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Abstract The influence of cobalt ions in the solution on
the anodic oxidation of a commercial Pb—Ca—-Sn alloy
under conditions typical of copper electrowinning was
studied using cyclic voltammograms and potential decay
transients. The cobalt ions changed the structure, mor-
phology and chemical composition of the surface film from
a loose porous film to a thin dense film. This change of
surface film is the cause for the decreased rate of oxidation
for the lead anode in the presence of cobalt ions. The
steady state potential of the alloy during anodic oxidation
decreased with (i) increasing cobalt ion concentration, (ii)
increasing rotation speed, (iii) increasing temperature, (iv)
decreasing acid concentration and (v) decreasing current
density. The steady state potentials were lower in the
presence of cobalt ions. This decrease in the steady state
potential may indicate that oxygen evolution is more rapid
on the more compact film formed in the presence of cobalt
ions. Alternatively, an additional pathway of oxidation may
be provided by the cobalt ions.
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1 Introduction

For copper electrowinning from sulphuric acid solutions
the preferred anode material is a lead—calcium-tin alloy. Its
low oxidation rate is attributed to the formation of a pro-
tective surface oxide at the high operating potential of
about 2 V (SHE). The predominant reaction at the anode is
oxygen evolution by Eq. 1. The fresh anode surface is
initially covered with a non-conducting layer of PbSO,
formed by reaction (2). PbSOy is oxidised to the conduct-
ing oxide PbO, via reaction (3)

2H,0 = 0, + 4H" + de” E=123V (1)

Pb + SO; < PbSO, + 2e~ E=-0373V (2

PbSO, +2H,0 « PbO, + HySO4 +2H' +2e~ E=1.685V
(3)

The PbO, layer hinders further lead oxidation, but some
oxidation occurs by oxidation through the PbO, layer or at
breaks in the oxide layer.

Prior research [1-18] has shown that a small amount
(less than 100 ppm) of cobalt ions in the electrolyte results
in a lower oxidation rate of the lead alloy, a lower oxygen
overpotential (or at least a lower potential of the lead), a
smaller amount of PbO, on the lead surface [12] and
mainly lead sulphate [19] as the oxidation product. The
lower potential at the lead anode could lead directly to a
lower oxidation rate. Krivolapova and Kabanov [3] sug-
gested that cobalt decreased lead oxidation by the
adsorption of Co>" ions or CoO, forming a dense blocking
film. Alternatively [4, 5], cobalt ions may provide an oxi-
dation pathway alternate to oxygen evolution; namely
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Co(zgfjs) — Co?;js) +e (4)

Co’" ions can react chemically with water producing
oxygen and regenerating Co** by:

4Co’+

2
iy -+ 2H20 — 4Col,

( ds) + 4H+ + 02 (5)

Although it is well known that the lead oxidation rate is
lower with cobalt ions in the solution, the mechanism is not
understood. This paper describes research into the influ-
ence of cobalt ions on the oxidation of a commercial Pb—
Ca—-Sn alloy under conditions typical of those used in
practice.

2 Experimental

The three-electrode electrochemical cell was a 200 mL
water-jacketed glass cell as shown in Fig. 1. The electric
motor for the rotating working electrode was mounted
directly above the cell. A Luggin capillary was fitted in the
bottom of the cell. A platinum wire was the counter elec-
trode. Unless otherwise stated, the electrolyte was a
170 g L' H,SO, solution. The cobalt ions were added as
cobalt sulphate, CoSO, - 7TH,0. All solutions used AR
grade chemicals and distilled water. A HglHgSOyl satu-
rated K>SO, reference electrode was used to avoid chloride
contamination. The potentials are reported with respect to
the standard hydrogen electrode (SHE). The potential of
the working electrode was controlled by a PAR 362 po-
tentiostat. The potential and current were logged by a
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Cell holder
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Counter
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Fig. 1 The electrochemical cell
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computer using a data acquisition system operated by the
Lab VIEW 7 software. All measurements were made at
room temperature, except when the influence of tempera-
ture was studied.

The working electrode was a cylindrical rotating disc
that was embedded in epoxy and was attached to a stainless
steel disc using conductive silver-loaded epoxy (Araldite
LC 191, Hardener LC 26). The composition of the com-
mercial Pb—Ca—Sn alloy was 1.4%Sn, 0.080% Ca, 0.020%
Al and balance Pb. The working electrode stub was
screwed into an electrode holder, Fig. 2, to allow the
electrode to be unscrewed and placed in a scanning elec-
tron microscope (SEM) for analysis. Unless stated
otherwise, the electrode was rotated at 500 rpm. Immedi-
ately before each experiment, the electrode was polished
using 1,200 grit paper and thoroughly rinsed with acetone
and distilled water.

The influence of cobalt ions in the solution on the anodic
oxidation of the Pb—Ca—-Sn alloy was studied using cyclic
voltammetry to characterize the oxidation products after
oxidation at 285 A m™> for a fixed period. This current
density of 285 A m™ reflects a typical value used in
industry. Complementary measurements were carried out
of the potential decay of electrodes in solutions with and
without cobalt ions after oxidation at constant current
density.

3 Results
3.1 Typical cyclic voltammogram

Figure 3 presents a typical cyclic voltammogram, mea-
sured after the Pb—Ca—Sn alloy had been oxidised for 1 h at
285 Am~ in 170 g L' H,SO,. The voltamogram was
measured at a scan rate of 10 mV/s, a scan rate not
untypical for such research. The potential during the oxi-
dation was ~2.1 V. During the negative scan from this
potential, reduction of PbO, to PbSO, occurs at ~1.55 V
(peak C), followed by a small anodic peak D at ~1.45 V,
the reduction of PbO to Pb at ~ —0.4 V (peak E), PbSO, to
Pb at —0.45 V (peak F) and the evolution of hydrogen at
more negative potentials. The small peak D is due to the
oxidation of metallic lead to lead sulfate or oxide [20, 21]
in cracks produced in the PbO, film during reduction to
lead sulfate. On the positive scan from negative potentials,
the oxidation of Pb to PbSO, occurs at approximately
-0.3 V.

The quantity of Pb oxidised to PbO, during anodic
oxidation can be evaluated by integrating the charge under
peak C, whilst the total amount of Pb oxidised can be
obtained from the area under peaks E and F. This method
of evaluation of the oxidation rate assumes that all the
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Fig. 2 (a) electrode holder and
(b) electrode stub for SEM
studies
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oxidation products remain on the surface. After each
experiment, the solution was carefully examined and there
was no evidence of spalling of oxidation products. The
oxidation rate is presented as total mass of Pb oxidised by
the equation

MIt
W= — 6
F (6)

where W = weight of the -electro-active species (g),
M = molecular mass of lead, I = current (A), t = time (s),
F = Faraday = 96,480 Coulomb mol~!. The oxidation rate
is expressed in units of g Pb (kAh)*l.

3.2 Effect of cobalt concentration

The steady-state potential of the Pb—Ca—Sn alloy during the
oxidation at 285 A m~ decreased with increasing con-
centration of cobalt ions in the electrolyte, Fig. 4. This is
consistent with prior research [17]. The extent of oxidation

Potential vs SHE /V

(as PbO, and total Pb) derived from the voltammograms
measured after 1 h, as described above for the experiments
shown in Fig. 4, are summarized in Fig. 5. The oxidation
rate decreased as the cobalt ion concentration increased
from 0 to 500 ppm with the most significant decrease
occurring at low cobalt ion concentrations. The amount of
PbO, on the surface also decreased with increase in cobalt
ion concentration. These results agree with prior research
[17].

SEM micrographs of the film formed on the Pb—Ca—Sn
alloy surface after 1 h of oxidation at 285 A m™ are shown
in Fig. 6. The film formed in the absence of cobalt was
thick, porous and discontinuous whereas that developed in
the presence of 100 ppm Co”* was thin and compact. This
suggests that the formation of a continuous and imperme-
able oxide film in the presence of cobalt ions acts to protect
the underlying metal surface. Hrussanova et al [15] spec-
ulated that the porous film consisted of -PbO, and the
dense part was composed of PbO,, PbO, and «-PbO, and
that the oxidation rate increased with the content of f-PbO,
in the film.
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Fig. 4 The influence of cobalt ion concentration on the potential of
the Pb—Ca—Sn alloy during oxidation at 285 A m ™
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Fig. 5 The effect of cobalt ion concentration on the oxidation rate
[expressed as total Pb] and the amount of PbO, [expressed as Pb] on
the Pb—Ca—Sn alloy after oxidation for 1 h at 285 A m™>

Figure 7 shows that peak E, which is attributed to the
reduction of PbO to Pb, was either not present in the anodic
film for cobalt concentrations above 10 ppm or PbO was
not produced in the reduction of the PbO, layer formed in
the presence of cobalt ions. This observation is consistent
with prior observations [22]. Figure 7 also shows that the
amount of PbSO, on the partially reduced surface was
small for cobalt ion concentrations of 50 ppm and above.

Fig. 6 SEM micrographs of the
film formed on the Pb—Ca—Sn
alloy after oxidation for 1 h at
285 Am~in 170 g L™ H,S0,4
containing (a) 0 ppm Co** and
(b) 100 ppm Co**
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3.3 Effect of rotation speed

The influence of electrode rotation speed on the potential of
the Pb—Ca—Sn alloy during oxidation at 285 A m™> is
presented in Fig. 8. The steady state potential decreased
slightly with increasing rotation speed in the absence of
cobalt ions. This effect was more pronounced in the pres-
ence of cobalt ions. These results suggest that the rate of
evolution of oxygen is at least partially controlled by mass
transfer of cobalt ions to the anode surface. The steady
state potentials were lower in the presence of cobalt ions.

Figure 9 presents the oxidation rate and amount of
surface PbO, measured after oxidation at various electrode
rotation speeds. There was little influence of rotation rate
on oxidation rate, whereas the amount of PbO, decreased
slightly with increasing rotation speed. This was similar to
the observations of Velichenko et al. [23]. The oxidation
rate and the amount of surface PbO, was lower in the
presence of cobalt ions.

3.4 Effect of temperature

Figure 10 shows that the steady state potential decreased
with increasing temperature and this decrease was lower in
the presence of cobalt ions. The steady state potential at
55 °C was about 90 mV lower than that at 25 °C in the
absence of cobalt ions, whereas the potential at 55 °C was
about 70 mV lower than that at 25 °C in the presence of
100 ppm Co”*. The steady state potentials were lower in
the presence of cobalt ions.

Figure 11 presents the influence of temperature on the
oxidation rate and amount of surface PbO,. The oxidation
rate and the amount of PbO, on the surface increased
somewhat with temperature in the absence of cobalt ions.
With cobalt ions in the solution, the oxidation rate
increased substantially from 25 to 45 °C and the amount of
PbO, decreased somewhat with increasing temperature.
The oxidation rate and the amount of surface PbO, were
lower in the presence of cobalt ions.

\
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Fig. 8 Effect of electrode rotation speed on the potential of the Pb—
Ca-Sn alloy during oxidation at 285 A m™ in 170 g L™' H,SO,
containing (a) 0 ppm Co** and (b) 100 ppm Co**

3.5 Effect of acid concentration
The influence of acid concentration on the potential is

presented in Fig. 12. The steady state potential in the
presence of cobalt ions was lower in all cases. With no
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cobalt ions in solution, the steady state potential increased
by 25 mV as the acid concentration was increased from
100 to 250 g L™! whereas the increase was 100 mV in the
presence of cobalt ions.

Figure 13(a) shows that, in the electrolyte with no
cobalt, the oxidation rate increased to a maximum as the
acid concentration increased from 100 to 170 g L™ and
then decreased somewhat as the acid concentration
increased further to 250 g L' the amount of PbO,
increased with increased acid concentration. Figure 13(b)
shows that, in the electrolyte containing 100 ppm cobalt
ions, the oxidation rate and the amount of surface PbO,
increased slightly. The oxidation rate and the amount of
surface PbO, were significantly lower in the presence of
cobalt ions in the solution.

3.6 Effect of current density

Figure 14 shows the effect of current density on the
potential. The steady state potentials were lower in the
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Fig. 9 The effect of rotation speed on the oxidation rate [expressed as total Pb] and the amount of PbO, [expressed as Pb] on the Pb—Ca—Sn alloy
after oxidation for 1 h at 285 A m™ in 170 g L™' H,SO, containing (a) 0 ppm Co** and (b) 100 ppm Co**

@ Springer



220

J Appl Electrochem (2008) 38:215-224

225

2.2

2.15 (

25°C
35°C
45°C
55°C

21

i

2.05

Potential vs SHE / V

25°C
35°C
45°C
55°C

1.95

1000 2000 3000

Time/s

o

4000

Fig. 10 Effect of temperature on the potential of the Pb—Ca—Sn alloy
during oxidation at 285 A m™ in 170 g L™" H,SO, containing (a)
0 ppm Co** and (b) 100 ppm Co>*

presence of cobalt ions. The steady state potential
increased with increased current density; this increase was
smaller in the presence of cobalt ions.

Table 1 shows that an increase in current density cor-
related with a significantly decreased oxidation rate as well
as a decrease in the amount of PbO,. The oxidation rate
and the amount of surface PbO, was lower in the presence
of cobalt ions. This is contrary to an observation reported
in the literature for a Pb—Co30,4 composite anode [15]. The
total amount of Pb oxidised was essentially independent of
the applied current density; this indicates that, as the cur-
rent density was increased, a smaller fraction was
associated with oxidation of the Pb—Ca—-Sn alloy. If the
complement of the current density is evolved in the oxygen
evolution reaction, the implication is that current efficiency
of the oxygen evolution reaction is greater at the higher
current densities.
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Fig. 12 Effect of acid concentration on the potential of the Pb—Ca—
Sn alloy during oxidation at 285 A m™> in 170 g L™' H,SO,
containing (a) 0 ppm Co* and (b) 100 ppm Co**

3.7 Oxidised Pb—Ca—Sn anode in cobalt containing
solution

Figure 15 presents the potential decay transients of the Pb—
Ca-Sn alloy in a 170 g L™ H,SO, solution with the stated
cobalt ion concentration after the alloy had been oxidised
for 24 h at 285 A m™2 in the same solution. The potential
started at about 1.8-1.9 V and decayed toward a plateau at
~1.6 V which can be attributed to the potential of the
PbO,/PbSO, couple.

In the absence of cobalt ions, the potential remained at
the plateau at ~1.6 V for ~ 1.5 h after which the potential
decreased to another plateau at about 1.1 V, where it
remained for several hours before decreasing again toward
the Pb/PbSO, potential (not shown on the figure).
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Fig. 11 Effect of temperature on the oxidation rate [expressed as total Pb] and the amount of PbO, [expressed as Pb] on the Pb—Ca—Sn alloy
after oxidation for 1 h at 285 A m™ in 170 g L™ H,SO, containing (a) 0 ppm Co”* and (b) 100 ppm Co>*
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Fig. 14 Effect of current density on the potential of the Pb—Ca—Sn
alloy during oxidation in 170 g L™ H,S0, containing (a) 0 ppm Co**
and (b) 100 ppm Co**

In solutions containing cobalt ions the transients were
similar. The potential decayed to the plateau at about 1.6 V
and then decayed to the Pb/PbSO, potential at about —
0.3 V (which is not shown for (b) in Fig. 15). In solutions
containing 100 and 500 mg L™' Co?* (b and c) there was
an intermediate plateau between 1.2 and 1.4 V. The time at
the plateau at ~ 1.6 V decreased with increasing cobalt ion
concentration.

3.8 Oxidised Pb—Ca—Sn anode in a cobalt-free solution

The Pb—Ca—Sn alloy was oxidised in a 170 g L™ H,SO,4
solution containing 500 mg L™ Co** for 24 h at 285 A
m~2; then the alloy was transferred as quickly as possible
into a cobalt-free 170 g L' H,SO, solution and the
potential was measured as shown in Fig. 16(a). The
potential remained at the potential of the PbO,/PbSO4
couple for almost 10 h before it decreased toward the
potential of the Pb/PbSO, couple. For comparison pur-
poses, Fig. 16(b) shows the curve for an alloy that had been
oxidised in 170 g L™ H,SO,4 + 500 mg L™ Co** for 24 h
after which the potential was measured in the same
solution.

4 Discussion
4.1 Anode oxidation mechanism

The results of Sect. 3.2 indicated that the structure of the
anodic film formed in solutions containing cobalt ions was
thin and dense whereas the film formed in solutions with no
cobalt ions was loose and porous. The total amount of
oxidation, and the amount of PbQO,, decreased with
increasing cobalt ion concentration in the solution. Thus,

Table 1 Effect of current density on the oxidation rate [expressed as total Pb], the amount of PbO, [expressed as Pb] on the Pb—Ca—Sn alloy
surface and total amount of Pb oxidised, after oxidation for 1 h at 285 A m™ in 170 g L™ H,SO, containing 0 or 100 ppm Co**

Current 170 g L' H,S0, + 0 ppm Co**

170 g L™' H,SO, + 100 ppm Co**

Density A m™> Total oxidation

PbO, g Total Pb Total oxidation PbO, g Total Pb oxidised
rate, g (kAh) ' (kAh) ~! oxidized g/m™> rate, g (kAh) ' (kAh) ~! g (kAh)™!
150 - - 35.0 3.8 5.3
285 57.4 19.2 16.4 15.6 2.0 4.4
500 32.4 12.0 16.2 8.6 1.0 4.3
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Fig. 15 The potential of the Pb—Ca—Sn alloy, after oxidation for 24 h
at 285 A m~2, measured in the same solution. The 170 g L! H,S0,
solution contained cobalt ion concentrations of (a) 0 mg L™, )
100 mg L™, (¢) 500 mg L', (d) 2,000 mg L' and (e) 5,000 mg L™

the presence of cobalt ions in the solution changed the
structure, morphology and chemical composition of the
surface film, from a loose porous film with a substantial
PbO, content to a thin dense film. This change of surface
film structure is interpreted as the cause of the decreased
rate of oxidation for the lead anode in the cobalt ion con-
taining solution.

The steady state potential on the Pb-Ca-Sn alloy anode
decreased with (i) increasing cobalt ion concentration (Sect.
3.2), (ii) increasing rotation speed; the effect of electrode
rotation speed on potential was more pronounced in the
solution containing cobalt ions (Sect. 3.3), (iii) increasing
temperature with lower potentials in the cobalt ion con-
taining solutions (Sect. 3.4), (iv) decreasing acid
concentration with lower potentials in the presence of cobalt
ions (Sect. 3.5) and (v) decreasing current density with
lower potentials in the presence of cobalt ions (Sect. 3.6).

The influence of rotation speed suggests that mass
transfer at least partially controls the reaction, which is
oxygen evolution by Eq. 1 in the absence of cobalt ions,
Fig. 8(a). In the presence of cobalt ions (Fig. 8(b)) it may
be that the key effect is that the oxygen evolution
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Fig. 16 Potential for the Pb—Ca-Sn alloy after oxidation in a
170 g L' H,S0, solution containing 500 mg L' cobalt ions. (a)
potential measured in a cobalt ion free solution. (b) potential
measured in the same solution containing 500 mg L™' cobalt ions
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reaction is faster on the more compact film formed in the
presence of cobalt ions. Alternatively, it is possible that
there is sufficient current flow in the alternative pathway
of oxidation of Co** by Eq. 4. Use of the Levich
equation reveals that the limiting current for oxidation of
cobalt(Il) to cobalt(IIl) at a rotating (2,000 rpm) disk in a
solution containing 100 mg L™ cobalt ions is about
10 A m™>. This is a small fraction of the total current
density during oxidation and it is therefore possible that
oxidation of cobalt(Il) to cobalt(IIl) is occurring given
that the standard potential for the reaction Co’* +e =
Co®* is about 1.81 V. Thus, an additional pathway for
oxygen evolution involving the oxidation of water by
generated cobalt(II) ions is possible as has been previ-
ously suggested [4, 5].

The oxidation rate of the Pb—Ca—Sn alloy (i) decreased
with increasing cobalt ions, (ii) was largely independent of
rotation speed, but lower oxidation rates were measured
with cobalt ions present in, (iii) increased somewhat with
increasing temperature, with lower oxidation rates mea-
sured in the presence of cobalt ions, (iv) increased with
acid concentration with lower oxidation rates with cobalt
ions present, and (v) decreased with increasing current
density with lower oxidation rates with cobalt ions.

The results showed a decreased oxidation rate of the Pb—
Ca—Sn alloy in the presence of cobalt ions. This decrease in
oxidation rate is consistent with the lower potential pro-
viding a lower driving force for lead oxidation. However,
this possible explanation is not consistent with the data of
Table 1 which show that the total amount of Pb oxidised
did not change with increasing applied current density.
This decrease in the oxidation rate was consistent with the
formation of a more dense and protective surface film.
There is thus a strong case that the lower oxidation rate of
the lead alloy in the presence of the cobalt ions is caused by
a more compact film. This would be consistent with many
other situations [24-32]. There is no particular reason for
there to be a cobalt surface film as previously postulated
[3], but on the other hand, there is nothing in the present
experimental results that can exclude the presence of a
surface cobalt film.

This conclusion from the laboratory studies is that the
lower oxidation rate in the presence of the cobalt ions is
caused by the more compact surface film. It is expected
that this conclusion would be equally valid for plant
conditions.

4.2 Potential transients
Figure 15 presents the potential transients for a freshly

polished Pb—Ca—Sn electrode after oxidation at a current
density of 285 A m2ina 170 g L™ H,SO, solution. During
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oxidation, the surface of the Pb—Ca—Sn is oxidised to PbO,.
When the oxidising current is switched off, the lead dioxide
transforms to lead sulphate because thermodynamically lead
dioxide is unstable on the surface of lead in the sulphuric
acid solutions. At the surface of the film at the electrolyte,
PbO, is electrochemically reduced (see cathodic peak C in
Fig. 3) according to the following reaction

PbO, +HSO, +3H" +2¢~ —PbSO,+2H,0 E°=1.685V
(7)

The time for which the potential remained at plateau at
~ 1.6 V is a measure of the time taken to convert the PbO,
to PbSO,. This time relates to the amount of PbO, present
as well as to the difficulty of converting the PbO, into
PbSO,. Assuming the form of the PbO, was the same in all
cases, the shorter time at 1.6 V implies that there was a
smaller amount of surface PbO, with increasing cobalt ion
concentration, which is consistent with the prior results.
The origin of the second plateau at about 1.1 V may be
associated with the reduction of PbO, to form basic lead
sulphate [33]:

2PbO, + HSO; + 5H" + 4e~ — PbO - PbSO;4
+3H,0 E° =1375V

(3)

Figure 16(a) shows that the potential remained at the
PbO,/PbSO, potential for almost 10 h for the Pb—Ca—Sn
electrode oxidised in the 170 g L' H,SO, solution con-
taining 500 mg L™' Co** for 24 h at 285 A m™> and then
open-circuited in the cobalt-free 170 g L™ H,SO solution.
In comparison Fig. 16(b) shows that the free corrosion
potential remained at the PbO,/PbSO, potential for only
half an hour after oxidation under the same conditions if
the electrode was open-circuited in the same cobalt con-
taining solution (170 g L' H,SO4 + 500 mg L™' Co*").
Thus, the presence of cobalt ions appears to enhance the
rate of reduction of the PbO, surface layer. This could be
due to partial reduction of PbO, by cobalt(Il) ions to form
cobalt(Ill) ions which is thermodynamically possible for
the activity ratio Co(III)/Co(Il) < 0.01.

Each of the potential decay experiments indicated that
that there was no permanency for the anode regarding
subsequent dissolution of the surface oxide produced dur-
ing oxidation of the lead anode.

5 Conclusions

Cobalt ions in the solution changed the structure,
morphology and chemical composition of the surface film,

from a loose porous film with a substantial PbO, content, to
a thin dense film. This change of surface film structure is
the cause of the decreased rate of oxidation for the lead
anode in the cobalt ion containing solution. It is expected
that this conclusion from the laboratory studies would be
equally valid for plant conditions.

The steady state potential of the Pb-Ca-Sn alloy during
oxidation with applied current decreased with (i) increasing
cobalt ion concentration, (ii) increasing rotation speed, (iii)
increasing temperature, (iv) decreasing acid concentration
and (v) decreasing current density. In all cases the poten-
tials were lower in the presence of cobalt ions. The
potential of the anode is largely controlled by the oxygen
evolution reaction. The results indicate that this oxygen
evolution reaction is faster on the more compact film
formed in the presence of cobalt ions, and that the reaction
rate is increased in the presence of cobalt ions. Alterna-
tively, the lower potential values may be due to the
existence of an alternative pathway of oxidation provided
by the Co®*/Co** couple in.

The oxidation rate decreased with increasing cobalt ions
and in all cases studied lower oxidation rates were mea-
sured with cobalt ions present.

The amount of lead oxidized was independent of anodic
current density indicating that mechanisms based on a
reduced potential are not applicable to lead oxidation under
conditions of electro-winning.

The free corrosion potential decay curves were consis-
tent with a lower amount of PbO, on the surface after
oxidation in a cobalt ion containing solution.
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