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Abstract

The influence of some organic expanders on the formation of |ead-sulphate has been studied by means of potentiostatic transients. The
experimental data have been discussed according to the theories which have been proposed in the literature for the electro-crystallisation
of lead-sulphate and lead. The discussion of the data obtained confirms the inhibiting effect of the expanders on lead sulphation. In fact,
the tests showed that, when the expanders are added to the electrolyte, alonger time is required to reach the current maximum of the i(t)
curve and a reduction of its intensity. According to the theoretical interpretation, this finding indicates a decreasing of the kinetic constant
of the solid state process. The analysis of the i(t) transients obtained during the sulphate reduction revealed an influence of expanders
only when the sulphate layers has been formed in their presence. Thus, it seems that the adsorption of the organic expanders on lead is of
primary importance for their action while adsorption on |ead-sulphate appears to be negligible. © 2000 Elsevier Science S.A. All rights

reserved.
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1. Introduction

It is known [1,2] that lead passivation in sulphuric acid
occurs through two parallel processes, lead dissolution
followed by lead-sulphate precipitation and a solid state
mechanism. It has also been reported [3] that some organic
substances used as expanders in the manufacturing of
negative plates inhibit this last process.

The solid state processes for a sulphate layer formation
have been extensively studied [4], the literature reports
various calculations on different mechanism for layers
formation, by instantaneous or progressive nucleation fol-
lowed by a two or three-dimensional growth of the crys-
tals. As far as lead-sulphate is concerned, recently a more
complex interpretation has been proposed [5,6] which takes
into account also the process of lead dissolution and
precipitation.

Conversely, the reduction of the lead-sulphate layers
has been discussed according to a mechanism of dissolu-
tion and electro-crystallisation under diffusional control
[7-9].
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In the present work, the results of tests carried out with
pure electrolyte and with the addition of some expanders
used in battery plates manufacturing, have been reported.

1.1. Lead-sulphate formation

The trend of the potentiostatic transients i(t) can be
described by kinetic laws [4] which depend on the modali-
ties of crystals nucleation and growth. This can be illus-
trated in the case of instantaneous nucleation followed by a
bi-dimensional growth of alead-sulphate layer of thickness
h, being M the molar weight of lead-sulphate (303 @), p
its density (6.2 g cm™3), N° the number of initial nuclei
and K the rate constant for crystallisation, in this case the
following expression of the current/time curve is ob-
tained:

i = at exp( —bt?) (1)
the parameters a and b being defined by:

a=2ZF7hK2N°(M/p) b=7KZN°(M/p)°.
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The i(t) curve presents a maximum value i, for the
time t,, Wwhich depends on the parameters a and b
according to the following expressions:
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The mathematical expression of the transient can be
normalised by computing the dimensionless expression:

i t |1 1( t \?
o 22(—) | (2

Ref. [4] reports similar relationships for the cases of
progressive nucleation and for three-dimensiona crystal
growth. For al the proposed mechanisms [4], the i(t)
expression can be normalised and, consequently, the ex-
pression KyN° can be related to the time t,. The
normalised function can be compared to the experimental
curve in order to determine the crystallisation mechanism
which better adheres to the experimental reality. Thus,
some relevant parameters of the kinetic expression can be
obtained.

In the case of instantaneous nucleation followed by a
bi-dimensional crystal growth, after substitution of numeri-
cal values, the following expressions are obtained:
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With respect to the previous approach, the process of
lead-sulphate formation is complicated by the need of
taking into account the low, but non-zero, solubility of
lead ions, the characteristics of the membrane sulphate
layer and the porosity of lead. Hampson and Lakeman [10]
discussed the trend of potentiostatic transients in terms of
three different behaviours according to the value of the
potential applied for PbSO, formation. For low potential
values (V< —920 mV /vs. Hg/Hg,SO, electrode) the
i(t) curve presents at the beginning a parabolic trend, for
intermediate potentials (—920 + — 880 mV /vs.
Hg,/Hg,SO, electrode) the initial part of curve is linear,
while for higher potentials (V > —880 mV /vs.
Hg,/Hg,SO, €electrode) the transient appears to be dis-
torted. All three trends of the transient curve have been
analysed by considering different crystallisation laws: the
parabolic trend is compatible with instantaneous nucleation
followed by three-dimensional growth; the linear be-
haviour can be interpreted by a change from three to
two-dimensional crystal growth; the distortion at high po-
tential values has been attributed to the adsorption of
chemical species onto the centres under growth [11].

An improvement in the interpretation of the formation
of lead-sulphate layers on lead, was proposed by Varela et
al. [5,6], by considering lead ions dissolution together with
sulphate formation by a dissolution /precipitation mecha-
nism. Thus, the trend of potentiostatic transients can be
mathematically described by considering that the current
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Fig. 1. Schematic representation of the lead-sulphate layers under growth
during anodic oxidation of lead in sulphuric acid.

required for lead-sulphate formation, following the anodic
potential step, is the sum of three terms.

The first one (1,) is due to the dissolution of lead into
the electrolyte, the second one (I1,) corresponds to the
formation of a semipermeable membrane layer of lead-
sulphate (by bi-dimensional instantaneous nucleation for
example), and the third one (1;) is due to a process of
migration of lead through the semipermeable layer, fol-
lowed by its precipitation as lead-sulphate crystals.

With reference to Fig. 1, where a schematic representa
tion of the growing lead-sulphate layer is given, if S, isthe
surface area covered with lead-sulphate crystals, and S,
the area covered by the semipermeable membrane of lead-
sulphate, the three terms of the current, corresponding to
the rates of the above described processes, can be ex-
pressed according to the following relationships:

L=1(1-5) (3)
|, =atexp( —bt?) = did—? (4)
d

ky(s-9) 5)
l3=2FK(S, - §) (6)
where:

a=2zZF7ThK?(M/p)N°, b= m7N°K%(M/p)’,

a
R 2b
I° is the rate of lead dissolution from an active surface; K,
is the rate constant of surface blockage due to the passive
film; K; is the rate constant for the dissolution of the
conducting film; K isthe rate constant for crystals growth;
M is the molar mass of lead-sulphate; p is the density of
lead-sulphate; h is the film thickness; N° is the number of
nucleation centres; z is the number of electrons involved
in the electrochemical reaction; F the Faraday constant.
By solving the set of differential equations, the surface
areas S, and S, can be obtained as a function of time and
then the three terms I, 1, and |; of the current can be
derived, whose sum is the total current 1.

1.2. Lead-sulphate reduction

Scharifker and Mostany [7] and Scharifker and Hills [8]
have investigated the reduction of lead ions, which should
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occur according to a mechanism of three-dimensional in-
stantaneous nucleation and growth of crystals under diffu-
siona control. The following relationship, which fairly
well fits the experimental values, has been proposed:

(1) = —L11 P,t 7
i(t)=—=[1-ex

where:

‘/D.
P, = ZFc,~— P, = N°mD, /8wc,Mp *.
v

Scharifker applied this equation to lead nucleation from
alead nitrate solution, thus, D; and c; refer to the diffusiv-
ity and concentration of lead ions in the electrolyte. Varela
et al. [9] used a similar approach for lead-sulphate reduc-
tion in sulphuric acid, by considering for D; and c; the
diffusivity and concentration of lead ions in the sulphate
layer and introducing in Eqg. (7) an additional term P,t~1/2
accounting for the reduction of Pb?* contained in the
electrolyte within the pores of the layer, where P;=
ZFD{/?Ac, /"2, D, and Ac; being the diffusion coeffi-
cient and concentration gradient of the diffusing ionsin the
limiting layer.

Also in the case of reduction, as in the previous case of
lead-sulphate formation, the transient curve presents a
maximum of the absolute value of the current, i ., Whose
value can be obtained by derivation of Eq. (7), alowing
the expression of such equation in a dimensionless form:

. 2 2
i t t
(. ) =1.9542 %% 1 _exp —1.2564( ) .
Ipeak t tpeak

(8

For |ead-sulphate, setting k = /8¢;Mp™*, the follow-
ing values of i, and t,. can be derived:

i seac = 0.63822FD; ¢;/N°k (9)
1.2564 10

toeak = .

peak No’ﬂ'kD] ( )

From the experimental values of the product i 5 toey .
the expression cj\/ﬁj can be computed and assuming a
reasonable value for the diffusivity D; in the sulphate
layer, the values of ¢; and N° can be obtained.

2. Experimental

The processes of lead-sulphate formation and reduction
has been studied by means of potentiostatic transients, i.e.,
by applying a potentia step in the anodic or cathodic
direction starting, respectively, from a potentia value cor-
responding to a completely reduced lead-surface (e.g.,
—1.2V /vs. Hg/Hg,SO, electrode) or from a potential at

which the lead is covered only by a sulphate layer (eg.,
—0.8V /vs. Hg/Hg,S0O, electrode).

The electrodes, obtained by cutting a pure lead rod
(purity 99.9985%), have been embedded in aresin in order
to have a flat circular exposed area of about 1 cm?. To
investigate the formation of lead-sulphate by means of
potentiostatic transients the lead electrode has been ini-
tially maintained at a potential of —1.2V /vs. Hg/Hg,S0O,
electrode for 30 min to obtain a complete reduction of its
surface, then the potential has been stepped to —0.89
V /vs. Hg/Hg,SO, electrode. The duration of this final
step, during which recording of the current intensity took
place, varied from 10 to 100 s. This procedure was re-
peated three times, then 20 ppm of the expander were
added to the electrolyte and three other similar
oxidation /reduction cycles were carried out.

The transient test corresponding to lead-sulphate reduc-
tion was carried out on sulphate formed at —0.8 V /vs.
Hg/Hg,SO, electrode. To this purpose, the lead was
oxidised by means a potential ramp (20 mV /s) starting
from —1.2 V /vs. Hg/Hg,SO, electrode and terminating
at the chosen oxidation potential. Then the electrode was
maintained at the upper potential for 180 s before the
reduction step. The reduction was obtained by a potentio-
static pulse from the passivation potential to a potential
ranging between —1.07 V /vs. Hg/Hg, SO, electrode and
—11V /vs. Hg/Hg,SO, electrode.

The experimental apparatus was the AMEL mod. 5000
Electrochemical System, controlled by a PC. A computer
program was purposely developed for managing the
recording of fast transients. The sampling time used to
record the current values during the transient can be set in
the range from 100 psto 1 s.

All the tests were carried out at a temperature of 25°C
in 0.5 M sulphuric acid. The organic additives were previ-
oudly dissolved in the acid and then tested in the cell. In
order to help the dissolution process, the lignosulphonate-
type substances were first dissolved in a small amount of
NaOH 0.1 M, and then added to the sulphuric acid solu-
tion, whose concentration was properly adjusted.

3. Results and discussion

In order to interpret the experimental transients for
lead-sulphate formation, the Varela et al. [5,6] approach
was used, by preliminarly considering the influence on the
computed curves of the parameters I°, zFK; and K,
appearing in the set of Egs. (3)—(6).

This computation has been carried out with the base
vauesof a=2, b=0.025, 1°=0.1, zFK;=2and K, =
0.1. By varying one single parameter, keeping the other
constant, the results reported in Figs. 2—4 were obtained,
which refer to the influence of parameters I°, zZFK; and
K., respectively. It can be observed that 1° greatly affects
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Fig. 2. Influence of parameter 1° on the transient profiles computed
according to Eqgs. (3)—(6).
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Fig. 3. Influence of parameter K; on the transient profiles computed
according to Egs. (3)—(6). The numerical values shown on the curves
refer to the expression zFK;.
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Fig. 4. Influence of parameter K, on the transient profiles computed
according to Egs. (3)—(6).
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Fig. 5. Normalised curves i /i, VS. t/th.. The solid curve was
computed by means of Egs. (3)—(6) with 1°=0.1, a=2, b=0.025,
ZFK¢ =2 and K, = 0.1; the dashed curve was computed according to Eq.
.

the initial part of the transient, K influences the position
and height of the current peak, while K, exhibits its
influence on the final part of the curve.

With the lowest and highest value of the above parame-
ters, the normalised curves i/i ., VS t/t.. have been
traced and compared to the curves obtained by assuming a
bi-dimensiona crystals growth with instantaneous nucle-
ation according to Eq. (2). An example of this calculation
is reported in Figs. 5 and 6, where the dashed curves refer
to the computation by means of Eqg. (2), while the solid
curves are obtained by solving Egs. (3)—(6) with 1° = 0.1,
Fig. 5and 1° =5, Fig. 6, al other parameters were set, for
both diagrams, to the arbitrary base value previously re-
ported.

The possibility of varying five parameters renders rather
easy the fitting of the experimental transient by the com-
puted curve. In fact, the comparison between the theoreti-
cal current transients and the experimental ones is pretty
good. Fig. 7 shows the three components I, I,, |, of the
total current | computed by fitting the experimental curve
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Fig. 6. Normalised curves i /i, VS t/t,,. The solid curve was
computed by means of Egs. (3)—(6) with 1°=5, a=2, b=0.025,
ZFK; =2 and K, = 0.1; the dashed curve was computed according to Eq.
.
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Fig. 7. Components |4, I,, |5 of the total current |, computed by fitting
the experimental curve obtained at 25°C for pure lead in 0.5 M sulphuric
acid. Curve fitting was achieved with the following values of the parame-
ters: a=7.5, b=0.04, 1°=6, zZFK; =60 and K, = 0.3. Triangles refer
to the experimental curve.

obtained at 25°C for pure lead in 0.5 M sulphuric acid.
Curve fitting in Fig. 7 was obtained with the following
values of the parameters: a= 7.5, b= 0.04, I° =6, zZFK;
=60 and K, =0.3.

When organic expanders are added to the sulphuric acid
solution the current transient is modified and, conse-
quently, the parameters for curve fitting are markedly
affected. Two examples are reported in Figs. 8 and 9
where the plotted curves have similar definition as in Fig.
7, i.e, the three computed components plus the tota
current, compared to the experimental curve obtained in
the presence of 20 ppm of the expander. The organic
expander used for the experimental data of Fig. 8 is S004,
which is a sodium lignosulphonate, while the expander of
Fig. 9 is DD5, a blend of kraft lignosulphonate with
condensed naphthal enesulphonate. Curve fitting for Fig. 8
resulted from the following values of the parameters:
a=12 b=0003, I°=3, zZFK;=13 and K,=0.025;
those of Fig. 9were: a= 1.6, b= 0.006, I° =6, zZFK; =14
and K, =0.03.
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Fig. 8. Components |4, 15, |5 of the total current |, computed by fitting
the experimental curve obtained at 25°C for pure lead in 0.5 M sulphuric
acid containing 20 ppm od expander S004. Curve fitting was achieved
with the following values of the parameters: a=1.2, b=0.003, 1°=3,
ZFK; =13 and K, = 0.025. Triangles refer to the experimental curve.
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Fig. 9. Components |4, I,, |5 of the total current |, computed by fitting
the experimental curve obtained at 25°C for pure lead in 0.5 M sulphuric
acid containing 20 ppm od expander DD5. Curve fitting was achieved
with the following values of the parameters: a=1.6, b =0.006, 1°=6,
ZFK; =14 and K, = 0.03. Triangles refer to the experimental curve.

The fitting of experimental data in the presence of
expanders appears to be sufficiently good. It is interesting
to note that such fitting was obtained by markedly decreas-
ing, with respect to the expander free sulphuric acid solu-
tion, the parameters b, K; and K,.

As far as the tests on lead-sulphate reduction are con-
cerned, the experiments carried out without expanders are
in good agreement with those found by Varela et al. [9].
We confirmed that the computation according to the model
proposed by such authors, assuming for the diffusivity D,
the value of 3x 107! cm? s, provided a value of the
concentration ¢; close to 0.5 p/M, and a value of the
number of nuclei N° of 8 x 1071° cm~2. An example of
such computation is shown in Fig. 10, where the nor-
malised curves i /| jeq | VS. 1/t 05 both for the experimen-

0.0+
-0.2+
3-0.44
‘_ﬂ-
= -0.6+ Experimental curve
Computed curve
-0.8-
-1.0
5 5 10 15 20
t/t
peak

Fig. 10. Comparison of normalised curves i / |i peacl VS. 1/ e referring
to an experimental reduction transient (triangles) and a computed curve
(solid line) according to Eq. (8). The experimental conditions correspond
to the reduction at —1 V /vs. Hg/Hg,SO, electrode of a lead-sulphate
layer previoudy formed a —0.8 V/vs. Hg/Hg,SO, electrode in a
0.5-M sulphuric acid solution free of expander.
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Fig. 11. Experimental reduction transient obtained a& —1 V/vs.
Hg,/Hg, SO, electrode in expander free 0.5 M sulphuric acid.
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Fig. 12. Experimental reduction transient obtained at —1 V/vs.
Hg,/Hg,SO, electrode in 0.5 M sulphuric acid containing 20 ppm of
expander DD5.

tal reduction transient and that computed according to Eq.
(8) are plotted. The experimental data in Fig. 10 refer to
the reduction at —1 V /vs. Hg/Hg,SO, electrode of a
lead-sulphate layer previously formed at —0.8 V /vs.
Hg/Hg,S0O, electrode in a 0.5-M sulphuric acid solution
free of expander.

When an expander is added to the sulphuric acid solu-
tion, a change is observed in the transient response, as
indicated in the example reported in Figs. 11 and 12,
where a marked decreasing of the current peak is observed
in the presence of the expander. The computation carried

Table 1
Values of parameters obtained for the experimental data of Figs. 11 and
12

Expander free 0.5M H,S0O,
0.5M H,S0, with 20 ppm of
expander

tpeak (9 0.21 0.11

i peck (MA) 3.82 1.49

¢; (mol cm~?) 0.014 0.006

K 414 2.76

N° 2x10% 4x10%°

Or
3
AL S e
:g 2r .
s —1 HZSOA 0.5M
£ 3+ ¢ ¥/ Tt 2 HZSO4 0.5M + 20ppm of expander
- added after oxidation at -800mV/SSE
= ——3 HZSO4 0.5M + 20 ppm of expander
4r —v—4H S0, 0.5M
1 2774
-5 ! I ! ! " I 1
0 2 4 6 8 10
t(s)

Fig. 13. Experimental reduction transients obtained at —1 V /vs.
Hg,/Hg,SO, electrode in 0.5 M sulphuric acid under different condi-
tions: curve 1, without expander; curve 2, by adding 20 ppm of expander
Diwatex-XP9 after the formation of the PbSO, layer at —0.8 V /vs.
Hg/Hg, SO, electrode, before the reduction step; curve 3, by adding 20
ppm of expander Diwatex-XP9 before PbSO, formation and reduction;
curve 4, by substituting, after step 3, the electrolyte solution containing
the expander with a fresh one without expander.

out according to Eqgs. (8)—(10) provides the values reported
in Table 1.

For this test the expander used was Diwatex-XP9,
which is a sodium salt of sulphonated kraft lignin derived
from softwood. The test was carried out by adding the
expander to the sulphuric acid solution before the forma-
tion of the lead-sulphate layer. If a different experimental
procedure is adopted, i.e., after two subsequent oxidations
and reductions of the lead electrode without expander, the
organic substance is added to the solution after formation
of the lead-sulphate layer, the reduction transient is practi-
cally identical to the one obtained without the expander,
Fig. 13. On the contrary, if the expander is added to the
solution before |ead-sul phate formation, the transient curve
is markedly changed, curve 3 in Fig. 13; see also Fig. 12.

This effect was confirmed by substituting the electrolyte
solution with a new one free of expander, after performing
oxidations and reductions in the presence of the expander.
It can be observed that, after substituting the electrolyte
solution, gradually the reduction transient (curve 4 in Fig.
13) tends to the one obtained in sulphuric acid free of
expander.

4, Conclusions

As far as the formation of lead-sulphate is concerned,
the results presented in this work, based on the potentio-
static transient technique, indicate that the expanders exert
a marked influence on the kinetics of the formation of the
sulphate layer. Namely, al the tested organic substances
cause a decreasing in the rate of formation of the semiper-
meable PbSO, layer. This conclusion comes from the
experimental observation that the time corresponding to
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the current peak in the transient curve is increased in the
presence of expanders and can be justified both by inter-
preting the transients on the basis of instantaneous nucle-
ation followed by two-dimensional crystal growth and by
interpreting the curves by the model proposed by Varela et
al. [5,6].

In the case of lead-sulphate reduction to metallic lead, it
has been observed that the expanders lower the concentra-
tion of mobile ions in the sulphate layer, as a result of the
different structure of the passivating film formed in the
presence of the organic substance.

A more careful examination of the overall results ob-
tained with different expanders, points out some aspects of
the kinetic mechanism for lead-sulphate formation, which
indicate the need for further investigation, both experimen-
tal and theoretical, in order to verify the capability of the
proposed models to describe the real behaviour of the
lead /lead-sul phate system.

Particularly, while on one hand it appears clear that
potentiostatic transients i(t) cannot be completely inter-
preted by a simple model based on instantaneous nucle-
ation and two-dimensional crystal growth, on the other
hand, the possibility of changing five parameters in the
more complex model proposed by Varela et al., achieves a
good fitting of the experimental curves well beyond the
current peak. It has also been observed that the presence of
organic expanders causes a marked decreasing of the rate
of formation of the semipermeable lead-sulphate layer,
together with the decreasing of the rate constant K, of
surface blockage due to PbSO, crystals and the constant
K, related to migration of Pb?* in the lead-sulphate film.

These findings could be explained by assuming a rela
tively important adsorption of the expanders not only on
metallic lead, but also on lead-sulphate. Moreover, the
expander should also influence migration of lead ions in
the thin PbSO, membrane layer. Though this last assump-
tion could be confirmed by the decrease, in the presence of
expanders, of the concentration of mobile ions in the film
as derived by the elaboration of the experimental data, the

hypothesis on the adsorption of the expanders onto lead-
sulphate does not find, at present, any experimental confir-
mation.

In conclusion, the potentiostatic transient technique,
both for lead-sulphate formation and reduction, appears to
be a very important tool for understanding the involved
kinetic mechanism also in the presence of organic ex-
panders. The application of theoretical models proposed in
the literature ends to a fairly good formal description of
the transient curves, but further investigation is needed in
order to physically describe al the aspects related to
structural changes caused by the expanders.
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