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Oxygen Reduction at an Anodically
Activated Platinum Rotating Disk Electrode

The reduction of oxygen in neutral saline solution and in seawater was
studied using the rotating disk electrode (RDE). The objective was to test
the applicability of the RDE as a primary reference standard for the mea-

surement of oxygen concentrations below 0.1 ppm in seawater. Limited
success was achieved with an activated platinum electrode. A gold electrode
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was less effective. If one postulates that the 2-electron reduction of oxygen

at an activated RDE is rapid, it appears that little or no 4-electron reduc-
tion occurs and that the subsequent 2-electron reduction or catalytic decom-
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position of hydrogen peroxide is relatively slow. The anodic activation pro-
cedure developed appears to impart a transient catalytic activity to the

electrode surface for the peroxide reaction(s).

SCOPE

Dissolved oxygen is responsible for much of the corro-
sion experienced in desalination plants and must be sub-
stantially removed to prolong equipment life. Oxygen
sensors are required to monitor this operation. Most
sensors require calibration initially and recalibration at
irregular intervals because of drift. A stable sensor needing
no calibration and having high sensitivity would be of
considerable practical value. A rotating disk electrode

(RDE) operating at limiting current is in theory capable
of serving as a primary reference standard, failing only if
competing electrode reactions can occur or if the kinetics
of one of the steps of the desired electrode reaction is in-
sufficiently fast. In this work the reduction of oxygen at
concentrations down to 0.07 ppm in neutral saline solu-
tions and in seawater was studied using an RDE device
with platinum and gold as electrode materials.

CONCLUSIONS AND SIGNIFICANCE

An aged platinum RDE does not exhibit a well-defined
limiting-current plateau when oxygen is reduced in neutral
saline solution or seawater. Instead, the voltage-current
curve has an indistinct inflection point in the potential
range for oxygen reduction (see Figure 1). The current
at that point is irreproducible, varies with time, and is
less than predicted for the 4-electron reduction of oxygen.
An empirical activation procedure was developed which
yields good limiting-current behavior for oxygen reduction
in air-saturated neutral saline solution and seawater. Cur-
rents were within =29, of calculated values at a rotational
speed of 600 rev./min. However, at oxygen concentrations
of about 0.1 ppm an inflection point, rather than a true
plateau, was observed. In neutral saline solution this in-
flection point was quite close to the calculated value of
the limiting current (see Figure 2). In seawater it was
about 259, high. Further work to determine long-term
stability would be required before this system could be
used as a primary standard.

AIChE Journal (Vol. 21, No. 4)

A reaction model was developed to interpret the varia-
tion of limiting current with rotational speed for an acti-
vated RDE. It was postulated that the 2-electron reduc-
tion of oxygen to peroxide is rapid. Analysis of the data
in terms of this model indicates that little or no 4-electron
reduction of oxygen occurs and that either 2-electron re-
duction or catalytic decomposition of hydrogen peroxide
is the second, relatively slow step. The activation pro-
cedure appears to impart a transient catalytic activity to
the electrode surface for this second step. The value of
the reaction-rate constant for H,O, reduction at an acti-
vated electrode was calculated from limiting current-vs.-
rotational speed data. The value found for neutral saline
solutions is reproducible and within about a factor of
three of constants found in the literature for acidic and
basic solutions.

Gold was found to be less satisfactory than platinum as
an electrode material.
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The rotating disk electrode (RDE) is a useful research
tool because the well-defined hydrodynamics allows ready
calculation of the diffusional flux of species to and from
the electrode surface. In this study the reduction of oxygen
in neutral saline solutions, including seawater, was investi-
gated. The goal was the development of a highly sensitive
and stable sensor for monitoring oxygen in desalination
plants.

The mass transfer equations for the RDE were first
solved by Levich (1942) and subsequently refined by
Riddiford (1966) and Newman (1966). The latter ob-
tained the most accurate version of the flux equation:

0.6205

R T 02850 17 + 0165 567

Sc;~2/3(wy) 12

(cé—-Cg) (1)

When the flux of species i is accompanied by an elec-
trochemical reaction of the electrode, the current density
produced is equal to nFJ; and the resultant is frequently
referred to as the Levich equation:

i = nFKiwl’2 (C — Cg) (2)

in which K; is equal to 0.6205 Sc;2/%12/(1 + 0.208
Sc;—2/3 + 0,145 S¢;~2/3) and thus varies with the diffusiv-
ity of the species in question,

Under conditions of limiting current, C;* is assumed to
be zero and the Levich equation should predict the current
quantitatively from the physical properties of the solution
and the rotational speed of the electrode. Differences be-
tween the current predicted and that observed indicate the
need for further analysis of the phenomena occurring at
the electrode surface.

OXYGEN REDUCTION

Khomutov and Zakhodyakina (1970) studied the reduc-
tion of oxygen on 38 different metals. The overall reac-
tion is (Gnamuthu and Petrocelli, 1967)

O, + 4H* + 4¢~ = 2H,0 3

At least sixteen different reaction paths have been pro-
posed (Khomutov and Zakhodyakina), all with support-
ing evidence. However, hydrogen peroxide can be detected
whenever oxygen is reduced (Hoare, 1968) and must be
regarded as a stable intermediate in any reaction sequence.
A reaction model has been proposed which considers
only 2- or 4-electron transfer steps (Bagotskii, 1968;
Tarasevich, 1968; Luk'yanycheva et al., 1971):

k
+4;- H:0
Koo'/ k ks] +2e” K 1/2
> Oy ————5 Hy0p —— 222"
(convection) 2+ 2 22 (convection)

(4)

This model has the advantage that it deals only in terms
of stable, identifiable species. Oxygen diffuses to the elec-
trode surface and can then be reduced directly to water by
a 4-electron, l-step reaction or to HyO; via a 2-electron
reaction. The HyO, will either be reduced electrochemi-
cally to HyO or diffuse away from the electrode surface.
If H;0, diffusion occurs to an appreciable extent, the num-
ber of electrons transferred per molecule of O reduced
will be lower than four and the current observed at the
RDE will be reduced correspondingly. The variation of
the limiting current with rotational speed can thus be used

to estimate the values of the reaction-rate constants in the
model.
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In the derivations to follow, two aessumptions will be
made:

1. All reactions involved are first-order (Damjanovic
et al., 1967b; Tarasevich, 1968).

2. The rate of oxygen reduction corresponds to limit-
ing-current conditions, so that Co,® = 0. This is equivalent
to assuming kg >> ks.

Let the fraction of Op undergoing 2-electron reduction to
Hy0; be f (= ko/ (ki + k;)); the fraction (1 — f) thus
undergoes 4-electron reduction to HyO. The rate of reduc-
tion of O, at the electrode will equal the rate of its arrival
by convection and the current due to O; reduction will
thus be

iog = [2Ff + 4F (1 — f)] [Koz Cog%'?}  (5)

The current due to H;O, reduction is
200 = 2F, ksCHzOzs (6)

The total current is fo, + im0, Which (after rearranging)
gives

fum, = 2F[ (2 — f) Koy Cog®?/% + ksCrop®]  (T7)
The surface concentration of HyO, at steady state is found
by equating its rate of formation from oxygen reduction

to its rates of disappearance by electrochemical reduction
and by diffusion to the bulk of the solution:

f Kog CopPw?/2 = k3Cuyg0s° + Kugos (Cugos® — Chgos?) wlf?

Solving Equation (8) for Cu,0.°, one obtains

Cro s = _F KosCos® + KuyosCrzo”) ™ 9)
Ha02 = ka + KHzOz“’)'/2 (

Substituting Equation (9) into Equation (7) and re-
arranging one obtains

i]hn_ = 2F(01/2 ( (2 - f) KOzCOzb

K b + Kuy09Cuz09°
+ f 02C02 + H202\ H302 ) (10)
1 + Kﬂzozwllz/ka

One can derive simplified expressions for two special
cases. First, neglect 4-electron O, reduction and assume
negligible HpO; in the bulk of the solution, that is, f = 1,
Ciy0,° = 0. Equation (10) becomes

1
im. = 2FKo,C b“z(l )
iy 200 @ + T Kngoga'®/ks

(11)

Comparing Equation (11) to Equation (2), we see that
for finite values of k; the limiting current will be less than
that predicted for 4-electron reduction by the Levich equa-
tion and that this difference will increase as o increases.
For the similar case in which the bulk concentration of
H,0; is much greater than that of O,

i _ 2F KHzozcﬂzozb‘"l/z
tim. = 1+ KHzOz‘l’ll 2/ks

Note that Equations (11) and (12), based on this simpli-
fied reaction model, contain only one unknown, ks, which
can thus be evaluated from a single #j;m -vs.-!/? data point.
Analysis of the experimental data showed the value of f
to be certaiuly greater than 0.8 and probably equal to 1.0.
It was further shown that electrochemical reduction of
H0; is indistinguishable from its catalytic decomposition
at the electrode surface when fast electrochemical reduc-
tion of O; to HyO; has been postulated (Forbes, 1974).

(12)
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PREVIOUS WORK ON ACTIVATION

The decline in electrode activity with time to be de-
scribed in the results is similar to the behavior observed by
a number of investigators, among them Damjanovic et al.
(1967a), Hoare (1965), Miiller and Nekrassow (1964),
Oshe et al. (1965), Tikhomirova et al. (1967), and
Yuzhanina et al. (1970). Among those who either did not
observe such a time-dependence or failed to mention it
are Ostrovidova et al. (1970) and Nekrasov and Du-
brovina (1968). All of these investigators were working
with purified solutions of either high (12-13) or low
(0-1) pH.

Sev:ral investigators discovered that various types of
anodic pretreatment of the platinum electrode were ef-
fective in activating it for oxygen reduction, for example,
Damjanovic et al. (1987a), Miiller and Nekrassow (1964),
Oshe et al. (1965), and Yuzhanina et al. (1970). There
is no unanimity as to which pretreatment to use, and
only recently has some attempt at a systematic study of
pretreatment been made (Luk’yanycheva et al, 1971;
Tarasevich and Bogdanovskaya, 1971).

It is generally agreed that deactivation of the platinum
surface results in inhibition of the reduction of Hy0,
which is formed from the 2-electron reduction of O,
(Hoare, 1968; Tikhomirova et al., 1967; Miiller and
Nekrasov, 1965). One aspect common to all of the acti-
vation procedures above is that the potentials used were
sufficiently anodic to produce a layer of adsorbed or
chemisorbed oxygen on the electrode surface (Hoare,
1968). Luk'yanycheva et al. (1971) found that the rate
of H,0, reduction increased with increased surface cover-
age by oxygen. Most of the authors mentioned ascribe
deactivation to loss of surface oxygen; none mentions
the possibility of surface poisoning, perhaps because all
were working with purified solutions.
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Fig. 1. Polarization curve for oxygen reduction at an activated
platinum RDE in gir-saturated NaCl solution.
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EXPERIMENTAL APPARATUS

The equipment and procedures allowed operation of an RDE
in a saline solution equilibrated with an N3-Op mixture of
known composition. They have been described in detail else-
where (Forbes, 1974). The construction of the disk and of the
cell satisfied the criteria summarized by Riddiford (19686).
Several disks were used in the course of the study, all with
diameters of about 6.0 mm. The disks were polished to a mir-
ror-like finish, giving a rugosity at least an order of magnitude
smaller than the smallest boundary layer thickness encoun-
tered (25um). The counter electrode was platinum, about 4
cm? in area. The potential of the RDE was controlled with a
McKee-Pedersen MP-1026 potentiostat. Temperature of the
system was controlled to +0.5°C.

Experiments were run either in a 3.5 wt % NaCl solution or
in seawater. Malinkrodt Analytical Reagent grade NaCl and
laboratory distilled water were used for the former. The sea-
water was obtained from the Bodega Marine Laboratory and
was filtered through a Millipore filter, pore size 0.45 um, to
remove microorganisms within 24 hours after collection. Be-
cause the goal of the project was the measurement of oxygen
in seawater, highly purified solutions were not used.

Oxygen content of the test solutions was determined both
from solubility tables (Truesdale et al., 1955) and by Winkler
titration, using a modification of the method of Edgington and
Roberts (1969) which allowed use of samples only 20 ml in
volume. Good agreement between the two methods was gen-
erally achieved. The method of Scott (1939) was used for
analysis of samples for HzOs. Values for the viscosity and
density of water, and the diffusivity of oxygen in water, were
obtained from the International Critical Tables.

EXPERIMENTAL RESULTS

Electrode Activation

As was observed by Peters (1970), when a Pt RDE
is held at a constant potential after having been on open
circuit for a prolonged time, the current steadily decays
from time zero until a steady state is reached. The ex-
tent of decay is a function of anode potential, oxygen con-
centration, and electrolyte composition and is not highly
reproducible. The current rises very rapidly to a value
well above that predicted by the Levich equation and
then drops slowly to a value below it. Peters discovered
that at rotational speeds of about 600 rev./min. and at
potentials of about —0.8 V vs. SCE the current always
passed through a value within 1% that of the Levich
equation [Equation (2)] at 0.20 min. after the RDE
was made cathodic following an activation procedure.
This procedure consisted of making the electrode anodic
by 0.5 to 1.0 V vs SCE for a period of 15 to 60 s. The
current measured after 0.2 min. was found to be insensi-
tive to either the magnitude or duration of this anodic
pulse so the lower values of voltage and time were gen-
erally used. Unless otherwise indicated, all of the data
points presented in this work were obtained by following
this anodization procedure and then by measuring the
current 0.2 min. after making the RDE cathodic.

The effect of electrode activation on the polarization
curve is shown in Figure 1. Without activation there is
no detectable limiting current, whereas the plateau is
well defined for an activated electrode. The effect of
electrode potential on current decay is reflected in this
behavior.

The choice of 0.20 min. for the period before reading
the current cannot be defended on theoretical grounds.
The best justification is the fact that it gives very good
results. Figure 2 shows sets of polarization curves ob-
tained by reading the current at each electrode potential
at various times after activation. The plateau of the 0.2-
min, polarization curve agrees well with Equation (2)
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Fig. 2. Varigtion in shape of polarization curve with time elopsed
since activation,

for the more concentrated solution as does the inflection
point of the 0.2 min. curve for the dilute solution, Similar
results were found by Peters (1970) for solutions satu-
rated with oxygen (35 ppm O;). The 0.2-min. time thus
correlates the data with theory for a range of O, con-
centrations exceeding a factor of 300.

The current decay at an RDE in seawater is appre-
ciably greater than in 8.5% NaCl. Figure 3 gives an
illustration of this phenomenon in a plot of the limiting
current as a function of the square root of the rotational
speed. In Run 80, Figure 3, the solution contained 1.6
X 107*M H;0, and only a trace (0.03 ppm) of O,. It is
seen that the effect of deactivation is still more pronounced.

Figure 4 shows a polarization curve for seawater con-
taining 0.09 ppm O,. Whereas at higher O, concentra-
tions good agreement with the Levich equation was ob-
tained, at these very low concentrations the limiting cur-
rent in seawater was consistently found to be about 25%
high. Cu, Fe, As, and Pb are inorganic species which
might be reduced at the potential of the RDE. However,
their combined concentrations normally present in sea-
water are insufficient to explain more than about a quarter
of the observed discrepancy between the theoretical and
observed limiting currents at this O, level. It was there-
fore concluded that reducible organic species are responsi-
ble for the remainder.

Figure 5 shows polarization curves for two solutions con-
taining HyOj. The limiting currents are predicted by Equa-
tion (2) if a value of 1.65 X 105 cm?2/s is used for the
diffusivity of HyOs in 3.5% NaCl at 20°C. This agrees

Page 766 July, 1975

1.4 | T T |
Run 75: Seawater, 7.15 ppm 0,

Run 80: 3.5% NaCl, 1.6 x 10™*# H,0,
|.2}-Run 86: 3.5% NaCl, 7.18 ppm 0, _

T=20°C

~ 1.0 Run 86 =
< Activated

P Deactivated

> 0.8} .
2

[->]

o

T 06| -
£ Predicted b Run 75

S recicied by ~—Deactivated

Levich Eqn.

o
'y
1

Run 80

0.2}

Activated
/Deactivafed
e —-o—-l0o—o
0 | ] !
0 4 8 2 16

w!’? (sec™/2)

Fig. 3. Dependence of iiim on w'2 for oxygen and H202 reduction
at activated and deactivated platinum electrodes.

0.012 i I I
0010 _
NA . .
S 0,008 |- «_Theoretical Limiting Current |
< (Eqn 2)
E
>
‘@ 0.006} _
S Run 73
§ Seawater
5 0.09 ppm O |
3 0.004 g 20°C2
625 rpm
0.002 B
0 ] | |
0.2 0 -0.2 -0.4 -0.6

Potential vs SCE (volts)

Fig. 4. Polarization curve for oxygen reduction at an activated plati-
num RDE in seawater ot 0.09 ppm Oa.

AIChE Journal (Vol. 21, No. 4)



reasonably well with the value (1.8 X 10~5) reported by
Miiller and Nekrassow (1964) for Dyyop in HeSO4 but i
somewhat above the range (0.9 — 1.59 X 107%) quoted
by Schumb (1955) for Dyyo, in water.

Gold RDE

When a gold RDE was held at a constant cathodic
potential after having been on open circuit for a pro-
longed period, the time-dependence of the current was
similar to that of a platinum electrode (Forbes, 1974).
Such a decay was also observed by Genshaw et al.
(1967a). They reported that the current reached steady
state after about one minute, but it is more likely to have
been a quasi steady state.

As is seen in Figure 6, gold electrodes which were
anodically pretreated, or had been at rest potential for a
prolonged period, did not display a well defined limiting-
current plateau. Tarasevich et al. (1970) observed similar
behavior with a gold electrode in oxygen-saturated alka-
line solution. A cathodic pretreatment was found to affect
the shape of the polarization curve significantly, see Fig-
ure 6. This curve was obtained by pretreating as indicated,
then holding the electrode at rest potentis! for a few
seconds. The electrode was then switched to the test
potential and the current was measured after 0.20 min.
had elapsed. The electrode was then switched back to
rest potential for a few seconds before being brought to
the next test potential.

This procedure, which is similar in some respects to
the method described above for activating the platinum
RDE, was not so effective in obtaining reliable indications
of oxygen concentration with a gold RDE. At a concen-
tration of 0.32 ppm O,, the current observed at the inflec-
tion point of the polarization curve was almost 30%
greater than that predicted by the Levich equation. In
seawater only an inflection point was observed in the
polarization curve even at 7.2 ppm (air saturation), and
this became increasingly indistinct as the concentration of
oxygen was reduced. The gold RDE was therefore
abandoned as a means of monitoring oxygen at low con-
centrations in seawater.

DISCUSSION AND CONCLUSIONS

Activation

The increased cathodic current following electrode
anodization does not appear to be due to a buildup of
oxidized species in the boundary layer or on the electrode
surface (Forbes, 1974) It has therefore been concluded
that the effect of anodization of a Pt electrode in neutral
saline solution is to impart a temporary catalytic activity
to the electrode surface, probably catalyzing the electro-
chemical reduction of Hz0;. This conclusion is in agree-
ment with those of other authors working in acid and
basic media, as was mentioned above.

Deactivation of the electrode appears to be due to a
combination of reduction of the surface layers made cata-
lytically active by anodization and of poisoning. This
conclusion is based on the difference in both rate and
extent of deactivation of electrodes in 3.5 wt 9% of NaCl
solutions and in seawater, which is seen in Figure 3. The
fact that electrodes in both solutions are activated by the
same procedure indicates that the poisoning process is
reversible. The poisoning substances are assumed to be
organic in nature, but have not been identified.

Reaction Kinetics

Run 86, Figure 3, shows the way in which the ob-
served current for an activated electrode drops below
that predicted by the Levich equation as the rotational
speed is increased. The values of k3 for this run, calcu-
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TaBLE 1. REACTION-RATE CONSTANT FOR ACTIVATED
ELECTRODE

(Run 86, 3.5% NaCl, 7.18 ppm O3)

w0V ks
(s™%) (em/s)
9.3 0.192
104 0.115
11.3 0.105
12.1 0.115
12.9 0.106
13.6 0.103

lated using Equation (11), are shown in Table 1. The
values of k3 obtained under varying conditions in neutral
saline solution differed relatively little and were within
a factor of 3 of those reported in the literature for KOH
solutions (Forbes, 1974).

Peters (1970) obtained a value for k3 of 0.013 cm/s
for a deactivated Pt electrode in 3.5% NaCl, 6.81 ppm
0,, —0.8 v, 23°C. Similar values would be expected for
the deactivated electrode data for Run 86 shown in Figure
3. Much lower values would be obtained for deactivated
electrodes operating in seawater (Run 75), which was
presumably poisoned to a greater extent. The exact value
of kj for deactivated electrodes is not felt to be significant
since the extent of current decay on an electrode was not
found to be reproducible. It is apparent, however, that
electrochemical studies of oxygen reduction may be ren-
dered essentially meaningless if the possibility of the elec-
trode kinetics changing with time is not considered.
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NOTATION
C = concentration
D = diffusivity
f = fraction of O undergoing 2-electron reduction
F = the Faraday number
i = current density
J = mass flux
k = reaction rate constant, see Equation (4)
0.6205 Sc;—2/3,1/2
K, = the convec-

1 + 0.298 S¢;~1/3 + 0.14514 S¢;~2/%’
vection rate constant, Equation (2)

n = number of electrons transferred per mole of re-
actant

N = reaction flux

S¢ = v/D, Schmidt number

SCE = saturated calomel electrode

Greek Letters

v = kinematic viscosity

® = rate of rotation, radians/s

Subscripts

i = species §

Superscripts

b = bulk of solution
s = surface of the electrode
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Flow Maldistribution in Packed Beds:
A Comparison of Measurements with

Predictions

Experimental measurements are reported on flow maldistribution in
packed beds containing side streams and deliberately created spatially non-

uniform resistance to flow. The actual experimental technique involved the

J. SZEKELY and J. J. POVEROMO

determination of the velocity field of the gas stream exiting the column

through the use of a hot wire anemometer. The experimental measurements
were compared with predictions based on the numerical solution of the dif-
ferential vectorial form of the Ergun equation and reasonable agreement
was obtained. Both the measurements and the analysis confirmed the exis-
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tence of preferential flow in the vicinity of the walls even for uniformly

packed beds.

SCOPE

The quantitative understanding of flow nonuniformities
in packed beds is of considerable practical importance in
chemical reaction engineering. Flow maldistribution may
occur due to spatially variable resistance to flow, as
brought about by variable porosity or particle diameter;
nonuniform flows will also occur when the fluid passing
through the system is introduced in a nonuniform manner,
for example, in the form of a side stream. In recent years
some attention has been paid to these problems (Stanek
and Szekely, 1972; Radestock and Jeschar, 1970), but
this earlier work was almost exclusively analytical.

The work to be described in this paper was undertaken
with a view of providing an experimental test of the vec-
torial differential form of the Ergun equation as applied to
nonuniform flows in packed bed systems. In this paper
extensive measurements of the velocity profiles in a gas

stream exiting the top of a packed bed, containing spa-
tially distributed, nonuniform resistance to flow are re-
ported. The experimental measurements are then com-
pared with theoretical predictions, based on an adaptation
of the previously published vectorial, differential form of
the Ergun equation. The modifications of this earlier
theoretical treatment include the use of more realistic
boundary conditions and an allowance for increased poros-
ity in the vicinity of the walls and for the existence of
possible side streams. The experimental verification of the
vectorial, differential form of the Ergun equation is thought:
to be the major contribution of the paper; it follows that
the Ergun equation should provide a sound basis for
further modeling studies aimed at more complex situa-
tions where flow maldistribution is accompanied by heat
and mass transfer, for example, hot spot formation.

Fluid flow through packed beds which have a
spatially variable resistance to flow is of considerable prac-
tical importance in chemical and metallurgical reaction
engineering. Spatial nonuniformity of resistance to flow

J. J. Poveromo is at the Homer Research Laboratory, Bethlehem Steel
Corporation, Bethlehem, Pennsylvania 180186.

AIChE Journal (Vol. 21, No. 4)

will occur to some extent in all packed-bed systems be-
cause the region in the immediate vicinity of the wall
has a higher porosity than the bulk, which is known to
result in preferential flow. Local variations in the re-
sistance to flow may also be caused by nonuniform pack-
ing (that is, variable void fraction) or by the segregation
of particles of different size during filling, Finally, non-

July, 1975 Page 769





