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Abstract

A wall-jet ring disc electrode was constructed by adapting a wall-jet flow through electrochemical cell.
Commercially available spectral graphite and glassy carbon were used as working disc electrodes and the ring
electrode was made of stainless steel. The efficiency and rate constants, measured in a planar parallel flow
hydrodynamic regime, indicated the partial electroreduction of dissolved oxygen as a quasi-reversible two-electron

process for both electrode materials tested.

1. Introduction

The pulp and paper industry remains a promising
market for H,O, primarily due to environmental
concerns over chlorine based processing [1-4]. Thus,
the use of hydrogen peroxide has become an attractive
alternative. Among the various ways of producing
hydrogen peroxide, the synthesis by partial electrore-
duction of dissolved oxygen (PERDO) in alkaline
media:
0, +H,O0+2¢” < HO; + HO™
E°=-0.065V [5]
has received attention [6].
However, PERDO has limited applicability due to

low oxygen solubility, a low reaction rate [5] and to the
following side reaction:

0,+2H,0+4e¢” & 4HO™

(1)

(2)

One strategy for improving PERDO is the use of
modified electrodes with oxygen reduction electrocata-
lysts, able to increase both the electroreduction selec-
tivity and the reaction rate [6-12].

Carbonaceous materials are often selected as electrode
materials because of their intrinsic electrocatalytic
properties for PERDO [13] and also because of their
advantageous physico-chemical surface properties,
when used as substrate for modified electrodes [5, 6].

A preliminary study using cyclic voltammetry without
quantitative estimation [14], established that PERDO
occurs as an irreversible process at spectral graphite
(SG) or glassy carbon (GC) electrodes.

The PERDO efficiency, defined as the average number
of electrons transferred (n), is commonly measured by
the rotating ring-disc electrode technique [6, 9, 15-19].
However, we preferred the wall-jet ring-disc electrode
(WJRDE) since, for a given electrode geometry (disc
electrode radius and inlet capillary nozzle diameter), it
allows easy operations in various hydrodynamic modes,
by simply changing experimental parameters such as the
solution flow rate and the distance between the inlet
capillary nozzle and the working electrode [20-25]. In
the present context, other major advantages of WIRDE
[26-28] were taken into consideration: (i) the low
consumption of reagents, while the reproducibility
remains high; (ii) the constant supply of fresh solution
which prevents accumulation of intermediates at the
electrode surface; (iii) the nonuniform primary current
distribution, particularly useful for mechanistic discrim-
ination.

Based on these considerations we characterized a
WIRDE system, constructed from a wall-jet electro-
chemical cell [29], using [Fe(CN)s]*~/#~ as a standard
redox couple. The WJRDE was then used to estimate
the kinetic parameters and the efficiency of PERDO at
unmodified SG and GC electrodes, operated in a planar
parallel flow hydrodynamic regime.
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2. Experimental details
2.1. Reagents and materials

K4[Fe(CN)g], Na,SO4.10H,O and NaOH were of
analytical grade and were used as received. 0.5 M
Na,SO,4 and 0.1 or I M NaOH aqueous solutions were
used as supporting electrolytes for WJIRDE character-
ization and for PERDO investigation, respectively. All
solutions were prepared with doubly distilled water.
The working disk electrodes were made either of
spectral graphite (Ringsdorff-Werke Gmbh, Germany)
or of glassy carbon (Tacussel, France). The ring
electrode was made of stainless steel (AISI 304).

2.2. Electrochemical measurements

The WIRDE system (Figure 1) was a wall-jet electro-
chemical cell [29] equipped with a homemade ring disc
electrode, a Pt wire counter electrode and an Ag/AgCl,
KCI 1 M reference electrode. To construct the ring disc
electrode, the working disc electrode (¢ = 3 mm) and
the ring electrode (¢,, = 6 mm, ¢;,, =4 mm) were
mounted in a Perspex body, and were sealed together
with epoxy resin. Before use, the ring disc electrode was
carefully wet polished with emery paper (grit 400 and
600, Carbochim, Romania) and AL,O3; (1 um). The
upper part of the WIJIRDE, where the ring disc
electrode was inserted, has a thread with a 1 mm step,
allowing a fine-tuning of the distance (H) between the
inlet capillary nozzle (¢ = 0.5 mm) and the disc elec-
trode.

The WJRDE was inserted into a single line flow
system, consisting of a peristaltic pump (Alitea-XV,
Sweden) and silicone tubing (0.16 cm® m™).

The four electrodes of the electrochemical cell were
connected to a custom made bipotentiostat, controlled
by an IBM-PC (Olivetti 486/33) through a data acqui-
sition card (AT-MIO-16F-5, National Instruments,
USA). The software used to monitor the set-up and to
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perform the data acquisition was written using Lab-
VIEW 3.1.

An oxygen electrode (97-08, Orion Research Inc,
USA) measured the dissolved oxygen concentration.

3. Results and discussions
3.1. WJRDE hydrodynamic characterization

The limiting current and the collection efficiency (V)
observed in a WIRDE are strongly influenced by the
hydrodynamic conditions under which the system is
operated [23, 23]. On the other hand the potential of the
ring electrode has to be in a mass transfer controlled
domain.

Consequently, the dependence of the ring current (/;)
on the disc potential was initially recorded at different
ring applied potentials, while a 0.01 M Ka[Fe(CN)s]
solution, containing 0.5 M Na,SOy4 as supporting elec-
trolyte, was pumped through the system (/; = 0.29 cm?
min~!). To induce progressive oxidation of [Fe(CN)g]*~,
the disc electrode potential was linearly swept at a low
potential scan rate (10 mV s7!), from +0.05 to +0.6 V
vs Ag/AgCl, KCI 1 M. It was noticed (results not shown)
that an applied potential value of —0.3 V vs Ag/AgCl,
KCl 1 M was sufficiently negative to develop a well-
fashioned wave at the ring electrode corresponding to
the reduction of [Fe(CN)¢]*~, on the disc electrode.
Higher negative applied potentials induced a significant
increase in background current, probably due to the
reduction of oxides on the ring electrode.

The influence of the electrolyte flow rate on the
WIRDE response was investigated by maintaining the
ring electrode potential (—0.3 V vs Ag/AgCl, KCI 1 M)
and the distance between the inlet capillary nozzle and
the working electrode constant. As expected [20-23],
both the disc current Iy and I, increased with flow rate
(results not shown). However, at flow rates higher than
0.5 cm® min~! the length of the diffusion plateau, for
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Fig. 1. Scheme of the wall-jet electrochemical cell equipped with a ring-disc electrode.
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Fig. 2. Polarization curves at WJIRDE for a 0.01 M K4Fe(CN)g solution, at different distances between the inlet capillary nozzle to electrode:
(a) 0.25, (b) 0.5, (¢) 1.0 and (d) 2.0 mm; and two flow rates: 0.119 cm?® min~' (A); 0.476 cm?® min~! (B). Experimental conditions: disc electrode,
spectral graphite; scan rate 2.5 mV s~!; ring electrode potential, —0.3 V vs Ag/AgCl, KCI 1 m.

both disc and ring electrodes, was considerably reduced.
Consequently, for all further experiments, the flow rates
were limited to values lower than 0.5 cm® min~' to
increase the precision of the limiting current.

Figure 2 shows the influence of the distance A on the
WIRDE response for two different flow rates, with
other experimental parameters kept at their previously
established values. In accordance with wall-jet electrode
theory [20-26, 28], irrespective of the flow rate, the
limiting current decreased with increase in H. Once
again, taking into account the extension of the diffusion
controlled domain, a value of 1 mm was selected for H,
for all further measurements. Under these conditions,
taking into account the ratio between the inlet capillary
nozzle diameter and H, the disc electrode should behave
as a wall-jet electrode with a nonuniformly accessible
surface [20, 26, 28].

To check this assumption for our experimental set-up
we utilized the general Levich equation [24]:

iq = nFCD*PKV (3)

where 714 is the limiting current density (mA); n is the
number of transferred electrons; F is the faradaic
constant (A s equiv''); C is concentration of the
electrochemical active species (mM L~'); D is diffusion
coefficient (m? s!); K is a constant depending on
electrolyte viscosity and the geometry of the electro-
chemical cell and ¥; is the solution flow rate (cm? s71).
The flow rate exponent (x) was estimated at different A
values, as the slope of the linear correlation between
log(ijq/uA cm~2) and log(/t/cm? min~!).

The values obtained and the corresponding hydrody-
namic regimes are presented in Table 1.

Finally, a planar parallel flow (PPF) hydrodynamic
regime (H =1 mm in Table 1) was selected for con-
ducting the PERDO study because it presented the

smallest difference between the expected and obtained
x values.

For the PPF hydrodynamic regime the average
collection efficiency (N) values, measured for both the
SG and GC disc electrodes, were 0.34 + 0.02 and
0.21 4+ 0.03, respectively, for flow rates between 0.1 to
0.5 cm?® min~'. The variation of the collection efficiency
with the nature of the disc material is possibly due to the
inherent shortcomings in fabrication which may be
different from electrode to electrode.

3.2. PERDO at spectral graphite and glassy carbon
WJRDEs

Linear sweep voltammograms at WIRDE incorporating
SG and GC disc electrodes were recorded for the PPF

Table 1. Dependence of the hydrodynamic regime on the distance
between the inlet capillary nozzle and disc electrode
For experimental conditions see Figure 2

Corr. coeff.
/no. of points

0.995/4}

d/mm Flow rate
exponent, x

Hydrodynamic regime [24]

025 0.29 £+ 0.02*
0.5 0.36 = 0.01*

ia = 1.47 nFCD*? (4/b)*
% Vf1/3
thin layer (TL)

0.999/4

1 0.51 + 0.02* 0.999/4 iLg = 0.68 nFCD?? y=1/0
x (A/h)],'Z Vf]/z
planar parallel
flow (PPF)
2 0.80 + 0.03* 0.998/4 ig = 0.898 nFCD?? y=5/12

— 3 3/4
x a V2 438 Lf
wall-jet (WJ)

* Standard deviation

a = inlet cappilary nozzle diameter; 4, electrode area; » = channel
height; C = concentration (mM L™'); F = Faraday constant; D =
diffusion coefficient; v = kinematic viscosity; V; = volume flow rate;
n = number of electrons.
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Fig. 3. WIRDE polarization curves for reduction of the dissolved O,,
at different flow rates: (a) 0.119, (b) 0.238; (c) 0.476 and (d) 0.952 cm?
min~!; (A) spectral graphite disc electrode; (B) glassy carbon disc
electrode. Experimental conditions: scan rate 2.5 mV s~!; supporting
electrolyte, | M NaOH; ring electrode potential, +0.5 V vs Ag/AgCl/
KCl1M; H=1 mm.

hydrodynamic regime at different flow rates. As pointed
out by Compton et al. [28], in order to obtain a steady-
state voltammetric response it is decisivly important to
use, for a given flow rate, a sufficiently low potential

Table 2. PERDO current efficiency at disk electrodes made of different
electrode materials
For experimental conditions see Figure 3

Vi/em? min~! Current efficiency/%
Spectral graphite Glassy carbon
0.119 74.6 70.1
0.238 75.2 79.5
0.476 81.1 91.6

scan rate. In our case, a scan rate of 2.5 mV s~ ! was

found to assure a real stationary voltammogram, proved
by the absence of hysteresis when the scan direction was
reversed in the investigated potential range. The
WIRDE responses showing the dissolved oxygen reduc-
tion at disc electrode and the resulting H,O, oxidation
at ring electrode are presented in Figure 3, for both
investigated electrode materials.

The concentration of the dissolved oxygen in the
supporting electrolyte (1 M NaOH aqueous solution)
was 9 ppm, corresponding to the equilibrium value in
experimental conditions. In a preliminary study it was
found that an applied potential of +0.5 V vs Ag/AgCl,
KCI1 1 M corresponds to an efficient H,O, oxidation at
ring electrode, associated with a negligible background
current.

To estimate the PERDO current efficiency, the charge
quantities involved in the dissolved oxygen reduction at
disc electrode (go,) and in the H,O, oxidation at ring
electrode (gu,0,) were measured by integrating the curves
from Figures 3A and 3B (after background current
correction). Within the experimental margin of error, the
PERDO current efficiency, expressed as the gu,0,/(Ngo,)
(%) ratio (Table 2), revealed that, irrespective of the
electrode material, the reduction of dissolved oxygen
occurred predominantly with H,O, production. The
current efficiency slightly increased with the flow rate.

Another way to estimate the PERDO efficiency is
based on the evaluation of the average number (n) of the
transferred electrons involved in the cathodic reduction
of the dissolved oxygen. For this purpose we used the
equation proposed by Claude et al. [30]:

_ 4i17d
"= lia + ir,/N) )

Table 3. Experimental values of the flow rate exponent (x) for disc (glassy carbon and spectral graphite) and ring (stainless steel) electrodes

corresponding to Fe[(CN)g]*~ oxidation and dissolved oxygen reduction

Experimental conditions: flow rate range, 0.1 to 0.5 cm® min~!; for other conditions see Figure 3

Electrochemical
active species

Flow rate exponent, x

Spectral graphite

Glassy carbon

Disc Ring Disc Ring
[Fe(CN)g]*~ 0.51 + 0.02* 0.40 £ 0.01* 0.54 £ 0.03* 0.32 £ 0.02*%
O, in NaOH 0.1 m 0.50 + 0.01* 0.39 + 0.03* 0.53 £ 0.01* 0.33 + 0.01*
0O, in NaOH | M 0.51 £ 0.03* 0.40 £ 0.01* 0.53 £ 0.04* 0.32 £ 0.03*

* Standard deviation



where i1 4, i, stand for limiting current densities for
disc and ring electrode, respectively, and N is the
collecting efficiency. Checking the validity of the PPF
hydrodynamic regime proved the invariance of the
measured collecting efficiency, when [Fe(CN)g]*~ was
replaced by NaOH. Within the experimental error, it
was found that the hydrodynamic regime remains
unchanged (x ~ 0.5), for a flow rate range of 0.1 to
0.5 cm® min~! (Table 3).

Table 4 displays the average number (n) of clectrons
transferred during the cathodic reduction of the dis-
solved oxygen into two supporting electrolyte concen-
trations. The computed » values confirm the previous
conclusion that the two-electron reduction of dissolved
oxygen is the only cathodic process occurring at disc
electrodes made of SG or GC.

Taking into account that for both electrode materials
the dissolved oxygen is electroreduced only to H,O;, an
approach based on the Levich treatment of the WRIDE
response was used to estimate the rate constant for
PERDO. The reciprocal value of the disc current (1//4)
was plotted against the reciprocal value of the flow rate
square root (V[l/ 2) (Figures 4(A) and 4(B)), at different
constant values of the disc applied potential. The
applied potential values were selected from the mixed
control (activation/diffusion) domain. The pure charge
transfer current densities (i,;) were computed by linear
extrapolation at infinite flow rate of the above-men-
tioned correlation. Subsequently, the electrochemical
rate constants (k¢) for the heterogeneous electron trans-
fer were estimated using the equation:

it = nkeFCo,

—~
W
~

where k¢ = k° exp(—onn/RT), Co, stands for dissolved
oxygen concentration, n = E — E° and E is the formal
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Table 4. Average number of electrons transferred in the electroreduc-
tion of dissolved oxygen at graphite and glassy carbon disc electrodes
For experimental conditions see Table 3

[NaOH]/M Average number of electrons transferred

Glassy carbon Spectral graphite
1 2.17 + 0.03* 2.00 + 0.01*
0.1 1.92 £ 0.10* 2.10 £ 0.05*

* Standard deviation

standard potential for the Reaction 1. Finally, a Tafel
plot allowed for the evaluation of the standard rate
constant (k°).

It is worth noting that the k° values (Table 5) are
higher for SG than for GC electrodes, pointing out that
SG has a higher intrinsic electrocatalytic activity for
oxygen electroreduction. This behaviour occurs very
likely due to the presence of oxygen-containing groups
on the SG surface. This supposition is supported by
Paliteiro et al. [13] reporting an even higher £° value for
electrodes of oxidized pyrolytic graphite.

Finally, it should be mentioned that in spite of the fact
that the wall-jet electrode surface is not uniformly
accessible in terms of mass transport [27], it has been
already used for kinetic investigations according to the
approach described above [31-33]. Moreover, a com-
parison between the results obtained, for the kinetics of
direct and mediated electroreduction of hydrogen per-
oxide at peroxidase modified graphite electrodes, with
WIRDE and rotating disc electrode revealed no signi-
ficant difference [33]. This concordance should be
expected if the charge transfer is quite irreversible and
can be evidenced by a good linearity of the Levich
reciprocal plot.
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Fig. 4. Dependence of the reciprocal current intensity at disc electrode (I7') on the reciprocal square root value of the flow rate (Iffl/ 2), for
reduction of dissolved O, at different constant values of the disc applied potential. (A) Spectral graphite electrode: (@) 0.275, ([J) 0.300, (A)
0.325; () 0.350 and (V) 0.375 V vs Ag/AgCIl/KCl 1 M; (B) Glassy carbon electrode: (@) 0.325, ((J) 0.350, (A) 0.375; (O) 0.400 and (V) 0.450 V

vs Ag/AgCl/KCl 1 M. For experimental conditions see Figure 3.
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Table 5. Heterogeneous rate apparent constants for electroreduction
of the dissolved oxygen
For experimental conditions see Table 3

1

Electrode material NaOH/M log k°/cm s~ Corr. coeff.*
/no. of points
Spectral graphite 1 -3.27 + 0.02F  0.999/4
0.1 -4.43 + 0.100  0.999/4
Glassy carbon 1 -3.67 + 0.04"  0.999/5
0.1 -4.78 + 0.08"  0.998/5

* Tafel correlation
¥ Standard deviation

4. Conclusions

Using a wall-jet ring-disc electrode, operating in a
planar parallel flow regime, the partial electroreduction
of dissolved oxygen occurs as a quasi-reversible two-
electron process both on spectral graphite and glassy
carbon electrodes: £° ~ (1.3£0.1) x 10> m s~! and
(0.7+0.1) x 1073 m s~', respectively.
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