20 mixed systems

1.00 80.00 - - - - -
0.95 5.60 74.00 8.10 0.096 0.256 —2.430
0.88 2.60 65,00 3.60 0.040 0262 —4.063
0.56 0.63 20.00 1.00 0.006 0.237 - 6.856
0.36 0.58 5.20 0.70 0.003 0242 -—8.255
o (CTAB) CMC/10®* mol dm™ CMC;/10* moldm™ ¢cpmcid x4 X B

/107 mol dm™3
CTAB-TW-20 mixed systems

1.00 20.00 - - - - -

0.80 1.34 11.00 2.06 0.083 0233 -—2492
0.6 0.55 5.400 1.10 0.033 0209 -—4.067
0.2 0.47 4.200 0.56 0.006 0262 -7.377
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Fig. 6 Conductivity vs. total surfactant concentration of some compositions of CTAB-TW-20 mixed sys-
tem at 298 K
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intermediate, and high surfactant concentrations. The first break occurs at a concen-
tration close to that of TW-20, which can be attributed to the formation of TW-20
enriched mixed micelles and is accompanied by a large slope difference. The change
in the slopes in the second and third breaks is relatively small. Consequently, micel-
lar structure modification is the most probable reason for the second and third
breaks. It was suggested that micelles might adopt different structures at higher post-
micellar concentrations to overcome the increased electrostatic repulsions between
charged micellar surfaces [29]. The concentration corresponding to the three breaks
decreased with increasing the mole fraction of TW-20 in the mixture.

The ideal CMC for each mixed system has been calculated using the following
equation [30]:

CMC“ = aCMC, + (1 — a)CMC, )

Here CMC, and CMC, are the critical micelle concentrations of the more and less
hydrophilic components, respectively, and a is the mole fraction of more hydrophilic
surfactant in the mixture. The mole fraction in the mixed micelle in the ideal mix-
ture,x™, is then calculated from the equation:

CMC,a

id — (5)
CMCya + CMC,(1 — a)

X

The obtained CMC™ and x¢ values at different mole fractions of SDS are given
in Table 1. In comparison, it is found that the experimental CMC is lower than pre-
dicted by considering an ideal solution. This result indicates negative deviation from
ideality which results from the interaction between the head groups of the two types
of surfactants. Therefore, we considered Rubingh’s regular solution theory [31] to
calculate the non-ideal micellar mole fraction (x;) and interaction parameter () in
the real mixtures using the following two equations:

x3In (CMC*a/CMCx,)

v ©6)
(1=x) n (SE53)

In (CMC*a/CMC\x,)
p= D ™
(1 - X )

Here CMC*" is the experimental CMC. The calculations were performed for the first
CMC (CMC, ) measured by conductivity for the two types of mixed systems. Equa-
tion 6 has been solved by iteration to obtain the value of x;, which is then used
to calculate § from Eq. 7. The calculated x; and f} values of some compositions of
CTAB-TW-20 and SDS-TW-20 mixed systems were added to Table 1.

The higher micellar mole fraction of SDS in the real mixture than in the ideal
mixture indicates synergetic interaction between the two surfactants. This is also
evidenced by the negative value of the interaction parameter. Moreover, the mag-
nitude of the interaction parameter increases with increasing the mole fraction of
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TW-20. TW-20 structure contains several oxyethylene groups, which play a signifi-
cant role in the interaction with the sulfate head group of SDS. Hydrogen bond-
ing might be the predominant interaction between the two surfactants. It is worth
mentioning that the micellar mole fraction (x;) changes less significantly with the
change in the composition of the mixture. Besides, the results indicate that micelles
are always TW-20 enriched in the whole composition range.

Similarly, as shown in Table 1, the experimental CMCs of CATB-TW-20 mixed
systems are lower than expected from ideal behavior. Again, the negative deviation
is evidenced by the negative values of the interaction parameter. Interestingly, the
interaction parameter increased with increasing TW-20 mol fraction, which is due to
the higher number of functional groups across TW-20 structure. The expected pre-
dominant interaction between the head groups of CTAB and TW-20 is dipole—dipole
interaction since the positively charged nitrogen atom in the ammonium head group
cannot form hydrogen bonds. As a result, the interaction parameters in CTAB-
TW-20 are smaller than those of similar compositions of SDS-TW-20.

Catalysis by single surfactants

Fig. 7 shows the variation of the ratio k., /k,, as a function of concentrations of the
three surfactants TW-20, SDS, and CTAB. The addition of TW-20 in tiny concen-
tration resulted in a sharp increase in the value of k, to about 1.3 times the value in
pure water, followed by a rapid decrease, and finally attained a constant value with

a further increase in surfactant concentration. The concentration that corresponds

1.6 —e— CTAB
—e— TW-20
—e— SDS
[ ]
1.2 4
/_\ \\
2 —
X7 P S—
2
[} 1.2
= 0.8
4
B
2
1.04
0.4
0.0600 0.0‘005 Dv0b10
[Tween-20]/ mol dm™>

T T T T T T
0.000 0.003 0.006 0.009

[Surfactant]/ mol dm™
Fig.7 k,/k, vs. concentration of the three surfactants CTAB, SDS, AND TW-20;

[VA]=7.7x 10~ mol dm~3, [colloidal MnO,]=1.54x 107> mol dm~3, [Na,SO,]=1.56x 1072 mol dm~>,
[[H,SO,]=1.20% 107° mol dm~3, at 298 K. The inset is a magnification of TW-20 curve
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to the hub in the curve (0.038 x 10~ mol dm™) was in good close to the measured
CMC of TW-20. This abrupt rise in the k., at CMC concentration is due to the
enhanced solubility of the substrate in the micellar pseudo-phase. The solubilization
process concentrates the substrate in a tiny volume in the micellar core. Increasing
the concentration beyond CMC, however, caused micellar dilution, and again the
ks diminished to a lower and almost constant value, which remains above that in
pure water. Hence the observed limited catalytic behavior is expected to be due to
the enhancement of solubility of the substrate.

As shown in Fig. 7, the catalytic profile of SDS shows similar behaviors except
that the hub in k_,, value occurred at a higher concentration (0.0065 mol dm™>). This
value is slightly lower than the CMC of SDS may be due to the reaction mixture’s
ionic strength. Besides, the width of the hub is more broadened than that observed
with TW-20. The difference in the hub width between the two surfactants may be
related to the kinetics and thermodynamics of micellization in the two cases. For
example, the relaxation time for the formation-disintegration of micelle was slower
with non-ionic surfactants than ionic surfactants [32].

The catalytic profile of CTAB showed a different pattern. First, an inhibition is
observed at sufficiently low concentration followed by a major and sudden rise in
the k, at a concentration of (0.00147 mol dm™), which is also slightly lower than
the measured CMC of CTAB. After CMC, the curve starts to descend slowly with a
further increase in surfactant concentration. The inhibition at pre-micellar concen-
tration can be attributed to a rise in the medium viscosity in the presence of CTAB
monomers. The maximum kg in the presence of CTAB was about 1.6-fold that in
pure water. In comparing with TW-20 and SDS, it is found that CTAB is more effi-
cient in catalyzing the titled reaction.

Based on the previous discussion, the hub in each surfactant’s catalytic profile
occurred at a concentration comparable to the CMC obtained from the conductivity
method. The difference in the two concentrations results from the ionic strength of
the reaction mixture since the conductivity measurements were carried out for the
surfactants in water. Therefore, micellar catalytic measurements of single surfactants
can produce CMCs with acceptable accuracy.

Catalysis by mixed SDS-TW-20 and CTAB-TW-20 systems

The variations of k,, values with a total surfactant concentration of some compo-
sitions of the SDS-TW-20 mixed system are sketched in Fig. 8. The three curves
show a first sudden rise at concentrations very close to the CMC of TW-20. At
higher concentration segments, a second gradual increase is observed close to
the CMC of SDS. The concentration corresponding to the first rise shows slight
variation with the composition of the mixture, while that of the second decreased
rapidly with decreasing SDS content. Each curve in Fig. 8 consists of two parts,
the first part (at low concentration) resembles the curve of pure TW-20, while the
second segment is very similar to SDS (see Fig. 7). It appears that the interaction
between the two surfactants does not significantly affect the behavior of the two
surfactants to act as a single system. Therefore, as evidenced by the nature of the
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Fig.8 k./k, vs. concentration of three surfactants compositions of mixed system CTAB,
SDS-TW-20; [VA]=7.70x10* mol dm™, [colloidal MnO,]=1.54x10> mol dm™,
[Na,S0,]=1.56 x 1072 mol dm™~3, [[H,SO,] = 1.20x 10~ mol dm~3, at 298 K

curves in Fig. 8, we assume that TW-20 enriched micelles are formed at a low
concentration range. However, as the surfactant concentration approaches CMC
of SDS, enriched SDS mixed micelles become predominant. The formation of
mixed micelles is evidenced by the variations in the concentrations at which the
ks Tise occur in either segment with the composition of the mixed system.

Fig. 9 shows the variation of k,; as a function of the total concentration of
the mixed system CTAB-TW-20. The composition with a low CTAB mole frac-
tion (0.08) shows inhibition of reaction rate at very low surfactant concentra-
tion, then a sudden catalytic action is observed. The early inhibition with this
particular composition could be due to the increased viscosity of the reaction
medium, while the latter catalysis is attributed to the initiation of micelles forma-
tion. The other three compositions did not show the earlier inhibition, and only
sudden k_,, hub at a specific range of surfactant concentrations are observed. In
general, the onset of catalytic activity occurs at concentrations close to the CMC
of pure TW-20. There is no apparent variation in the onset concentration with
changing the composition of the mixture. The catalytic profiles do not show other
characteristics that correspond to the change in the micellar structure that was
observed in the conductivity curves. It turns out that the kinetic measurements
are insensitive to the change in the micellar morphology. The maximum rate con-
stant achieved with CTAB-TW-20 mixed system exceeds threefold the value in
water. The change in the composition does not result in a significant change in the
maximum rate obtained. The maximum k in the presence of the CTAB-TW-20
mixed system exceeds those obtained by single surfactants, which suggests a
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Fig.9 k./k, vs. total surfactant concentration of three compositions of mixed sys-
tem CTAB-TW-20; [VA]=7.70x10™* mol dm=>, [colloidal MnO,]=1.54x10° mol dm=,
[Na,SO,]=1.56 x 1072 mol dm~>, [[H,SO,] = 1.20x 10~ mol dm~3, at 298 K

synergetic catalytic behavior of the system on the titled reaction. Besides, there is
also a reduction in the concentration at which catalytic action is shown up.

In comparing the obtained micellar properties of both types of mixed systems
studied by conductivity and micellar catalysis methods, it is concluded that there is
an agreement in the estimation of the concentrations at which mixed micelles form
(CMCs). Nevertheless, the other breaks in the conductivity curves that may corre-
spond to the variation in the micellar structure were not reflected in the catalytic
profiles. Therefore, the micellar catalysis measurements profile can be used to detect
micelles formation. Still, they are insensitive to the variations in the micellar mor-
phology, which are generally observed at post-micellar concentration using conduc-
tivity or surface tension techniques.

Application of pseudo-phase model to the micellar catalysis

To get more insights about the micellar catalysis on the reaction, the Pseudo-phase
model developed by Menger and Portnoy was applied to the catalytic of this work
[33]. The applicable equation of the model can be written as in the following form:

IS SR AN B .
k—k, k. —k \k—x “KC ®)

w m

Here, k,, and k,, is the observed rate constant in the absence and presence of sur-
factant, C the concentration of the micelles, can be obtained by subtracting the
CMC from the added surfactant concentration, and K is the binding constant of the
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Table2 The n}im?llar rate Surfactant 102 km/s™!  K/mol™'dm? k. /Ky 2
constant k, binding constant
K, and the ratio k,/k,, which CTAB 1.52 39538 190  0.962

result from the application of

the pseudo-phase model to the SDS 091 7930.71 114 0.987
micellar catalysis TW-20 0.88 58,980.38 1.10 0973
0.8CTAB-0.2TW-20  2.45 4556.73 3.07  0.993
0.6CTAB-0.4TW-20 4.73 424.29 591 0957
0.86SDS-0.14TW-20  0.87 14,799.39 1.09  0.955
0.36SDS-0.64RW-20  0.94 157.30 1.18  0.950

The regression coefficients of the linear fitting to Eq. 8 are also given

substrate to the micelle. The model was applied satisfactorily to the data and pro-
duced fitted straight lines with an acceptable regression coefficient (Table 2). The
rate constants and binding constants calculated from the intercepts and slopes of the
straight lines are also given in Table 2. The k., of CTAB is about twice k,, while
those of SDS and TW-20 are almost comparable to it. Hence, CTAB is more effi-
cient in the catalysis of the titled reaction.

The values of the binding constant K show opposite order; the values are signifi-
cantly high with SDS and TW-20 and moderate with CTAB. The higher the bind-
ing constant, the stronger is the binding of the substrate to the micellar structure. It
appears that the oxygen atom-containing head groups can bind the substrate stronger
by the formation of hydrogen bonds. This possibility is not facilitated with CTAB
since quarterly coordinated nitrogen atoms cannot form hydrogen bonds. In general,
the binding of the substrate to the micelle is necessary for catalytic action. However,
excessive binding may retard the reaction in the micellar pseudo-phase. It may indi-
cate strong binding of the product to the micellar structure and retard its release to
provide more catalytic sites to other substrate molecules. The pseudo-phase model is
based on the distribution and rapid exchange of the substrate between the bulk and
micellar media.

The magnitude of the binding constant, in this case, maybe correlated to the shape
of the catalytic profile. As seen in the catalytic profile of TW-20 in Fig. 7, k., drop
rapidly from the maximum value, and the curve is very steeping. Martinek et al., in
their model of micellar catalysis, pointed out this remark [34]. They correlated the
shape of the catalytic profile to the substrate’s distribution coefficient between the
micellar and bulk phases, K,, and the ratio k,,/k,,. The lower the distribution coef-
ficient and the higher k,, /k,, indicates a more broadened peak and less steep drop
after passing the maximum and vice versa. The binding constant of the substrate
can be correlated to the distribution coefficient so that the higher the binding con-
stant, the higher is the K. Based on this argument, the narrow and post maximum
steeping curve in the profile of TW-20 may be attributed to the extremely higher
Kp and relatively less &, /k,,. A similar discussion can be adapted to the catalytic
profiles of SDS and CTAB. The peaks in the catalytic profiles increasingly become
more broadened with decreasing binding constants and increasing the k,, /k,,. The
model was applied to some mixed CTAB-TW-20 and SDS-TW-20 systems, and
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the calculated catalytic parameters were also added to Table 2. The mixed system
0.6CTAB-0.4TW-20 exhibited the highest k,,/k,,, which is evidence of strong syner-
getic interaction.

Mechanism

The reaction at a sufficiently low concentration of VA is expected to proceed via
the mechanism depicted in Scheme 1. The conversion of VA to free radical is likely
to proceed in two steps. In the first step, one molecule of VA is converted to a free
radical, and Mn(IV) is reduced to Mn(III). The second molecule of VA reacts with
Mn(III) in a second step to form another free radical. The combination of the two
free radicals gives the final product (HULIS). Because Mn(II) compounds are less
stable than Mn(IV) [35], the second step is expected to be much faster than the first.
Therefore, the first step could be considered to be the determining step. The rate
constant at low VA concentration that can be devised from this mechanism:

R = k,[VA]IMn(IV)] ©)

At a higher concentration, the mechanism changes to that depicted in Scheme 2.
Therein, two molecules are converted to free radicals simultaneously, and Mn(IV) is
reduced to the final stable Mn(II). Then, the two free radicals combine in a second

Mechanism at low VA concentration

COOH
+
1y —So +Mn(Il) + CO,+ H
ki
OCH; OCH3
OH OH
COOH
Fast +
+ Mn(III) —>as +MnD + CO, + H
ko
OCH OCHs4
H
H5CO OCH3

Fast
ks HO OH
OCHj OCH;,

Scheme 1 Mechanism of oxidation of VA by colloidal MnO, at sufficiently lower [VA]
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Mechanism at high VA concentration

COOH COOH

£ M) LQ\ Q\ +Mn(Il) +2C0,+2H"
OCH OCH3
OCH3 OCH, 2

H3CO OCH,

F’lSI
T OH
OCH;, OCH; i

Scheme 2 Mechanism of oxidation of VA by colloidal MnO, at sufficiently high [VA]

step to form the HULIS. The first step is expected to be the slowest determining
step, and the overall rate can be written as:

R = k,[VAP[Mn(IV)] (10)

Conclusion

The kinetics of oxidation of VA by colloidal MnO, was studied at micellar media
of the surfactants CTAB, SDS, and TW-20 and mixed systems of CTAB-TW-20
and SDS-TW-20. The reaction was found to be first order with respect to colloidal
MnO,, mixed order with respect to VA, and fractional order with respect to H.
The presence of post-micellar concentrations of the three surfactant and mixed
surfactant systems enhanced the reaction rate. The catalytic profiles were corre-
lated with micellar properties of the three surfactants and mixed systems. It is
concluded that micellar catalytic measurements could provide information about
the formation of micelles and mixed micelles but incapable of exploring the vari-
ations in the micellar structures with the variations in the systems’ composition.
The pseudo phase model was used to separate the reaction rates in the presence
and absence of micellar medium and to correlate the shape of the catalytic pro-
files to the molecular interaction between the reactants and micelles.
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