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Electrochemical behavior of malachite green (MG) oxalate in aqueous solution was studied in the presence of a cationic surfactant,
cetyltrimethylammonium bromide (CTAB), and an anionic surfactant, sodium dodecyl sulfate (SDS) at a glassy carbon electrode
using cyclic voltammetry. The electrochemical oxidation of MG has been characterized as an electrochemically irreversible
diffusion-controlled process. Oxidative peak current sharply decreased with increasing SDS concentration, while a slight increase
with increasing [CTAB] was apparent. The apparent diffusion coefficient, the surface reaction rate constant, and the electron
transfer coefficient of MG clearly show correlation of the electrochemical behavior with the dissolved states of the surfactants.
Electrochemical observations together with spectrophotometric results at varying surfactant concentrations provide evidence of
interaction of MG with the surfactants to varying extent depending on the type of the surfactant and the concentration.

1. Introduction

Triphenylmethane (TPM) dyes, an important class of syn-
thetic organic compounds, have been a promising mate-
rial for diverse applications, which inter alia include the
following: as fungicides in aquaculture, as parasiticides in
pharmaceuticals, as dye materials in industry, and as redox
mediators, bioprobes, and pH indicators in both fundamental
and applied sciences [1–6]. A proper understanding and
development of fundamental knowledge base of physico-
chemical properties of TPM dyes have therefore attracted
significant attention. Techniques so far employed for this are
polarography [7], conductometry [8, 9], potentiometry [10],
spectrophotometry [11, 12], electrochemical methods [13],
membrane selective electrode [14], and so on. Dyes of TPM
backbones such as malachite green (MG), crystal violet [15],
ethyl violet [16], and victoria blue B [17] are electrochemically
active, and recent surge of interest has been the exploration
of the redox behavior of such dyes. Among the TPM dyes
the prospect of MG (chemical structure shown in Scheme 1)

for versatile applications [1] prompted many researchers to
study the electrochemical behavior of MG for development
of electrochemically switchable devices. The electrochemical
oxidation of MG occurs at 𝑁-containing lone-pair electron,
and the reduction process is due to reduction of oxidized ter-
tiary amino group of MG [2, 10]. In acidic aqueous solutions,
the anodic oxidation of MG leads to the formation of the
oxidized form of 𝑁,𝑁,𝑁󸀠, 𝑁󸀠-tetramethylbenzidine (TMB)
([1, 1󸀠-biphenyl]-4, 4󸀠-diamine), that is, TMBOx whereas the
oxidation of the dye in liquid sulphur dioxide is quite
different from the observation in acidic aqueous medium
[18, 19]. The electrochemical behavior of MG also exhibits
strong pH dependence and the oxidation of protonated, and
hydrated forms of MG is an electrochemically irreversible,
diffusion-controlled two-electron transfer process [18, 20].
The MG dye in surfactant-based organized media may be
even more interesting and help to develop electrochemically
switchablemolecular devices; however, solution behavior and
electrochemistry at the interfaces for the dye in such systems
are yet to be systematically studied.



2 ISRN Electrochemistry

N+ (CH3)2

(CH3)2

Scheme 1: Chemical structure of MG+.

There are numerous reports on the study of the electro-
chemical behavior of electroactive species in surfactant-based
organized media in literature. The electrochemical behavior
of redox-active surfactants containing different electroactive
groups has been found to be controllable by changing the
concentration of surfactants [21, 22]. Susan and coworkers
[23–25] reported the solution behaviors of redox-active
amphiphiles linked with an anthraquinone group and cor-
related the electrochemical behavior of anthraquinone with
the dissolved states of the nonionic surfactant. Haque et al.
[26, 27] studied the electrochemical responses of sodium salt
of anthraquinone-2-sulphonic acid (AQS) on the dissolved
states of the surfactant, cetyltrimethylammonium bromide
(CTAB), and found that the current-potential behavior is
profoundly influenced by the concentration of the surfactant
and redox state of anthraquinone. Similar observation was
reported for electrochemical behavior of AQS in a nonionic
surfactant, Triton X-100 [28]. Pedraza et al. [29] showed
that opposite charges of dye and surfactant can form dye-
surfactant complex in solution. The behaviors of TPM dyes
in different aqueous anionic surfactant solutionswere studied
by spectral measurements, and it was reported that dye-
surfactant ion pairs form at the surfactant concentrations
well below their critical micelle concentration (CMC) [30].
Huang et al. [31] also showed that the negatively-charged
sodium dodecyl benzene sulphonate interacts with positively
chargedMG and can accumulate onto carbon paste electrode
surface by electrostatic interaction. On the other hand, the
cationic surfactant, cetylpyridinium bromide (CPB) makes
the oxidation of MGmore difficult due to adsorption of CPB
on the electrode surface [32]. In similarly charged dye-micelle
systems, the electrostatic repulsion can be overcomeby strong
hydrophobic interactions [33–35].

MG has two amino groups in its structure and is highly
soluble in water.Three phenyl rings in the structure offerMG
strong hydrophobic characteristics, while the positive charge
of the dye provides the scope of interaction to varying extent
with cationic and anionic surfactants to different extent both
in the monomeric and micellized states. These make MG an
intriguing probe for electrochemical studies. With a view to
understanding the aqueous electrochemistry of MG and its
interactions with ionic surfactants, we therefore investigated
the cyclic voltammetric behavior of MG at a glassy carbon
electrode (GCE) surface in aqueous solution and in presence
of ionic surfactants of CTAB and sodium dodecyl sulfate

(SDS) and compared electrochemical responses in different
media to correlate with the dissolved states of the surfactants.

2. Experimental

2.1. Materials. Malachite green oxalate ([(C
23
H
25
N
2
)

⋅(C
2
HO
4
)]
2
⋅C
2
H
2
O
4
,𝑁,𝑁,𝑁󸀠, 𝑁󸀠-tetramethyl-4, 4󸀠-diamin-

otriphenylcarbenium oxalate) from TCI, Tokyo, Japan,
cetyltrimethylammonium bromide (CTAB) and sodium
dodecyl sulfate (SDS) from Merck, and sulfuric acid
(H
2
SO
4
), lead dioxide (PbO

2
), perchloric acid (HClO

4
), pot-

assium chloride (KCl), hydrochloric acid (HCl), and sodium
hydroxide (NaOH) from BDH were used as received
without further purifications. Solutions were prepared with
deionized water (conductivity: 0.055𝜇S cm−1 at 25∘C) from
HPLC grade water purification systems (BOECO, Germany).
A sonicator (LU-2 Ultrasonic cleaner, USA) was used to
clean electrodes and to prepare stock solutions.

2.2. Measurements. Spectrophotometric measurements were
made with a double-beam Shimadzu UV-visible spectropho-
tometer (model UV-1650 PC) by using quartz cells with
1 cm path length. Cyclic voltammetric measurements were
performed with a computer-controlled electrochemical ana-
lyzer (CHI 600D; CH Instruments, USA). A single compart-
ment three-electrode cell containing a GCE with geometric
area of 0.071 cm2 as the working electrode, a silver-silver
chloride (Ag/AgCl) electrode (1.00M KCl) as the reference
electrode, and a platinum coil as the counter electrode were
used for electrochemical measurements. The surface of the
working electrode wasmirror polished with 0.05𝜇malumina
(Buehler) before each run. The electrochemical measure-
ments were carried out using 0.10M KCl aqueous solution as
the supporting electrolyte. A pHmeter (HM-26 S, TOA elec-
tronics Ltd., Japan) was used for measurements of pH values
of solutions.The electrochemical and spectral measurements
were conducted at constant room temperature (25 ± 0.5∘C).

3. Results and Discussion

3.1. Dye-Surfactant Interaction of MG with CTAB and SDS in
Aqueous Solution. The visible spectrum of MG in aqueous
solution shows a broad band at the absorption maximum of
617.5 nm (𝜀 = 1.00 × 105M−1 cm−1). The absorption spectra
of MG in aqueous solutions with change in concentration
of CTAB and SDS were measured, and spectral analyses
were made to correlate dye-surfactant interaction with the
dissolved states of the surfactants.

Figure 1(a) represents the visible spectra of 1.0 × 10−6M
MG in 1.0 × 10−4M aqueous solution of KCl at 25 ± 0.1∘C for
CTAB.The absorbance at the 𝜆max, that is, 617.5 nm as a func-
tion of [CTAB] profile is also presented in Figure 1(b). The
𝜆max did not show any appreciable change with increasing
concentration of CTAB. The absorbance at the 𝜆max, on the
other hand, increases with increasing [CTAB] up to a con-
centration of 0.25×10−3Mafter which absorbance apparently
decreases with further increase in [CTAB] (Figure 1(b)).

Both MG and CTAB are positively charged, and there-
fore at low concentrations of CTAB, electrostatic repulsion
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Figure 1: (a) Absorption spectra of 1.0 × 10−6MMG in 0.10M aqueous solution of KCl in the presence of CTAB at various concentrations;
(b) absorbance at 617.5 nm versus [CTAB].

between MG and CTAB becomes dominant and free MG
species contributemore to the absorption to show an increase
in absorbance with increasing [CTAB]. However, at high
concentrations of CTAB, self association results in the for-
mation of thermodynamically stable aggregates of colloidal
dimension, that is, micelles and the hydrophobicity of MG
favors solubilization in the core of micelles to result in a
consequent decrease in the absorbance.

Figure 2(a) shows the absorption spectra of 1.0 × 10−6M
MG in 0.10M aqueous solution of KCl in the presence of
SDS of varying concentrations, while Figure 2(b) shows the
absorbance at 617.5 nm as a function of [SDS]. The addition
of SDS to aqueous solution of MG causes a shift in the
position of 𝜆max towards longer wavelength. The absorbance
at 617.5 nm was also found to decrease with increasing SDS
concentration up to 0.6×10−3M.These are indicative of bind-
ing of monomeric SDS with the carbocationic dye, MG. At
concentrations of SDS above 0.70×10−3M, a sharp increase in
absorbance is apparent, which levels off above [SDS] = 7.5 ×
10
−3M. In the submicellar range, the monomeric surfactant

tends to aggregate but compete with the strong interaction
of positively charged MG and negatively charged SDS, and
finally MG species are solubilized by SDS micelles.

Interestingly, for 2.0 × 10−3M SDS, a new weak band due
possibly to the formation of dimer of MG appears at 𝜆max =
584.0 nm (Figure 2(a)) for MG solution and the shoulder
diminishes at 6.0×10−3M.The 𝜆max exhibits a bathochromic
shift from 617.5 nm to ca. 626.0 nm for addition of SDS in
the MG to attain a constant value from 7.5 × 10−3M (inset
of Figure 2(a)). This further emphasizes that dye-surfactant
interaction plays a key role for change in spectrophotometric
behavior, and when micellization occurs, the solubilization
behavior outweighs the dye-surfactant interactions.

The 𝜆max versus [surfactant] and absorbance-[surfactant]
profiles greatly differed to reflect the differences in inter-
action of MG with CTAB and SDS. Varying electrostatic
and hydrophobic interactions of the positively charged MG
with the positively charged CTAB and negatively charged
SDS in monomeric and micellized states are interesting. In
the subsequent sections, the difference will be correlated
with change in electrochemical behavior of MG in aqueous
solutions of CTAB and SDS.

3.2. Electrochemical Behavior ofMG inAqueousMedium in the
Absence of Surfactants. Cyclic voltammetric behavior of MG
in KCl aqueous solution at GCE was investigated at potential
sweeps from 0.10 to 0.80V. The electrochemical responses
have been found to fairly depend on the concentrations of
MG (Figure 3). At 5.0 × 10−4MMG in KCl aqueous solution,
and the cyclic voltammogram at the scan rate of 0.01 V s−1
shows one anodic peak at 0.63V in the positive scan and
one reduction peak at 0.37V on the reverse scan (Part (A)
of Figure 3). The shapes of the cyclic voltammograms agree
with those reported by literatures [13, 17, 18]. When anodic
potential is applied, the electrochemical oxidation of TPM
dyes has been reported to lead to the formation of TMBOx
resulting from the ejection of an integral unit of the central
carbon attached to a phenyl group followed by intramolec-
ular coupling of two phenyl fragments [18]. In the reverse
scan, TMBOx is reduced to its final product, TMB [18].
With decreasing concentration of MG, anodic peak current
decreases with a shift in peak potential towards less positive
values (Parts (B) and (C) of Figure 3).The observed oxidation
peak currents were found to increase linearly with increasing
concentration of MG at the concentration range of 1.0 × 10−6
to 5.0 × 10−4M in aqueous solution of KCl. Moreover, at a
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Figure 2: (a) Absorption spectra of 1.0 × 10−6M MG in 0.10M aqueous solution of KCl in the presence of SDS at various concentrations.
Inset shows plot of [SDS] versus 𝜆max. (b) Absorbance at 617.5 nm versus [SDS].
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Figure 3: Dependence of cyclic voltammograms on concentration
of MG in aqueous solution of KCl at the scan rate of 0.01 V s−1.

very low concentration of MG (1.0 × 10−6M), the cathodic
peak cannot be distinguished (Part (C) of Figure 3).

Cyclic voltammetric measurements of 5.0 × 10−4M MG
in 0.10M KCl aqueous solution were also carried out at GCE
at a scan rate ranging from 0.01 to 0.5 V s−1 (Figure 4). In
the first scan, MG leads to the formation of TMBOx and is
reduced to TMB. In the subsequent scan (by polishing the

GCE surface before each run), the anodic and cathodic peak
currents increase with increasing scan rate (Figure 4(a)).

If voltammetric experiments are carried out under iden-
tical scan rate without polishing the GCE for subsequent
scan, a new oxidation peak (O2) appears at a potential less
positive than the first anodic peak O1 (Figure 4(b)). The
O2 is the oxidation wave of the reductive peak (R1) and
corresponds to the redox couple, TMBOx/TMB [18], where
TMBOx refers to the oxidized form of TMB (Scheme 2).
The cathodic peak current increases from the subsequent
scans due to the diffusion of reducible species, TMBOx, to
the electrode interface [18, 36]. For successive scans, the O1
decreases cycle by cycle with increase of peak current of
TMBOx/TMB redox couple (figure not shown). Chen et al.
[10] inferred that the growth of MG film on bare GCE due to
electropolymerization may be responsible for this change.

3.3. Electrochemical Behavior of MG in Presence of CTAB
and SDS in Aqueous Solution. Electrochemical behavior of
MG at a GCE with KCl aqueous solution as the supporting
electrolyte was studied in the presence of ionic surfactants,
CTAB, and SDS of varying concentrations (Figure 5). The
anodic oxidation peak potential and peak current of MG
vary in aqueous solutions of CTAB and SDS (Figures 5(a)
and 5(b)). Below the concentrations of 1.00 × 10−3M, the
anodic peak current corresponding to O1 (𝑖1pa) increases with
increasing [CTAB] and the anodic peak potential (𝐸1pa) shifts
tomore positive values. At concentrations above 1.00×10−3M
of CTAB, the 𝐸1pa is almost constant while a slight increase of
𝑖
1

pa is apparent (Figure 5(a)).MG is a cationic dye andCTAB is
a cationic surfactant; therefore, due to electrostatic repulsion,
hydrophobic interaction prevails. As the concentration of
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Figure 4: Cyclic voltammograms of 5.0 × 10−4MMG in aqueous solution at different scan rates (I: 0.01 and VI: 0.50 Vs−1): (a) the GCE was
polished prior to each measurements; (b) the subsequent measurements without further polishing of GCE.
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CTAB is further increased, electrostatic repulsion between
themicellar head groups andpositively chargedMG increases
discouraging further solubilization of MG in the core of
micelle.

SDS affects both 𝐸1pa and 𝑖
1

pa of the MG in aqueous solu-
tions. At concentrations below 1.00×10−3M, the 𝑖1pa decreases
with increasing SDS and the 𝐸1pa shifts to less positive values.
At 1.00 × 10−3M, the 𝐸1pa shifts slightly to higher potential.
With further addition of SDS, the 𝐸1pa shifts to less positive
values.The 𝑖1pa reaches almost a constant value as the concen-
tration of SDS reaches 4.0 × 10−3M. (inset of Figure 5(b)).
This may be ascribed to the fact that at very low concen-
trations of SDS, MG interacts with monomeric SDS. With
increase in SDS concentration, 𝑖1pa decreases. This may be
due to slower diffusion of MG incorporated in micelle to the
electrode interface. The dye-monomer surfactant interaction
is supported by the changes in absorbance and wavelength
corresponding to the absorption maximum (𝜆max) in the
visible spectra with change in SDS concentration for a fixed
[MG] (Section 3.1).

The anodic peak current, 𝑖1pa, versus [surfactant] profiles
may also be used for the electrochemical estimation of the
CMC values of CTAB and SDS with 5×10−4MMG in 0.10M
aqueous solution of KCl. The CMC values as apparent from
inset of Figures 5(a) and 5(b) are 1.00×10−3 and 4.00×10−3M,
respectively for CTAB and SDS under the experimental
conditions used.The values are different from those reported

in the literature especially using specific conductance and
tensiometricmeasurements.This is not surprising.Thediffer-
ence in the technique ofmeasurements gives rise to difference
in CMC. Takeoka et al. [22] reported the CMC value of a
ferrocenyl surfactant from the surface tension measurements
to be 0.012mM, which is estimated as 0.089mM from
electrochemical measurements. Similar observations are also
reported for an anthraquinonyl surfactant [25].

The cyclic voltammograms of MG indicate that the
anodic and cathodic peak currents increase as the scan rate
is increased. The plot of logarithm of peak current versus
logarithm of scan rate allows us to diagnose the electro-
chemical process in aqueousmedia (not shown in the figure).
The theoretical slope for a diffusion-controlled voltammo-
gram is 0.5 and for ideal adsorption it is 1 [37].The value of the
slope of the plot was in range 0.43 to 0.51 for the peaks O1 and
R1 while the value ranged from 0.60 to 0.74 for peak O2.This
indicates that the peaks O1 and R1 are diffusion-controlled,
but the anodic peak of O2, whether in absence or in presence
of surfactants, has influences from adsorbed species on the
overall electrochemical process.

Figure 6 depicts the effect of CTAB and SDS on the half
wave potentials (𝐸

1/2
, taken as the average of the potential

of the second anodic peak, O2 (𝐸2pa) and the cathodic peak,
R1 (𝐸pc) for the subsequent cycles) of TMBOx/TMB redox
couple. No significant changes in potentials were observed up
to concentration of 2.5 × 10−3M SDS, after which the peak
potential showed a sharp fall. This may be due to strong dye-
surfactant interactions. On the other hand, 𝐸

1/2
shows only a
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Figure 5: Cyclic voltammograms of 5 × 10−4M MG in 0.10M aqueous solution of KCl at various concentrations of surfactants. (a) Cyclic
voltammograms of MG in the presence of CTAB. Concentrations of CTAB (from I to VI): 0, 0.25 × 10−3, 0.5 × 10−3, 1.0 × 10−3, 5 × 10−3,
7.5×10

−3M. (b) Cyclic voltammograms ofMG in the presence of SDS. Concentrations of SDS (from I to VI): 0, 1.0×10−3, 2.0×10−3, 3.0×10−3,
4.0 × 10
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slight decrease at low concentrations of CTAB below its CMC
value, which is indicative of the ease of the redox process in
CTAB monomeric solutions.

The separation of peak potentials of TMBOx/TMB redox
couple is higher than 0.030V irrespective of the presence or
absence of surfactants. As the separation of peak potentials
is less than 0.059/𝑛V (here, 𝑛 = 2) cyclic voltammograms
do not correspond to a reversible process. The ratio of the
second anodic peak current of O2 and the cathodic peak
current of R1 (𝑖2pa/𝑖pc) is smaller than 1, which indicates that
the electrochemical reaction is complicated by some other

processes like a following chemical reaction [38]. The ratio
has been found to increase with increasing scan rates to
support this conclusion.

3.4. Chemical Oxidation of MG and Evidence for the For-
mation of TMBOx/TMB Redox Couple. 5.0 × 10−4M MG
was oxidized in 1.0M H

2
SO
4
with lead dioxide, which

yielded a brown colored precipitate in the mixture. The pre-
cipitate underwent dissolution with added perchloric acid.
The shapes of the cyclic voltammograms agree with those
reported by Galus and Adams [18].The chemical oxidation of
MG leads to the formation ofTMBOx,which is soluble in per-
chloric acid.The cyclic voltammetric behaviors of chemically
oxidizedMG solution, that is, TMBOx in aqueous solution of
KCl at different pH (pH was adjusted by addition of aqueous
solution of H

2
SO
4
or NaOH) are shown in Figure 7. The

oxidized MG gives a pair of well-defined redox peaks in the
potential range of 0.80 to 0.30V in acidic aqueous solution of
pH 1.14 with a reduction peak at 0.53V and an oxidation peak
at 0.56V, respectively.The peak potential shifts to less positive
value of 0.46V and 0.49V, respectively at pH 2.14. In highly
alkaline media of pH 10.70, the cyclic voltammogram shows
one anodic peak which is electrochemically irreversible.

Aqueous solution of MG has three absorption peaks
in the range of 200–800 nm with absorption maximum
at wavelength 617.5, 424.5, and 316.5 nm, respectively. The
absorbance at 617.5 nm is found to decrease abruptly with
decreasing pH of the aqueous solution ofMG.TheUV-visible
spectrum of chemically oxidized MG solution is different
from that of MG aqueous solution (Figure 8). The TMBOx
in acidic medium is yellowish in color, and at pH 1.70
the spectrum showed two absorption peaks at 256.0 and
461.0 nm. A new peak at 204.0 nm appeared in a highly acidic
medium of pH < 1.20. Jiao et al. [39] reported that at pH
2.00, 3, 3󸀠, 5, 5󸀠-tetramethylbenzidine (another form of TMB)
gives absorption peaks in the UV-visible region, respectively



ISRN Electrochemistry 7

0.30.40.50.60.70.8
−6

−4

−2

0

2

4

6

8

10

(a) 1.14 
(b) 2.40 
(c) 10.71 

pH =

Reduction wave

(a) (b)

(c)

Cu
rr

en
t,
i

(𝜇
A

)

Potential,E (V versus Ag/AgCl)

Figure 7: Cyclic voltammograms of chemically oxidized MG (5.0 ×
10
−4M MG + 2.9 × 10−3M PbO

2
+ H
2
SO
4
+ HClO

4
) in aqueous

solution of KCl at different pH. The pH was adjusted by aqueous
solution of H

2
SO
4
or NaOH.The scan rate was 0.01 V s−1.

at 204 nm and 253.0 nm. Moreover, a new absorption peak
at 452.0 nm appears due to the absorbance of the oxida-
tive product of 3, 3󸀠, 5, 5󸀠-tetramethylbenzidine. 3, 3󸀠, 5, 5󸀠-
tetramethylbenzidine belongs to biphenyl group with the
similar structure of TMB. Therefore, it can be inferred that
both TMB and TMBOx are produced from the chemical
oxidation ofMG.The differences in the absorption band arise
due to the different position of alkyl substituent in benzidine
ring and the effect of solvent polarity.

3.5. Diffusion, Electron Transfer Kinetics and Surface Reaction
Rate of MG in the Absence and Presence of Surfactants. For
an electrochemically irreversible diffusion-controlled system,
the diffusion coefficient can be evaluated by using [40]

𝑖
1

pa = (2.99 × 10
5
) 𝑛
3/2
(𝛼)
1/2
𝐴𝑐𝐷
1/2

appV
1/2
, (1)

where 𝑖1pa is the anodic peak current in amperes at 25∘C, 𝑛 is
the number of electrons taking part in the electrochemical
reaction, 𝛼 is the electron transfer coefficient, 𝐴 is the
geometric area of the electrode surface in m2, 𝐷app is the
diffusion coefficient of electroactive species in m2 s−1, V is the
potential sweep rate in V s−1, and 𝑐 is the concentration of the
reactive species in the bulk of the solution in molm−3. The
electron transfer coefficient 𝛼, for an irreversible process can
be calculated from [40]

󵄨󵄨󵄨󵄨󵄨
𝐸
1

pa − 𝐸
1

pa/2
󵄨󵄨󵄨󵄨󵄨
=
47.7

𝑛 ∝
mV, (2)

where 𝐸1pa and 𝐸
1

pa/2 are the anodic peak potential and the
potential at which the current equals one half of the peak
current, respectively. A linear relationship between, 𝑖1pa and
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Figure 8: UV-visible spectra of (a) 2.0 × 10−6M MG in aqueous
solution of KCl without pH adjustment; (b) 2.0 × 10−6M MG in
aqueous solution of KCl at pH 1.70, and (c) 5.0 × 10−4M MG
chemically oxidized by 1.0M H

2
SO
4
+ 2.9 × 10−3M PbO

2
+ HClO

4

in aqueous solution of KCl at pH 1.70.

V1/2 is apparent (Figure 4(a)), and the apparent diffusion
coefficient (𝐷app) of MG is calculated from (1) as 4.8 × 10−11

m2 s−1.
The study of kinetics of a reaction at an electrode

surface is important for fundamental understanding of the
heterogeneous electron transfer process. Since the oxidation
process of MG is diffusion controlled, the surface reaction
rate constant (𝑘

𝑠
) can be calculated from [13, 37]

𝐸
1

pa = 𝐸
0󸀠
+ {0.780 + 0.5 ln(

𝑛𝛼𝐷app𝐹V

𝑅𝑇
) − ln 𝑘

𝑠
}
𝑅𝑇

𝑛𝛼𝐹
,

(3)

where, 𝐸1pa, 𝐸
0󸀠, and 𝑛 are anodic peak potential, the formal

potential, and number of electrons taking part in the rate
determining step (=2 in the present case), respectively, and
𝑅, 𝑇, 𝛼, 𝐷app, 𝐹, and V stand for their usual meanings. A
linear relationship holds for 𝐸1pa versus ln V. The value of 𝑘

𝑠

can be obtained from the intercept of the straight line if the
values of 𝑛, 𝐷app, and 𝐸

0󸀠are known. The slope of 𝐸1pa versus
ln V evaluated from data of Figure 4(a) was 7.77 × 10−3. The
oxidation of MG is an electrochemically irreversible process
to make the direct measurement of the accurate value of
𝐸
0󸀠 difficult. However, the value of 𝐸0󸀠 could be obtained

from the intercept of the 𝐸1pa versus V plot on the ordinate
by extrapolating the line to V = 0 following the method
described in the literature [13, 17]. The parameters estimated
are 𝐸0󸀠 = 0.63V, 𝛼 = 0.48 and 𝑘

𝑠
= 2.76 × 10

−3 s−1.
The 𝐷app, 𝛼, and 𝑘𝑠 are also evaluated for the peak O1

in the presence of surfactants, CTAB, and SDS. Table 1 lists
the values of 𝐷app, 𝛼, and 𝑘𝑠 for 5.0 × 10

−4M MG in 0.10M
aqueous solution of KCl in the presence of CTAB and SDS at
various concentrations.

The results demonstrated that the electrochemical param-
eters of MG varied significantly with the addition of CTAB
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Table 1:𝐷app, 𝛼, and 𝑘𝑠 of MG in the presence of surfactants CTAB
and SDS.

Surfactants [Surfactant] × 103, M 𝐷app×10
11,

m2s−1
𝛼
𝑘
𝑠
× 10
3,

s−1

CTAB

0.005 6.4 0.48 1.05
0.15 7.2 0.47 1.63
0.25 9.4 0.47 1.79
0.75 10.1 0.47 1.82
1.00 9.8 0.47 1.88
1.25 12.6 0.47 2.19
5.00 15.1 0.47 2.29
7.50 12.1 0.47 2.30

SDS

0.50 2.6 0.40 1.22
1.00 2.0 0.49 0.99
2.00 0.8 0.47 0.88
3.00 0.6 0.47 0.60
4.00 0.4 0.47 0.41
5.00 0.3 0.47 0.20

and SDS.The addition of CTAB in aqueous solution increases
the 𝐷app of MG up to 1.00 × 10−3M of CTAB. Above 1.00 ×
10
−3M of CTAB, the 𝐷app increases slightly; however, the

value remains constant over the wide range of [CTAB]. The
𝐷app and 𝑘𝑠 of MG decrease appreciably with increasing SDS
concentration, and in this case 𝛼 slightly varied at lower
concentrations of SDS. The possibility of MG incorporation
in CTAB micelle can only be attributed to hydrophobic
interactions. As the concentration of CTAB increases above
the CMC, the fixed amount ofMG is incorporated inmicellar
core and the micelle is then less diffusive towards electrode
surface. On the other hand, the presence of positive charge on
the amino group ofMG and its hydrophobic nature enhances
the aggregation of MG with SDS. The strength of interaction
and binding between MG and SDS can partially affect the
diffusion of MG in solution. Moreover, the formation of
an electrochemically inactive complex of MG with SDS can
lower the concentration of free MG in the system to result
in the decrease of the peak current and hence the 𝐷app. The
𝑘
𝑠
value has been found to decrease with increasing SDS,

while an opposite trend is observed for CTAB. Zhu and Li
also [41] correlated such change in electrochemical para-
meters with formation of electroactive or electrochemically
inactive complexes. The oxidation of hydrated MG is a diffu-
sion-controlled electrochemically irreversible process and
depends on the various electrochemical parameters deter-
mined by specific interactions and solubilization behavior of
the media, not merely on adsorption at the electrode inter-
face.

4. Conclusions

The micellization properties of surfactants in aqueous solu-
tion have profound influence on the electrochemical behavior
of MG and the shapes of the cyclic voltammograms that

depend fairly on the concentration of the ionic surfactants,
CTAB, and SDS. The electrochemical responses of MG at
concentrations below and above the CMC of surfactants are
distinctly different. A sharp decrease in peak current for MG
in aqueous SDS solution indicates a strong interaction of
MG with the surfactant while a slight increase is apparent
in aqueous CTAB solution. The electrochemical oxidation of
hydrated MG has been characterized as an electrochemically
irreversible diffusion-controlled process. The apparent diffu-
sion coefficient and the surface reaction rate constant increase
with increase in CTAB concentration, but an opposite trend
is observed for SDS.
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