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Abstract

Corrosion of Pb-As alloys (As=0.1, 0.2, 0.3 and 0.4%) in 5.0 M H,SO, solutions at 30 °C was studied under open-circuit, po!cnmmauc
and galvanostatic polarization conditions. The sulfation process under open-circuit itions i d as the As
and the open-circuit potential shifted to more cathodic values. The presence of As affected significantly the potentiostatic polarization curve
and caused a substantial decrease in passivity current and increased the overpotentials of both the O,- and the H,-evolution reactions. The
1f-disch process dt d as the ion of As i with fi ion of sub ial of lead oxide beside PbSO,.
‘When Pb-As alloys were subj d to al i hodic and anodic g i lani cycles, the corrodable layer thickness

increased in the order of: Pb—0.1%As > Pb-0. 3%As% >Pb-0.4%As>Pb > Pb-0.2%As. The efficiency of PbO, formation also depended on

the percentage As.

Keywords: Lead/acid batteries; Arsenic; Cormrosion

1. Introduction

Antimonial lead alloys containing low antimony, =0.2%
As and/or Sn [ 1-6] and sometimes <0.1% Se [7-9] were
developed for the manufacture of superior grids in lead/acid
batteries. Low percentages of As are known to increase the
hard and to imp: the g properties of Pb-As
alloys [10] but the corrodability was found to increase at
As>0.1% [11]. Therole of As on the charging and discharg-
ing characteristics, however, has received little attention.

In the present work the corrosion of Pb-As alloys
(As=0.1,0.2,0.3 and 0.4%) was studied under open-circuit
and polarization conditions in 5.0 M H,SO, solutions at 30
°C. It is aimed to explore the role of As on the corrodability
of Pb-As alloys during the charging, discharging and self-
discharging processes.

2. Experimental

The disc clectrodes used (surface area: 0.196 cm®) were
made from Pb—As alloys cast in the form of cylindrical rods.

* Corresponding author.

0378-7753/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved
PIIS0378-7753(96)02398-1

Spec-pure Pb and As were used for casting by adding aknown
weight of As to the molten Pb at 500 °C under N, atmosphere
and the melt was kept at this temperature for 6 h, after which
the melt was poured into the cylindrical moulds. The exact
amount of As in the alloy was 0.098, 0.190, 0.297 and
0.395 for the alloys Pb-0.1%As, Pb-0.2%As, PbO-0.3%As,
and Pb-0.4%As, respectively, determined by atomic absorp-
tion spectrophotometry (Perkin-Elmcr2380) Theelectrodes
were mechanically polished with vely finer grades of
emery papers down to 4/0, then with alumina powder (0.05
um), cleaned thoroughly wih a soft tissue, degreased with
alcohol and finally rinsed with distilled water.

The sulfuric acid solution used (5.0 M) was prepared from
an AnalaR grade d H,SO; solution and triple-
distilled water. All p ials were d and referred to
a (Hg/Hg,S0,/1.0 M H,S0,) reference electrode, E=
0.682 V versus NHE.

The electrolytic cell and a.c. impedance bridge (Wien
Type) were described in Ref. [ 12]. The cell impedance was

g a series c¢ of calibrated variable
and capaci at 1.0kHz. Steady-potentiostatic
polarization curves were recorded with a scanning potentios-
tat (EG&G Model 362) and a digital muitimeter.
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Galvanostatic polarization was made by using an electronic
constant current unit and an x—y recorder. All experiments
were carried out at 30+0.2 °C.

3. Results and discussion

3.1. Open-circuit behaviour

The currentless open-circuit p ial, E.on, Cap
C,,, and resistance, R,,,, for Pb-As alloys containing 0.1, 0.2,
0.3 and 0.4% As in 5.0 M H,SO, solutions at 30 °C were
followed with time until steady-state values were attained.
As seen in Fig. 1(a), the potential drifts first to less negative
values, then to slightly more positive untill a steady state has
been reached. The effect of As on the steady-state potential,
E., is observed in Fig. 1(b). The thermodynamic potentials
of the systems Pb/PbSO, and As/As,0j; versus Hg/Hg,SO,,
1.0 M H,SO, reference electrode {13] are given by

Epyrenso,= — 1.038 —0.03 log aso,2- )
and
Eps/as0,=0.448 — 0.059pH 2

The value of agp,2-, 5.0 M H,SO,, is equal to 1.58 M [14],
and the value of Epy,/ppso, = — 1.044 V versus Hg/Hg,SO,,
1.0 M H,SO,.The recorded steady-state open-circuit poten-
tials, E, for Pb and Pb-As alloys are —1.03 and —1.15V,
respectively. Therefore, the potential observed is close to the
reversible potential of the Pb/PbSO, system and it is a mixed
one. Generally, one may look at the presence of microscopic
galvanic cells between Pb and As on the electrode where As
acts as a centre for the cathodic process. The corrodability
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Fig. 1. .a) Variation of corrosion potential of pure lead and alloys of Pb-As
electrodes in § M H,SO, solutions at 30 °C with time. (@) Pure Pb, (x)
Pb-0.1% As, (O) Pb-0.2%As, (O) Pb—O 3%As and (A) Pb-0.4%As. b)
Plots of steady-state i vs. As of Pb-As alloys
in 5.0 M H,SO, solution at 30 "’C
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Fig. 2. Electrode impedance components of pure lead and alloys of Pb-As
in 5 M H,SO, solutions at 30 °C: (a) capacitance, C,,, and (b) resistance,
R,,. (@) Pure lead, (x) Pb-0.1%As, (O) Pb-0.2%As, (1) Pb-0.3%As,
and (A) Pb-0.4%As.

which is cathodically controlled, increases with increasing
As percent, cf. Fig. 1(b).

Fig. 2(a) and (b) shows the variation of the electrode
impedance, i.e. C,, and R,,, with time. First the capacitance
decreases rapidly, then slowly attains a more or less stabilized
value, see Fig. 2(a). On the contrary, the inverse behaviour
is observed for Ry, Fig. 2(b). Plots of steady-state capaci-
tance, (Cp), and resistance, (R,,),,, versus the percentage
As are observed in Fig. 3(a) where the inverse correlation
between (Cp,)s and (R,) is clearly demonstrated. The
decrease in C,, and the increase in R,, are attributed to for-
mation of the PbSO, layer. Assuming that the formed layer

22} tal 2
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Fig. 3. a) Steady-state el de imped: of pure lead and
alloys of Pb-As in S M H,SO; solutions at 30 °C vs. percentage As: a(A)

capacitance, (C )., and (@) resistance, (R ). (b) Surface coverage, S,
vs. percentage As.
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Fig. 4. Electrode impedance of pure lead and alloys of Pb-As in complex

plane. (@) Pure Pb, (x) Pb-0.1%As, (O) Pb-0.2%As, (1) Pb-0.3%As

and (A ) Pb-0.4%As. Inset: phase shift, 6, vs. percentage As.

is described in terms of C,, the surface coverage, S, is cal-
culated using the following equation

_(Cn)o—(Cn)s
(Cado

where (C,,)oand ( Cp, ), are the initial and steady-state capac-
itance, respectively. The effect of percentage As on surface
coverage is illustrated in Fig. 3(b). It is obvious that the
fraction of surface ¢ d by PbSO, i withi -
ing percentage As.

Impedance values, after the steady state was reached, were
traced as a function of frequency and are rep d in com-
plex plane (Cole—Cole plots) in Fig. 4. For all alloys studied,
the impedance, (wC,) ', increases as the frequency
decreases within the 200-10 000 Hz range, and it tends tobe
more capacitative with increasing percentage As. The varia-
tions are linear ones. The values of slope, d(«C;,) ~'/dR,,
and phase shift, #=tan" slope, increases with increasing
percentage As while that of the diclectric loss angle,
8=90°~ 6, decreases in the same way. Such data are consis-
tent with increasing the corrodability as the percentage As
increases.

N (3)

3.2. Potentiostatic polarization

Prior to polarization, the electrodes were held at — 1.7V
for 30 min to remove any reducible layer on the metal surface.
The potential was then increased in the anodic direction in 5—
50 mV steps and the respective quasi-steady currents were
recorded within 2-10 min for each step. The potential was

scanned in the ~ 1.7 to 1.8 V range to cover the electrochem-
ical behaviour of Pb-As alloys from H,-evolution reaction to
O-evolution reaction. Fig. 5 shows the potentiostatic anodic
polarization curves for Pb-As alloys in 5.0 M H,SO, solu-
tions. Starting from the steady-state open-circuit potential,
E,, the in region I i d due to the oxidation of
Pb to Pb** almost reversibly [15] until a critical potential,
E,, was obtained about —0.970 V where PbSO, started to

1 Inthe p of As, the decreased there-
after sharply until the passivity current, i, was reached while
it starts to increase again to a more or less stable value for
Pb. The critical passivation current, i, (at E_), was higher
than i in the presence of As in contrast to pure Pb. Quite
stabilized # values could be observed in the presence of
As>0.1% in the potential range from about —0.90t0 0.2V,
—0.1100.0V for Pb-0.2%As, Pb-0.3%As, and Pb-0.4%As,
respectively (region II). For the alloy Pb-0.1%As the current
at E>E, decreases sharply to ~1.5%1075 A cm~2
(E= —0.900 V) then started to increase to a more or less
stable value ~ 3.5 10> A cm ™2 The increase in passivity
current at E> —~0.60 V is connected to the growth of PbO
under the sulfate layer according to the following reactions
(region III) [16,17}

4Pb+S0,%~ +4H,0=3PbO-PbSO,-H,0+6H"* +8¢~

4)
and

Pb+H,0=PbO+2H"* +2¢" (5)

E,V

Fig. 5. Potential-log i polarization curves for alloys of Pb-As electrodes in
5.0 M H,50, solutions at 30 °C. (@) Pure Pb, (x) Pb-0.1%As, (O) Pb-
0.2%As, ([3) Pb-0.3%As and (A) P>-0.4%As.
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Fig. 6. Dependence of the passivity current (O) i, the current in region 11l
at +1.200V, (x) i", (+) the O,-evolution current at + 1.500V, iy, (V)
the Hy-evolution current at E= — 1.300V, iy,, and (A) the critical passivi-
tion current i., on percentage As.

The reversible potentials for the redox processes (4) and
(5) in 5.0M H,SO, solutions at 30°Cis —0.652 and —0.434
V, respectively. For the alloys contzining As > 0.1%, the for-
mation of PbO seems to be inhibited to varying extents
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d d;

P g on the perc ge As until the condition of the
PbO formation was fulfilled. This condition is caused by the
decrease in acidity of the environment under the PbSO, layer,
blocking the diffusion of H,SO, through the more or less
protective PbSO, layer. The protection of the PbSO,
layer increases in the order Pb-0.4%As <Pb-0.2%As <
Pb-0.3%As. Thus the current even decreases as a result of
PbO formation in the case of Pb-0.4%As. At E>0.30 V, the
current shows alittle dependence on the p ge As. Fig. 6
shows the dependence of some electrochemical parameters
on the percentage As. Generally, all currents decreased in the
presence of As regardless of its percent. The minimum if} was
recorded for Pb-0.3%As and also the maximum i, among the
Pb-As alloys. The current in the region of PbO and PbSO,
growth (region III), i"™, decreased with the increasing con-
centration of As. The current in O,-evolution (regicn IV)
decreased in the order: Pb>Pb—0.1%As>Pb-0.3%
As>Pb—0.2%As > Pb—0.4%As whereas the current in the
H,-evolution region d as the perc ge Asi

3.3. Galvanostatic polarization

The electrodes were cathodically polarized at 510 pA
cm 2 for 30 min to obtain the steady-state potential corre-
sponding to the H,-evolution. Then the polarity was reversed
in the anodic direction and tae potential-time curve was
recorded for 30 min before reversing the polarity again to
discharge the electrodes until the potential was reached before
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Fig. 7. Cyclic galvanostatic polarization curves for Pb and Pb-As alloys in 5.0 M H,SO, solution at 30 °C. The current density =510 A cm™2.
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Fig. 8. The potential decay curves for self-discharge of Pb~As alloys after |
h charging at a constant current density of 510 gA cm~2in 5.0 M H,SO;
solution at 30 °C vs. time. (@) Pure Pb, (x) Pb-0.1%As. (O) Pb-0.2%As,
(0) Pb-0.3%As and (A) Pb-0.4%As. Inset: induction time, 7,,, vs. per-
centage As.

charging commenced Fig. 7. Generally, the main features of
these curves can be summarized as follows [ 16-18)

1. formation of PbSQ, at = — 1.0 V (arresta)

2. formation of PbO, (maximum b)

3. transformation of PbSQ, into PbO, (minimum ¢)
4. O,-evolution (maximum d)

5. reduction of PbO, into Pb" (arrest e)

6. reduction of basic sulfate into Pb metal (arrest f)
7. reduction of PbSO, into the metal (arrest g)

8. H,-evolution (arrest h)

Also, it is noticed that no additional arrests due to the
presence of As could be observed and the variation of the
percentage As had a little effect on the arrest potentials. The
arrest due to the discharge of PbO, into PbSO, at =1.14 V
is clearly demonstrated after a longer charging period at 510
A cm™2 for 1 h during the open-circuit potential decay as
can be seen in Fig. 8. An induction period at =1.14 V
appeared before the rapid decay of potential to quasi-steady
value = —0.4 V, the time of the induction period, T}, before
the decay increases as the percentag As increases. The induc-
tion period is attributed to the transformation of PbO, into
PbSO, through a self-di ging p In this process,
PbO, is reduced into PbSO, while the underlying Pb is oxi-
dized into PbSO,. PbO, could also be reduced at the expense
of other processes, e.g. O,-evolution and H,-oxidation
[19,20]. The self-discharging process is accompanied by
substantial ch in the capaci and resi as can
be seen in Fig. 9. The increase in R, and the decrease in C,,,
with time is attributed to the transformation of the conducting
PbO, into the insulating PbSO, and PbO [20,21]. The insu-
lating properties after self-discharging increases in the order:
Pb—0.4%As <Pb~0.2%As <Pb—-0.3%As which is the
same order reported in the potentiostatic polarization curves
at the quasi-steady potential after decay = —0.40V, see Fig.

h

5. G ily, the |
sulfation.

The total cathodic charge, Q., was determined by multi-
plying the time until the onset of the H,-evolution reaction
by the discharging current density. Q,, is related to the elec-
trochemical processes occurring during discharge process
through the equation

e of As d the rate of self-

Qca= Ghvo: ~pr2+ + Ohvo-posos + Crosos (6)

where the superscript ‘r’ refers to reduction and subscripts
refer to the species to be reduced. Side reactions such as O,-
reduction were neglected. Due to the self-discharging proc-
ess, Obno,—pr2+ was found to be much lower than
(Q%vo-posos + Oivso,)- The charge would be consumed in
reduction of PbO; if the self-discharging process was absent,
Q.. could be estimated approximately as follows

Qu= llz(gm-mf"'gmm) "Q‘no;-.m* (©)]
The above equation implies that the self-discharging

occurred only through the oxidation of the underlying Pband
other processes were discounted. Thus the actual amount of

Time , min
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¢ 200
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Fig. 9. (a) Variation of capacitance, Cy,, and (b) resistance, R, during the
self-discharge of Pb-As alloys in 5.0 M H,SO, solution at 30 °C with time.
(@) Pure Pb, (x) Pb-0.1%As, (O) Pb-0.2%As, (O) Pb-0.3%Asand (A)
Pb-0.4%As. The electrodes were charged at a cumrent density of 510 A
cm ™2 for 1 h before the self-discharge process.
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charge involved in the reduction of PbO, into Pb?* is given
by

Q‘;l:gzﬁr-hz’ =0y ~prz+ +Qsa (8)

On the other hand, the total anodic charge, Q.,, is con-
sumed in the following processes

Q= Q{*hso. + Q{’h —~pho ngsm —~ppoy Q{): 9

where the superscript ‘f* refers to formation of the compounds
given as subscripts. The charge consumed in the reduction of
PbO, to Pb, O3, _. py, is given by multiplying the right-hand
side of Eq. (8) times two. The total charge consumed in the
formation of PbO, from Pb, O3, _. p,, according to Eq. (9)
is given by

O ph02 = Qan — 06, (10)

The charge balance implies that Qi py0, equals in mag-
nitude and opposite in sign to O, 5,0, and so the efficiency
of PbO, formation during the charging process, Jp,o,. could
simply be esi:mated from the relation

I{’ho::(QrPhO-PhSOA-'-Q;’hSDq)/an (1)

All the quantities on the right-hand side of Eq. (11) can be
determined from the cyclic galvanostatic polarization curves,
cf. Fig. 7. Ityo, as a function of the percentage As is given in
Table 1. As can be seen, the oxide formation efficiency
increases in the order: Pb—0.3%As <Pb—0.2%As=
Pb—0.4%As <Pb<Pb-0.1As.

3.4. Effect of charging—discharging cycles

The electrodes were subjected to alternative cathodic and
anodic cycles at a current density of 5.1 mA cm~? (half-
cycle time: 10 min) and were discharged at 0.255 mA cm ™2
after several polarization cycles, N. At the end of the dis-
charge, the polarity was reversed in the anodic direction and
the amount of charge corresponding to PbSO, formation was
determined. Figs. 10-12 show the dependence of the total
cathodic charge, Q.,, the charges consumed in reduction of
basic lead sulfate, Qbno.prso,. and lead sulfate, Qpyso,, and
the charge consumed in formation of lead sulfate, Ofyso,, On

Table 1

Charges consumed in the reduction of PbO, -» Pb**, basic lead sulfate, and
lead sulfate and the efficiency of PbO, formation. The current density used
in charging and discharging was 510 #A cm ™ ? and temperature 30 °C. The
electrolyte was 5.0 M H,SO,

Alloy [T Qbvor prsou Qhnsos [
(Cem™?) (Cem™?) (Cem™?)
Pb-0.0%As 0.008 0.092 0519 0.68
Pb-0.1%As 0.031 0.367 0.367 0.86
Pb-0.2%As 0.015 0.153 0.367 059
Pb-0.3%As 0.015 0.153 0.336 0.56
Pb-0.4%As 0.015 0.244 0.276 0.59

*Calculated according to Eq. (11) using 0y, =0.92Ccm ™.

the number of galvanostatic polarization cycles. The polari-
zation program is shown in the bottom part of Fig. 10. The
following conclusions can be drawn from Figs. 10-12:

(i) Q., for Pb is higher than for Pb—As alloys but it
increases generally with increasing N, especially for the
alloys Pb—0.2%As, cf. Fig. 10. The increase in Q. with N
indicates a deepening of the surface layer subjected to self-
discharging. As N increases, new underlying Pb layers were
involved in the self-discharging process and at the end of the
complete discharging to the onset of H,-evolution, thicker
spongy Pb layers were obtained. The results showed that Pb
was relatively more resistive than Pb—As alloys for this proc-
ess and Pb-0.2%As showed the highest increase. At a value
N> 10, it may be expected that Q. values for Pb-As alloys

0.9} B
0.8 |- -
R
€ o7} J
(3]
8 L i
o 0.6
1.9,
0.5} < 4
€
200/
H
0.4 | H T
<10 o
0.0 L 1 1 Il 1
0 2 4 6 8 10
Polarization cycles,N
Fig. 10. D of the total cathodic charge, Q,,, on the number of

galvanostatic polarization cycles. N, for Pb-As alloys in 5.0 M H,SO, solu-
tion at 30 °C. (@) Pure Pb, (x) Pb-0.1%As, (O) Pb-0.2%As, (O) Pb~
0.3%As and (A) Pb-0.4%As. The gal i izati i
shown in the lower part of the figure.

p program is

0 2 4 6 8 10
Polarization cycles,N
Fig. 11. Dependence of the charges consumed in reduction of basic lead
sulfate, Gbno. msos and lead sulfate, Qhyso,. on the number of galvanostatic
polarization cycles, N, for Pb-As alloys in 5.0 M H,SO, solution at 30 °C.

(@) Pure Pb, (x) Pb-0.1%As, (O) Pb-0.2%As. (0} Pb-0.3%Asand (A )
Pb-0.4%As.
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Fig. 12. Dependence of the charge consumed for formation PbSO;, Ofvsow
on the number of galvanostatic polarization cycles, N, for Pb-As alloys in
5.0 M H,SO, solutions at 30 °C. (@) Pure Pb, (x) Pb-0.1%As, (O) Pb-
0.2%As, (1) Pb-0.3%As and (A ) Pb-0.4%As.

approach that of Pb or even exceed it, especially Pb-0.2%As.
Thus, Pb-As alloys suffered from higher corrodability than
Pb as the number of polarization cycles increases.

(ii) Generally, Qbyo.poso, decreases as N increases while
Ofnso, showed the opposite trend and the values of the latter
charge are higher than the former, for the same N, cf. Fig. 11.
This indicates that the amount of PbO- PbSO, formed during
the discharge of Pb"™ — Pb" decreased as N increased, prob-
ably due to the formation of more opened and porous layers.
Thus, the diffusion of the acid through the layers became
faster and the condition of PbO formation hecame more dif-
ficult to be achieved. Consequently, the layer was mainly
PbSO, as proved by the increases of Qpyso, at the expense of
Okbo-Prsow

(iii) The argument that the thickness of the spongy Pb
layer increased with increasing N, is clearly demonstrated in
Fig. 12. The amount of charge required to form the insulating
PbSO, layer, Qfyso, increased as the number of cycles
increased. In this respect, the thickness of the spongy Pblayer
increased in the order: Pb-0.2%As < Pb < Pb-0.4%As < Pb—
0.3%As <Pb-0.1%As.

4. Conclusions I

Arsenic affected the electrochemical behaviour of lead in
5.0 M H,SO, solutions. It increases the sulfation process
under cpen-circuit conditions and the corrosion layer is com-
posed of PbSO,. All d d under potentiostatic

polarization, generally, in the presence of As regardless of its
percentage. The current in O,- and H,-evolution regions
decreased in the order: Pb > Pb-0.1%As > Pb-0.3%As > Pb—
0.2%As > Pb-0.4%As.

Galvanostatic polarization curves showed no additional
arrests due to the presence of As and its variation had little
effect on the different arrest potentials. An induction period
at = 1.14 V appeared before the rapid decay of potential to
the quasi-steady value, its length increases as the percentage
As increases. On repeating charging and discharging, a
thicker spongy layer grew with increasing the number of
cycles, the order of its increase is: Pb-0.2%As <Pb<Pb-
0.4%As < Pb-0.3%As <Pb-0.1%As.
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