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Abstract The kinetics of oxygen reduction was studied
on copper in tartarate solutions using a rotating disc elec-
trode. The effect of pH on the cathodic reduction was
examined. AC impedance and cathodic polarization curves
showed that the reaction is partially controlled by mass
transport. At high current densities, the limiting current
values showed that O, is reduced mainly through the four
electron pathway. From measurements of density and vis-
cosity and data taken from Levich and Tafel plots, diffu-
sion coefficients for oxygen in tartarate medium were
calculated. Peroxidase-mediated oxidation of methylene
blue (MB) results using electrogenerated H,O, on copper
electrode showed that O, reduction reaction occurs in two
steps producing the adsorbed intermediate species H>O, by
k. In the absence of peroxidase, the hydrogen peroxide
elimination has to be rapid with k3 > ky. The MB oxi-
dation by lignin peroxidase using electrogenerated H,O,
was studied. After 24 h LiP is able to oxide the MB, pro-
ducing different oxidized forms: azure C and thionine, with
yield of 23% and 66%, respectively.

Introduction

The electrochemical reduction of oxygen is an important
reaction due to its applications in corrosion studies [1-5],
fuel cell technology [6-14] and more recently, the enzy-
matic mediated oxidation of organic compounds com-
monly found in industrial waste waters, such as chlorinated

J. B. de Matos - M. J. E. M. Cardoso - O. E. Barcia -

G. C. G. de Oliveira - E. D’Elia (X))

Institute of Chemistry, Federal University of Rio de Janeiro, CT,
Cidade Universitaria, CEP 21949-900 Rio de Janeiro, Brazil
e-mail: eliane@iq.uftj.br

phenols and polyaromatic hydrocarbons, using electro-
generated hydrogen peroxide [15-17].

The mechanism of oxygen reduction occurs through two
parallel steps, one involving the direct reduction of
adsorbed oxygen by k; with four electrons and the other
involving peroxide intermediate formation by k3
(Scheme 1). This mechanism was first proposed by
Wroblowa et al. using a rotating-ring disc electrode system
on gold in alkaline solution [12]. It is important to note that
although the involvement of four electrons indicates that
direct reduction is occurring, Tarasevich et al. proposed
that these conditions would also be found if a rapid elim-
ination of H,O, was present, i.e., k3 > ky [18].

Oxygen reduction on copper is inhibited by metal oxi-
dation into the Cu/Cu,O/CuO duplex layer potential
region. The Tafel slope is close to —0.3 V/decade, and the
reduction proceeds through a CE mechanism [1]. When
Cu(I)-complexing electrolytes are employed, the rate con-
stant increases, showing that oxygen reduction can proceed
by a CE mechanism and a direct electron transfer mecha-
nism [1]. For copper—nickel alloys in alkaline medium,
Ceré et al. [8] found that the oxygen reduction occurs
through a sequential mechanism with rapid peroxide
consumption.

Peroxidases are oxidative, peroxide-dependent enzymes
that catalyze the oxidation of a wide variety of organic and
inorganic compounds. The literature shows that the use of
hydrogen peroxide in biocatalysis as a co-substrate for
peroxidase activity is limited due to its inhibitory effect at
high concentrations. One solution for this problem is the
use of very low and controlled hydrogen peroxide sup-
plementation, necessary just for the maintenance of an
effective peroxidase oxidation level. This can be achieved
using H,O, direct pulsated addition or by in situ electro-
generation. The electroenzymatic approach provides a
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Scheme 1 Model for the
electroreduction of O, proposed
by Wroblowa et al. for gold in
alkaline solution [12];

s = adsorbed on the surface;

b = in bulk solution

b diff S

0, ——» Oz +2H+2e — pHO242H 4 2¢

significantly lower and easily controllable hydrogen per-
oxide formation rate than any other thus far [15-17].

Methylene blue (MB) is a very commonly used dye in
the industry. It has many uses in a range of different fields,
such as biology and chemistry. In analytical chemistry, it is
widely used as a redox indicator. In the industries, colored
wastewater is released in textile effluents and poses a
potential environmental hazard. Within the ecosystem, this
colored wastewater is a dramatic source of pollution,
eutrophication, and perturbations in aquatic life. Moreover,
a variety of organic chemicals are produced during the
dyeing process, and some have been shown to be carcin-
ogenic. With the growing awareness of decreasing avail-
able water resources, many methods are being used in
wastewater treatment and recycling where MB has been
chosen as a model compound [19-22].

To understand the best conditions to produce hydrogen
peroxide electrochemically, the objective of this work was
to study the mechanism of oxygen reduction on copper in a
sodium tartarate aqueous solution in the 2—7 pH range. This
pH range was chosen due to the peroxidase stability
depending on this parameter. For example, lignin peroxi-
dase (LiP) and horseradish peroxidase (HRP) present
maximum activities at 4.0 and 6.0 pH, respectively. The
buffer sodium tartarate solution is a convenient medium for
studies with Lip as biocatalyser. Moreover, the electro-
generated hydrogen peroxide was applied to the Lip-med-
iated oxidation of MB in aqueous media.

Experimental

The polarization experiments were carried out in a con-
ventional three-electrode cell. An Hg/Hg,SO4/K,SO, (sat)
electrode was used as the reference electrode (0.641 V
versus NHE). All potentials were referenced to this elec-
trode. A long platinum wire was used as the counter
electrode. The rotating disc electrode (RDE) was con-
structed from Cu supplied by Johnson Matthey. The
exposed active electrode area was 0.2 cm”. Prior to the
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experiments, the electrode was mechanically polished with
emery paper to grades 1,000, 1,200, 1,500, and 2,000 and
cathodically cleaned at —2.0 V for 3 min.

The current—potential curves were conducted at different
rotation rates with a 0.001 V s~' scan rate from the open
circuit potential. The AC impedance measurements were
carried out at fixed potentials for different rotation rates in
the frequency range from 100 kHz to 1.0 MHz with 10 mV
of signal amplitude.

All electrochemical measurements were carried out with
a Radiometer Analytical—Electrochemistry potentiostat,
and the electrode rotation speed was controlled by an
analytical rotator (Asservissement Electronique—France).

For values in the pH range 5-7, measurements of den-
sity, viscosity, and concentration of dissolved O, were
performed.

The densities of the solutions were measured with a
digital oscillating u-tube density meter (Anton Paar, model
DMA 4500) with an uncertainty of 5 x 10> g cm . For
all solutions, the density was measured at least twice. A
third measurement was made only if the reproducibility
between the two-first previous measurements was greater
than 3 x 107> g cm >,

The efflux time of the solutions were measured with
Cannon-Fenske viscometer (Schott-Geratle) calibrated and
certified by the company that supplies us. For each solution
at least 10 repetitions of the efflux time were performed
and the results were averaged. The uncertainty in the efflux
time was 0.01 s.

The concentration of oxygen was measured using the
Winkler method [23, 24].

Studies were conducted at room temperature
(23 £ 1 °C). Solutions were prepared from analytical
grade reagents and distilled water. The experiments were
measured in a naturally oxygen-saturated 0.2 mol L'
tartaric acid (C4OgHg) solution containing different con-
centrations of NaOH, which produced various pH values
2-7).

The MB oxidation was performed in 0.2 mol L™
sodium tartarate solution pH 4.0 containing 33 pumol L™
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MB and 0.55 umol L' LiP using galvanostatic polariza-
tion (i = —0.02 mA) during 24 h at room temperature. The
oxidized products analysis was performed by High Per-
formance Liquid Chromatography (HPLC) as described by
Ferreira-Leitdo et al. [22]. Methylene blue, azure B, azure
A, azure C, and thionine, used as standards, were pur-
chased from Sigma. Before the peroxide-mediated oxida-
tion of MB using electrogenerated hydrogen peroxide the
buffer solution was purged with pure 02 (5.0 mL min™")
during 30 min.

LiP activity was assayed using veratryl alcohol as sub-
strate [22]. Peroxidase concentration was determined using
403 = 102 mM ™' cm™ .

Results and discussion
Oxygen reduction mechanism

Figure 1 shows the polarization curves for oxygen reduc-
tion on copper in the 2-7 pH range for several rotation
frequencies (Q) of the copper RDE. For all investigated pH
values, an increase in rotation frequency caused an increase
in the current density. These results are due to the transport
of O, from solution to the copper surface. However, it was
only possible to observe a well-defined diffusion plateau
for the 5-7 pH range. The reaction order p was calculated
from [13]

where j, is the electrode kinetic current density extrapo-
lated to Q = o0, and j and jp are the measured electrode
current density and the diffusion electrode current density,
respectively. Figure 2 shows that the slopes of log j versus
log (1 — j/jp) plots are very close to 1.0. The values of p
for pH 5, 6, and 7 were 0.98, 1.06, and 1.07, respectively.
For pH < 5.0, the current plateau was poorly defined, and
relation (1) was not verified. This result is probably due to
the proton or water reductions that play a major role in this
pH range.

For an electrode reaction under mixed kinetic-diffusion
control, the current density is given by [13]

. 0.62D_**)y1/6

U = ot j1=1P 172,

J (2)

nkcy
where n is the number of electrons, F is the Faraday con-
stant, D is the diffusion coefficient of oxygen, v is the
kinematic viscosity, and ¢ is the bulk concentration of
oxygen. The concentration of oxygen was measured using
the Winkler method. This method consists of determining
the concentration level of dissolved gas, using titration
after fixing O,. This value, 1.87 x 10~7 mol cm ™3, did not
vary with pH. The values of kinematic viscosity (v) were
calculated from the experimentally obtained values of
viscosity () and density (p). These results are shown in
Table 1.

Figure 3 shows the j~'7 versus j@ = "PQ~'2 plots.
From the average values of the slopes obtained at pH 5.0,

logj = log i + plog(1 —j/jp) (1) using the experimentally determined values from Table 1,
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Fig. 2 Reaction order for O, reduction on copper in naturally oxygen-
saturated 0.2 mol L™' tartarate medium in the pH range 5-7 at
potentials of filled square: —850 mVgsg; open square: —870 mVggg;

Table 1 Values of kinematic viscosity (v) calculated from the
experimentally obtained values of viscosity (1) and density (p)

pH n(gem s p (gem™) v (cm’s™")

5.0 9.854 x 1072 1.02144 9.647 x 1073
6.0 9.845 x 1073 1.02176 9.635 x 1073
7.0 9.861 x 1073 1.02186 9.650 x 1073

and assuming n = 4, the diffusion coefficient was calcu-
lated to be 1.82 x 107> cm? s~'. This value of D is con-
sistent with the values found in the literature [6] for

filled circle: —890 mVgsg; open circle: —910 mVsgg; and filled
triangle: —930 mVgsg

aqueous media. For pH 6.0 and 7.0, using
D =1.82 x 107> cm? s~! and the data from Table 1, the
values of n were 3.9 and 4.2, respectively. These results
confirm the mechanism proposed by Wroblowa et al. for
the reduction of O, on a surface of gold in alkaline med-
ium. A similar value of n was obtained for oxygen reduc-
tion on copper in borax medium [1].

The AC impedance results obtained at different pH,
potential, and rotation rate values showed two poorly
resolved loops. Figure 4 presents the results for pH 7.0 at
—1.2 V. The loop corresponding to the low frequency
range is due to mass transport, since its frequency varies
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Fig. 3 Koutecky-Levich plots for O, reduction on copper in naturally
oxygen-saturated 0.2 mol L™" in tartarate medium in the pH range 5-7
at potentials of filled square: —810 mVsg; open square: —830 mVsgg;

filled circle: —850 mVgsg; open circle: —870 mVggg; filled triangle:
—890 mVgsg; open triangle: —910 mVggg; cross: —930 mVggg;
asterisk: —950 mVgsg; and crossed circle: —970 mVggg
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with the rotation rate (Fig. 4a). A linear plot of the char-
acteristic frequency versus rotation rate indicates that the
mass transport occurs entirely in the fluid (Fig. 4b). The
same results were obtained for pH 5.0 and 6.0. In addition,
similar results were obtained by Deslouis et al. for copper
in neutral NaCl medium [25]. The loop corresponding to
high frequency is due to combination of charge transfer
resistance and double layer capacitance.

Electrogeneration of hydrogen peroxide applied to the
LiP-mediated oxidation of MB in aqueous media

Figure 5 shows the chemical structures of the MB and their
oxidized derivatives. HPLC products analysis from LiP-
catalyzed reaction using electrogenerated H,O, by the
oxygen reduction on copper electrode for 24 h showed a
total conversion of MB in its oxidated products: azure C
and thionine. The product percentage contribution was
23% of azure C and 66% of thionine. Although in this
study, it was shown that the oxygen reduction mechanism
considers four electrons, the LiP-mediated oxidation of MB
results showed that O, reduction reaction occurs in two
steps producing the adsorbed intermediate species H,O, by
k>. In the presence of peroxidase, the enzyme captures the
adsorbed hydrogen peroxide on the electrode surface,
producing the MB oxidated compounds. In the absence of
peroxidase, the hydrogen peroxide elimination has to be

N
X
H3C\ /Oi D\
S NH

cl”

METHYLENE BLUE

THIONINE

very rapid with k3 > ky; as proposed by Tarasevich et al.
Under these conditions, n = 4 is justified, even using RDE
results.

Conclusions

On the basis of the results obtained for the oxygen reduc-
tion on copper in tartarate solution, the following points
can be concluded:

e in tartarate solution and for a limited pH range (5-7),
four electrons are exchanged in the investigated
potential range according to the mechanism proposed
by Wrolowa et al. [12];

e the order of the investigated reaction is one;

e the mass transport occurs only in the solution and not
through an oxide layer;

e for this pH range, the value for the diffusion coefficient
obtained by assuming the transference of four electrons
was consistent with the values found in the literature;

e the oxygen reduction on copper occurs in two steps
producing the adsorbed intermediate species H,O, by
k, and its elimination has to be very rapid with
k3 > ky in the absence of peroxidase; and

e LiP was able to oxidize the MB in azure C and thionine
after 24 h using electrogenerated H,O, on copper
electrode, showing a product percentage contribution
of 23% and 66%, respectively.
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