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The influence of the anionic surfactant sodium dodecyl sulfate on the rate of the

reaction between the cationic form of Nile Blue A and hydrogen peroxide was investi-

gated in the pH range from 5 to 8.5. A retardation of the oxidation of Nile Blue Awith

hydrogen peroxide of three orders of magnitude was observed at pH 8.5 in the presence

of anionic micelles compared to the kinetic data in water. The retardation effect was less

pronounced at lower pH values. These effects were explained by the electrostatic

interaction of the species involved in the reaction with the negatively charged micellar

surface and their effective separation in the vicinity of the micellar surface.
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It is well-established that, in many cases, the rates and pathways of all kinds of
chemical reactions can be altered by performing the reactions inmicellarmedia instead

of pure bulk solvents.1,2 Micellar effects on the rate of chemical and biochemical
processes can be quite varied, ranging from inhibition to activation.3 These kinetic

effects are generally explained in terms of the partition of the substrate between the
aqueous and the micellar phase. Surfactants affect reaction rates by incorporating one

or both of the reactants into the micellar aggregates. Together with this concentration
effect through hydrophobic and electrostatic interactions,micelles also exert amedium

effect (microviscosity, polarity, etc.) that influence the reactivity.

Many results have been published in the literature showing the different

catalytic or inhibitory effects of anionic, cationic and non-ionic surfactants.4-15

Because of the structural similarities between micelles and globular proteins, these

studies are important frombiochemical aspects, asmodel systems for electron-trans-

fer and ligand-exchange reactions on the surfaces of biomembranes or at the

interfaces of globular proteins.

In thepresentpaper, the influenceof theanionicsurfactant sodiumdodecyl sulfate

(SDS) on the rate of oxidation of the protonated formof the phenoxazine dyeNileBlue
Apersulfate (NBA+

HSO
4
�)with hydrogen peroxide (both reactants being hydrophilic)
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was strudied. This reaction, whose characteristics in water are well understood, has
been used for the analytical determination of traces of selenium.16

EXPERIMENTAL

NileBlueApersulfate (Fluka), sodiumdodecyl sulfate (Sigma) andhydrogenperoxide (Merck)

were of analytical grade and used without further purification. Water purified by a Millipore Milli-Q

systemwas used for the preparation of solutions. The pH of the solutions were adjustedwith phosphate

or borate buffer (0.5mM).Thehydrogenperoxide solutionswere prepared from30%H2O2 bydilution,

and their concentrations were determined from the concentration of H2TiO4 formed in the reaction of

hydrogen peroxide with Ti(IV).
17

All spectrophotometric and kinetic measurements were performed on a Perkin Elmer Lambda

5 UV-vis spectrophotometer thermostated at 35 ºC. When the reaction time (at least four half-lives)

was less than 5 min, the universal rapid kinetic accessory HI-TECH model SFA12 was fitted to the

spectrophotometer. The kinetic experiments were performed by mixing equal volumes of NBA
+
and

hydrogen peroxide solutions, SDS being added in equal concentrations to both solutions prior to

mixing. The reaction rates were determined from the decrease of the absorbance at the NBA
+

absorption maximum in the visible spectral range with time. Pseudo-first-order rate constants with

respect to hydrogen peroxide (kobs) were obtained from the slopes of ln At versus time. The quoted

values of kobs are the averages of at least ten runs under identical expeirmental conditions. All kientic

measurements were reproducible within the limits of error of ±10%.

The critical micellization concentration (CMC) of SDS in the presence of hydrogen peroxide

was determined by measuring the relative light scattering intensity using a Chromatix KMX-6

low-angle laser photometer operating at 633 nm.

RESULTS ANDDISCUSSION

Absorption spectra and pKa of NBA
+
in the presence of anionic micelles

Aqueous solutions of NBA+ exhibit a characteristic absorption spectrumwith
absorption maxima at 279, 329 and 639 nm. The absorption maxima of its conju-

gated base, the neutral compound Nile Blue base (NBB), are shifted to lower
wavelengths (265, 313 and 500 nm, respectively).

From the decrease of the absorbance at 639 nm on increasing the pH from 7

to 12, the protonation constant of NBA+ in aqueous solution was estimated to be

pKa = 9.25±0.05. From the spectrophotometric pH titration of a Nile Blue solution

containing 10 mM SDS in the pH range from 8.5 to 12.5, using both the decrease

of the absorbance at 645 nm and the increase of the absorbance at 500 nm, the

Scheme 1.
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protonation constant of NBA+ localized at the negatively charged micellar surface

was estimated to be pKa = 11.4±0.1. The apparent increase of the pKa of NBA
+ in

micellar solutions of about two pH units can be explained by the higher concentra-

tion of hydrogen ions in the vicinity of the micellar surface compared to bulk

solution.18,19 It must be pointed out that the pH of the solution, measured using a

glass electrode, refers to the bulk concentration of H+ ions.

Significant changes of the intensity and slight changess in the position of the
absorption maxima of NBA+ were observed in the presence of SDS, the greatest

effect being obtained in the visible spectral region (see Fig. 1). It is well known that
changes in the optical properties of somemolecules can be induced by the presence

of surfactant molecules, providing an easy way for the estimation of the CMC of
the surfactant.20 The saturation of the absorbance of NBA+ was observed at a SDS

concentration of 8 mM (see inset in Fig. 1), which corresponds to the CMC value
of SDS. The obtained CMC value in the presence of a low concentration of NBA+

(10 µM) is in good agreement with the reported CMC value at zero ionic strength.21

The increase of the absorption coefficient of NBA+ in the presence of anionic

micelles of more than 50%, compared with an aqueous solution, indicates a
diminution in the polarity in the immediate vicinity of the organic cation as a result

of its localization at the negatively charged micellar surface. This was proved by
recording the spectra of NBA+ in media of variable dielectric constant (water/etha-

nol mixtures22). The absorbance at 640 nm increases with increasing ethanol
content, i.e., with decreasing medium polarity.

Fig. 1. The effect of the SDS concentration on the absorption spectrum of a 10 µMNile Blue A per-

sulfate solution at pH 8.5: a) without SDS; b) 2 mM SDS; c) 3 mM SDS; d) 4 mM SDS; e) 5 mM

SDS; f) 6 mM SDS; g) 7 mM SDS; h) 8�12 mM SDS. Inset: Absorbance at 645 nm as a function of

the concentration of SDS.
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The kinetics of the oxidation of NBA
+
with hydrogen peroxide in the presence of SDS

The oxidation of NBA
+ in the presence of hydrogen peroxide results in the

formation of a colorless product and, consequently, a decrease of the absorbance at 639
nm. It has been shown that the oxidation of NBA+ with hydrogen peroxide is base

catalyzed and a rate equation for the reaction in aqueous solutions was postulated

(�d[NBA+]/dt = k
0

[NBA+] [H
2
O
2
] [buffer] [H

3
O
+]�0.5).16However, the significantly

slower spontaneous decomposition of NBA+ was not taken into account.

The kinetics of the oxidation ofNBA+with hydrogen peroxide in the presence

of the micelle forming surfactant SDS was followed in the pH range from 5 to 8.5.

Under pseudo-first-order conditions ([H
2
O
2
] >> [NBA+]), defined pH and constant

buffer concentration (0.5 mM), the experimentally determined rate constant (kobs)
followed the simple rate expression:

kobs = k
s
+ k [H

2
O
2
] (2)

where ks corresponds to the spontaneous decomposition of NBA
+
in the absence of

hydrogen peroxide, while k is the pH dependent second-order rate constant.

The values of k [H
2
O
2
] = kobs � k

s
at constant acidity both in the presence

and absence of SDS (k
SDS

and k
W
, respectively) are presented in Table I. Over the

entire investigated range of acidity, the values of k
s
were <10

�6
s
�1 and (5.0 ± 0.5)

× 10
�5

s
�1 in the case of micellar and aqueous solutions, respectively. The signifi-

cant increase of the pseudo-first-order rate constant with decreasing acidity, both
in the presence and in the absence of micelles, confirmed that the oxidation of

NBA+ with hydrogen peroxide is base catalyzed.

TABLE I. Pseudo-first-order rate constants k [H2O2]=kobs � ks for the reaction of oxidation of NBA
+

(6 µM) with H2O2 (1 M) as a function of pH in water (kw) and in the presence of 10 mM SDS (kSDS),

as well as the retardation factor (RF = kw/kSDS)

pH 5.0 5.9 7.0 8.0 8.5

kw/s
�1 a)

(4.2±0.4)×10�4 (1.1±0.1)×10�3 (8.5±0.6)×10�3 (5.8±0.4)×10�2 (4.3±0.2)×10�1

kSDS/s
�1

(2.4±0.2)×10�6 (4.5±0.3)×10�6 (2.3±0.1)×10�5 (6.4±0.1)×10�5 (2.2±0.1)×10�4

RF 175±35 244±45 370±45 900±80 1955±190
a)
Corrected for the spontaneous decay of NBA

+
, ks = (5.0±0.5)×10�5 s

�1

A significant retardation of the oxidation of NBA+ with hydrogen peroxide

was observed in the presence of micelles. At pH 8.5, the retardation factor (the ratio
between the pseudo-first-order rate constants in the absence and in the presence of

SDS) was around two thousand. Increasing the adicity led to a gradual decrease of
the retardation factor up to a few hundreds. It should be pointed out that the effect

of micelles on the oxidation of NBA+ with hydrogen peroxide is more pronounced
(three orders of magnitude) compared to the kinetic data obtained under similar

experimental conditions for complex formation involving hydrophilic species (one
order of magnitude).9-11 Also, the observed micellar effect is comparable to the
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kinetic data obtained for electron-transfer reactions involving reactants of opposite
polarities.5,6

Retardation of the oxidation ofNBA+with hydrogen peroxide in the pH range

from 5 to 8.5 can be explained in terms of the effective separation of the species

involved in the reaction in the presence of anionic micelles. Anionic micelles

provide a dispersed negatively charged surface in the solution. As a consequence,

the positively charged NBA+ ions partition out of the bulk aqueous phase into the

surface region of the micelles. Apart from the electrostatic interaction, the hydro-

phobic interaction cannot be neglected since, due to its aromatic structure, NBA+

is very probably located in the interfacial "water-rich" region of the micelle where

the polarity is lower than in water (effective dielectric constant of the micellar

surface was estimated as 363). The retardation of the oxidation of NBA+ with

hydrogen peroxide in the presence of SDS can be explained keeping in mind that

the reaction is base catalyzed. Due to the electrostatic repulsion between the

negatively charged micellar surface and the negatively charged hydroxyl ions, the

OH� ions are located solely in the bulk aqueous phase. Therefore, in the presence

of anionic micelles, the species involved in the reaction are effectively separated

and the oxidation process is slowed down.

Since the influence of SDS on the rate of NBA+ oxidation with hydrogen

peroxide is very pronounced, the kinetic measurements can be used for the precise

detection of the surfactant concentration at which micelle formation occurs, which

is generally considered to be the CMC of the surfactant. A typical dependence of

the retardation factor on the concentration of SDS at pH 8.5 is shown in Fig. 2. The

estimated CMC value (2 mM) is smaller than the reported CMC value at zero ionic

strength.21 The lower CMC value can be explained by the presence of the high

Fig. 2. The dependence of the retardation factor (RF = kw/kSDS) on the concentration of SDS for the

reaction of NBA+ (6 µM) with hydrogen peroxide at 35 ºC and pH 8.5.
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concentration (1M) of hydrogen peroxide, which lowers the CMC of the surfactant.

The CMC values, at different acidities in the presence of 1 M H2O2, were also

determined by measuring the relative light scattering intensity as a function of the

surfactant concentration. Agreement between the CMC values determined from

light scattering and kinetic measurements was found.

I Z V O D

UTICAJ NATRIJUM-DODECILSULFATANA REAKCIJU
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Ispitivan je uticaj anjonskog surfaktanta natrijum-dodecilsulfata na brzinu

reakcije katjonskog oblika Nile Blue A i vodonik-peroksida u pH opsegu od 5 do 8,5. U

pore|ewu sa kineti~kim rezultatima dobijenim u vodenim rastvorima, u prisustvu

anjonskih micela na pH 8,5 prime}eno je usporewe oksidacije Nile Blue A vodonik

peroksidom za tri reda veli~ine. U kiselijim rastvorima efekat usporewa je mawe

izra�en. Ovi efekti su obja{weni elektrostati~kom interakcijom izme|u negativno

naelektrisane povr{ine micela i reaguju}ih vrsta, {to vodi wihovom efikasnom

razdvajawu u blizini povr{ine micele.

(Primqeno 25. novembra 1998, revidirano 5. februara 1999)
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