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Abstract: Electrochemical oxygen reduction reaction (ORR) was
carried out at glassy carbon (GC) and platinum electrodes in acidic
solutions in absence and presence of methylene blue (MB), a
cationic dye, using cyclic voltammetry. Although MB was found
to be electrochemically inactive, the electrochemical behaviour,
especially, change in the peak potential and current in the cyclic
voltammetric results in the presence of MB. MB was observed to
undergo following chemical reaction with the reactive oxygen
species (ROS) generated in sifu during ORR. UV-visible spectral
behaviour of MB changed when it was allowed to react with ROS
generated by bulk electrolysis of Oz at a GC plate electrode. The
electrochemical ORR is revealed to be a promising route for
degradation of organic dyes in aqueous solution.
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1. INTRODUCTION

Modern civilization relies to a significant extent on
textile, paper, plastics, leather, cosmetics and dyeing
industries. However, effluents discharged from these
industries severely contaminate the ecosystem with toxic
organic dyes, suspended solids and heavy metal ions. As a
result, the economic growth and living conditions of the
people residing in the vicinity of these industries have been
adversely affected. The removal of textile dyes from
effluents has therefore been one of the challenging tasks in
the realm of industrialization [1]. In dyeing processes, 10-
15% of dyestuffs are lost and become part of wastewater to
produce eco-toxic hazards and introduction of potential
dangers to bioaccumulation necessitating inevitable
treatments. The treatment of wastewater usually employs
many direct and indirect methods, e.g., adsorption,
membrane/ion exchange filtration, coagulation/ flocculation,
biodegradation, adsorption, electrolysis, photo-/electro-
degradation and oxidation processes. Uses of reactive
oxygen species (ROS) such as, hydrogen peroxide (H,O; or
HO;"), ozone (0O3), and hydroxyl radical (OH") as oxidants
for degradation of dyes have been recognized as
environmentally benign and cost-effective processes. ROS
can be easily and readily generated from O, and after
reaction may again be converted to O, or water [2],[3].
However, these species that can be produced using
UV/H,0,, UV/O3;, UV/Fenton’s reagent, TiO,-based
material, and electrochemical ORR (Fig 1) [4]-[8], are
reported to be highly reactive towards organic compounds.
Fenton agent (H.O, + Fe?) has been reported to be
competent for degradation of methylene blue (MB) [9]-[16].

The electrochemical methods have been recognized as
simple, smart, portable and environmentally friendly since
the electrode itself plays the role of a chemical in the
electrochemical redox reaction. This study aims at
employing the electrochemical ORR as a novel alternative
to the well-known Fenton process for the degradation of
dyes. With a view to exploring a suitable electrode material
capable of assisting the catalytic degradation of MB, we
studied ORR in absence and in presence of MB in acidic
aqueous solutions using cyclic voltammetric technique at
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GC and platinum electrodes. The degradation of MB upon
bulk electrolysis of O, at a GC plate electrode was
monitored by UV-visible spectral analysis. The role of in
situ generated ORR towards the degradation of MB was
clarified from the investigation of chemical reaction of H,O»
with MB.

2. EXPERIMENTAL

Sulphuric acid (H2SO4) with a purity of 99% (Merck,
Germany), MB (Sigma, USA) and H,O, (Merck, Germany)
were used without any further purification. Ultrapure water
(specific conductance < 0.1 uS cm™') was used in this study.

A conventional two-compartment cell made of Pyrex
glass was used for electrochemical measurements. A spiral
platinum wire and an Ag | AgCl | KCI (sat.) electrodes were
used as the counter and reference electrodes, respectively.
Two compartments of the cell were connected by a salt
bridge. Prior to each experiment, the solution in the cell was
purged with O, or N; gas for 20 min. A computer-controlled
electrochemical system (Model: 600D, CH Instruments,
USA) was employed for electrochemical measurements.
The working electrodes, GC (¢=2.0 mm) and platinum
(¢= 1.6 mm), were polished with aqueous slurry of alumina
fine powder (0.05 pm) (Buehler) on an emery paper and
then sonicated in deionized water for 30 min. Platinum and
GC electrodes were then electrochemically pre-treated in
Np-saturated 0.05 M H,SO4 solution by repeating the
potential scan between the potential range of —0.20 to 1.50
V vs. Ag | AgCl | KCI (sat.) until the cyclic voltammogram
(CV) characteristics of a clean electrode could be obtained
[2],[17],[18]. All the measurements were performed at room
temperature.
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Fig. 1 ORR mechanism in acidic solution [2],[3],[17],[18]. (b) and (s) refer
to bulk solution species and adsorbed state or species on electrode surface,
respectively, and the superscripts (*) refers to the process in the vicinity of
the electrode. The £ values are the rate constants of the relevant steps.

UV-visible spectra were recorded using a spectrometer
(Model: UVD 3500, Labomed, USA). The electrolysis was
carried out in a special type of cell comprised of a GC plate
(2.0 mm x 3.0 mm x 0.5 mm) as a working electrode,
platinum mesh as a counter electrode and Ag | AgCl | KCI
(sat.) as a reference electrode (Fig 2). The electrolysis was
carried at a constant potential of —0.50 V in Os-saturated
0.05 M H,SO4 solution containing 0.01 mM MB. During
electrolysis, O, gas was continuously bubbled into the
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solution. The extent of reaction was monitored by
measuring absorbance of MB with time of electrolysis. The
chemical reaction of MB with H,O, was also studied
typically by mixing 5.0 mL of 0.01 mM MB with 5.0 mL of
10.0 M H»0: in a beaker.

Fig. 2 Schematic diagram of the electrochemical cell used for catalytic
degradation of dye.

3. RESULTS AND DISCUSSION

Fig. 3 shows representative CVs measured at a GC
electrode in O,- and Nj-saturated H>SOs solutions in
absence and in presence of MB. The CV measured in N»-
saturated solutions shows no peak for the reduction of MB
except for the shoulder for the hydrogen evolution reaction
(HER) at a potential more negative than —0.80 V (Figs. 3a
and 3b). The CV recorded in a O»-saturated solution (Fig.
3d) shows a cathodic peak at ca.—0.54 V vs. Ag | AgCl |
KCI (sat.) followed by a shoulder at potential more negative
than —0.70 V for the HER. Measurements were also carried
out by varying potential scan rate (data not shown). Several
significant changes were found in the CV measured for
ORR at a GC electrode in presence of MB (Fig. 3c¢): shifting
of peak towards positive potential by ca. 0.06 V, increase of
peak current by 74%, broadening of the shape of peak and
increasing the slope for the ascending current portion of the
CV as comnared to those observed without MB in solution.
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Fig. 3. CVs measured at a GC electrode in (a, b) N»- and (c, d) O,-saturated
0.05M H,SO; solutions in absence (b, ¢) and in presence (b, ¢) of 0.01 mM
MB. The potential scan rate was 0.10 Vs~

To clarify the mechanism of such observations, similar
measurements were also carried out at a platinum electrode (data
are not shown). The CV recorded at platinum electrode does not
show any significant peak in the potential range of 0.80 to —0.10 V
in the presence of MB in a Nz-saturated solution, indicating that
MB is also electrochemically inactive in the potential range
studied. A well-defined cathodic peak was found at ca. 0.41 V in
an Oz-saturated solution to infer that the observed peak
corresponds to ORR [2],[3],[17],[18]. In general, the ORR at a
platinum electrode has been considered to be a four-electron
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transfer process that generates water (Fig. 1) as a stable product
[17],[18]. However, this peak shifted to a more negative potential
with a 45% increase of peak current when ORR was carried out in
the presence of MB. The shifting of the peak corresponding to
ORR indicates that MB hinders the ORR via its adsorption on the
platinum surface. On the other hand, the observed increase in peak
current might have been considered to be due to the following
chemical reaction of MB at the interface with the electrogenerated
intermediates that may be produced during ORR at the platinum
surface.

The current density of the peak observed at GC electrode
measured without MB is about two times (1.8) lower than that at a
platinum electrode which is suggestive of a four-electron ORR.
The number of electrons involved in the ORR at a GC electrode is
one-half of that involved at a platinum electrode. The ORR at a
GC electrode is thus considered for a two-electron ORR that
generates H2O2 as an ultimate product in acidic solution (Fig. 1).
Thus, the chemical reaction between ROS and MB is considered to
be coupled with ORR occurring at GC electrode by EC’
mechanism [19], resulting in shifting of peak of ORR towards
more positive potential.

As discussed above, the ROS generated during ORR readily
reacts with MB. Decolorization of MB was, therefore, studied by
ROS generated electrochemically as well as by commercially
available H>O». In former case, a GC electrode substrate at which
ROS is known to be produced via two-electron ORR was chosen
as the cathode. Upon bulk electrolysis of Oz, the ORR in solution
containing MB was carried out at a GC plate electrode by applying
a constant potential of —0.50 V (Fig 2). UV-visible spectra of MB
were measured at different time intervals. The UV-visible spectra
show that the color intensity of MB decreased as time of
electrolysis of Oz was increased (Fig 4). However, a complete
decolorization of MB solution could be achieved within 14 min.
On the other hand, the UV-visible spectra measured in the course
of decolorization with commercial H2O2 demonstrate a slow
change in color of MB (data not shown). In both cases, the
characteristic peaks of MB at the visible region diminished, while
a new peak at ultra-violet region (< 400 nm) was found to develop
with the elapse of time due possibly to the formation of conjugated
aromatic rings consisting of sulfur, nitrogen atom or enone system.
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Fig. 4. Upper panel: Typical visible spectrum of 1 x 10° M MB in
aqueous solution. Lower panel: Measurement of absorbance of MB with

time during the electrolysis of O, as shown in Fig 2. The absorbance was
measured at Ay, of 664 nm.
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Fig. 5 Schematic representation of degradation of MB via following
chemical reaction with ROS generated at GC electrode by electrochemical
reduction of O,.

In Fig. 5, a schematic presentation of catalytic degradation
of MB by the in situ generated ROS is shown. Generation of
ROS from O that is available in the air (i.e., free of cost)
occurs by the consumption of electron from the GC
electrode (i.e., electricity). In an acidic solution, leuco form
of MB is produced through the attachment of H to the
central N atom and it has been reported that both forms of
MB exist in equal amount in 0.5 M H,SO4 acid solution
[20]. The degradation of MB with H>O» has been considered
to involve several steps to form different reaction
intermediates [21],[22]. However, both forms of MB react
with H,O, forming aromatic compounds containing
nitrogen and sulfur hetero-atoms. The pseudo first order rate
constant for the reaction of MB with H»>O, has been reported
to be about 10~* s7! in alkaline solution [23]. Further study
to identify the products is in progress.

4. CONCLUSIONS

ORR depends strongly on the electrode material. In
acidic solution, ORR at a platinum electrode involves four-
electron transfer to produce water, while at a GC electrode
the reaction occurs through a two electron-transfer process
to generate a number of ROS (OH~, HO’, HO', O,™). The
in situ electrochemically generated ROS was found to be
very reactive towards MB to cause degradation of the dye to
yield colorless products. This opens up a novel catalytic
route for degradation of MB by using a cost-effective and
eco-friendly method. The catalytic cycle of MB degradation
involves only molecular O, (Fig. 5), which is abundant in
the atmosphere in contrast to other common techniques
where uses of chemicals or radiations are more often
required. The novel approach thus offers a brighter prospect
and superiority for degradation of dyes.
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