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a b s t r a c t

In the present work, we studied the behaviour of 3BS and lead oxide paste as a function of soaking time
in two sulfuric acid solutions respectively with 1.05 and 1.20 g cm−3 specific gravity. The study was based
on X-ray diffraction analysis (XRD), thermogravimetry (TG), differential scanning calorimetry (DSC) and
chemical analysis. The results showed that during plates soaking, 3BS and PbO are converted to monobasic
lead sulphate (1BS) and lead sulphate (PbSO4). During plate formation in 1.05 s.g. H2SO4 solution, these
eywords:
AM
oaking prior formation
tructural water
hase composition

compounds are oxidized to PbO2, the XRD patterns showed that the longer is the time of plates soaking
prior formation the lower is �-PbO2 content in positive active material. On forming, PbSO4 crystals convert
to �-PbO2 whereas �-PbO2 is a result of 3BS oxidation. The capacity and cycle life of PAM decrease with
soaking time, the concentration of the H2SO4 solution during soaking exerts stronger influence than the
duration of soaking.
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. Introduction

The positive active material of lead/acid battery plates consists
f a mixture of two PbO2 modifications: orthorhombic �-PbO2
nd tetragonal �-PbO2 [1,2]. The formation mechanism of the
wo crystalline phases of lead dioxide has been well documented.
rthorhombic �-PbO2 is the product of cured battery plate electro-

ormation at high pH, and tetragonal �-PbO2 is formed by oxidation
f cured battery plate at low pH [3–9]. Discharge capacities of both
odifications have been measured and it has been found that the

apacity of �-PbO2 is lower than that of �-PbO2 [2,10,11].Lead diox-
de active mass is a gel-crystal system with proton and electron
onductivity [12]. It’s the main component of the positive plate.
aste preparation is a key step in the production of active materials
hat determine the design life and performance characteristics of
ead-acid batteries. The paste is generally prepared by mixing leady
xide with water and sulfuric acid solution. This leads to the for-
ation of basic lead sulfates, the nature of basic sulfates obtained
epends on the conditions of paste preparation. The amount of
2SO4 with respect to leady oxide determines the phase composi-

ion during mixing. Up to 5% H2SO4, 3BS is present in the paste with
igh proportion in addition of free PbO and Pb. Above 5% H2SO4,

∗ Corresponding author. Tel. +213 36 92 51 21; fax +213 36 92 51 33.
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hese compounds react with sulfuric acid and becomes 1BS and
bSO4. On forming, the total mass is oxidized to � and �-PbO2. In
ur previous papers [9,13], it has been demonstrated that 3BS crys-
als play an important role in the mechanism of paste conversion
o PAM.

During the production of lead-acid batteries and before forma-
ion, the plates remain in H2SO4 solution at open circuit (i.e. soaked)
or a certain period. 3BS and lead oxide are unstable and react
hemically with H2SO4 whereby the paste is sulfated.

The processes during soaking of 3BS and 4BS plates have been
nvestigated by some authors [7,14–19]. It has been established
hat the sulfation of the plates is mainly influenced by the phase
omposition of the cured plate, H2SO4 concentration and soaking
ime.

The main objective of the present paper is to determine the effect
f plates soaking and heating prior formation on their phase com-
ositions in the cured and formed states and its influence on battery
apacity and cycle life.

. Experimental
.1. Plates preparation

All experimental investigations were carried out using industrial
lates. The paste was prepared in a mixer at 35 ◦C from leady oxide
72% PbO). The XRD pattern of the starting material showed the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zerroual@yahoo.fr
dx.doi.org/10.1016/j.jpowsour.2008.10.119
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ble. As the time of soaking increases, they react with H2SO4 giving
first 1BS then PbSO4. The rate of 3BS decreasing is more impor-
tant when the concentration of H2SO4 solution is high as shown in
Fig. 2.
M. Foudia et al. / Journal of

resence of tetragonal PbO and Pb. Leady oxide (LO) was mixed
ith water and 1.40 s.g. H2SO4 in a ratio equal to 5% H2SO4/LO.
rids cast from Pb–5% Sb alloy were pasted and cured.

.2. Plates pre-treatment

In the present study we investigate the effect of plates soaking as
ell as plates heating prior formation on the phase compositions of

he paste before and after formation. For this purpose the following
xperiments were carried out:

-cured plates were placed in a battery cell box with 1.05 and
.20 s.g. H2SO4 solutions for a period of time varying from 0.25 to
4 h. The plates were taken out from the box, washed in running
ater and dried at 110 ◦C.

.3. Plates formation

Pre-treated plates of dimensions 124 mm × 134 mm × 1.8 mm
ere formed in 1.05 s.g. H2SO4 solution according to the following

chedule: 4 h 1.25 A; 10 h 1.6 A; 3h 1 A; 7 h 0.75 A.
The temperature was maintained at 30 ◦C. After complete oxida-

ion the plates were taken out of the box, washed in running water
or several hours to remove excess H2SO4 and dried at 110 ◦C.

.4. Investigations of the processes during plates soaking and
eating

To investigate the effect of the plates pre-treatment prior for-
ation on the phase compositions of cured and formed plates,

amples were taken close to the four corners and from the mid-
le portion of the plate and homogenized in a mortar. A part of
he material was removed from the grids and ground to pow-
er. This powder was placed in a glass flask and then set to
-ray diffraction, thermal and chemical analyses. The material
as characterized by XRD analysis using an APD-15 Philips 2134
iffractometer. The relative intensity of the X-ray characteristic
iffraction lines was adopted as a measure of the phase changes

n the paste and in the positive active material. It is defined as
he ratio of the ‘i’ phase characteristic reflection intensity and the
um of the intensities of the characteristic diffraction lines of all
hases.

Thermogravimetric analysis (TGA) is a technique, which mea-
ures the mass of substances as a function of temperature increase.
ifferential scanning calorimetry (DSC) is an analytical method by
hich the difference in energy inputs into a substance and a refer-

nce material is measured as a function of temperature, whilst the
ubstance and reference material are subjected to a controlled tem-
erature programme. These two techniques were used to measure
he water contents in the pastes and their corresponding energies of
ehydration. All tests were performed using instruments supplied
y Mettler Toledo: DSC 822e and TGA/SDTA 851e. All measure-
ents were carried out in Nitrogen atmosphere at a gas flow-rate of

0 cm3 min−1 for DSC and 50 cm3 min−1 for TGA at constant heat-
ng rate of 2 K min−1. The samples were dried at 60 ◦C to evaporate
he surface absorbed water. Pb and PbSO4 contents respectively in
he paste and in the positive active material were determined by
hemical analysis.

.5. Discharge capacity tests
Electrochemical investigations were performed on small pos-
tive electrodes cut from the formed plates. The electrodes were
ischarged at a constant cathodic current of −20 mA and the poten-
ial versus capacity was recorded using an Hg/Hg2SO4/saturated
2S04 reference electrode. Two large platinum foils were used as

F
a

Sources 191 (2009) 76–81 77

egative electrodes. All experiments were carried out at room tem-
erature in 1.28 s.g. H2SO4 solution.

. Results and discussions

.1. Changes in phase composition during plates soaking in
2SO4 solutions

XRD patterns of the different samples during plates soaking
n H2SO4 solutions were recorded. The following characteristic
eflections were used: d =3.12 Å for tetragonal PbO; d = 3.08 Å
or orthorhombic PbO; d = 3.26 Å for tribasic lead sulfate (3BS);
= 2.95 Å for Monobasic lead sulfate (1BS) and d = 3.00 Å for PbSO4.
he cured plate is initially composed of tetragonal and orthorhom-
ic PbO, 3BS and 1BS. In addition, a small quantity of metallic lead
as detected in the paste by chemical analysis.

Fig. 1 presents the changes in phase composition during plate
oaking in 1.05 s.g. H2SO4 (Fig. 1-a) and 1.20 s.g. H2SO4 (Fig. 1-b). In
cid medium, free PbO in its two forms and 3BS crystals are unsta-
ig. 1. Average phase composition of the pastes after soaking a) in 1.05 s.g. H2SO4,
nd b) in 1.20 s.g. H2SO4.
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Fig. 2. Changes in 3BS content in the pastes during plate soaking in H2SO4 solutions.

Fig. 3. TG curves of the pastes during plates soaking. a) in 1.05 s.g. H2SO4, and b) in
1.20 s.g. H2SO4.
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.2. Investigation of thermal behaviour of the pre-treated plates

Fig. 3 presents the weight losses of the plates previously soaked
n 1.05 (Fig. 3-a) and 1.20 s.g. H2SO4 (Fig. 3-b) as a function of
emperature. The cured plate shows two plateaus, the first one in
he range of temperature comprised between 25 and 330 ◦C corre-
ponding to the evaporation of water bonded in 3BS crystals, the
econd one appears for the temperatures higher than 330 ◦C relative
o the thermal decomposition of hydrocerussite. This compound is
result of a reaction between the paste and CO2 of the atmosphere
s our samples were not immediately analyzed. As far as the time of
oaking increases the weight loss decreases, the rate of decreasing
s important for the plates soaked in concentrated H2SO4 solution.
his is mainly due to the fast conversion of hydrated 3BS crystals
o anhydrous 1BS and PbSO4.

Fig. 4a and b presents the DTG curves giving the differen-
ial weight losses on temperature increase respectively for plates
oaked in 1.05 and 1.20 s.g. H2SO4. The DTG curve for the cured plate
eatures two characteristic peaks at 240 and 278 ◦C. These corre-

pond to two types of water bonding in the 3BS crystals present in
he paste. As the time of soaking increases, the characteristic peak of
BS decreases in intensity and progressively disappears after 24 h of
oaking in H2SO4. The decrease in peak intensity is more prominent

ig. 4. DTG curves of pastes during plates soaking. a) in 1.05 s.g. H2SO4, and b) in
.20 s.g. H2SO4.
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or samples soaked in concentrated H2SO4 solution. This indicates
hat 3BS particles are more affected by sulfation. The higher is the
oncentration of H2SO4 solution; the lower is the 3BS content in
he paste.

.3. Changes in H2O content in the paste and dehydration energy
uring plate soaking in H2SO4 solutions

Fig. 5 illustrates the average weight losses, obtained from TG
urves of Fig. 3, as a function of the soaking time in 1.05 or 1.20 s.g.
2SO4. When the plates are soaked in 1.05 s.g. H2SO4 solution, the
eight losses decrease with the increase of soaking time. This indi-

ates that in contact with H2SO4 solution hydrated 3BS crystals
ndergo chemical reaction to convert to 1BS and PbSO4. Conse-
uently less hydrated particles are present in the paste and a
ecrease in water content is recorded. In the case of samples soaked

n 1.20 s.g. H2SO4, the rate of 3BS conversion to 1BS and PbSO4 is
igher and an important decrease in weight loss is observed during
he first 4 h of soaking. The water content in the paste is less than
.55%.

Fig. 6a and b presents the DSC curves for the plates soaked in
.05 and 1.20 s.g. H2SO4. The characteristic endothermic peaks of
BS dehydration appear at 240 and 278 ◦C. A broad double peak
elative to hydrocerussite decarbonation is recorded between 350
nd 450 ◦C. As the time of soaking increases, the peak intensity
ecreases and almost disappears after 24 h of soaking. When the
lates are soaked in 1.20 s.g. H2SO4 solution the acid attack is higher
nd the conversion of 3BS to anhydrous particles is faster and con-
equently the paste is completely sulfated. Thus no endothermic
eak of 3BS dehydration is recorded after the first 4 h of soak-

ng.
Fig. 7 presents the dehydration energy as determined from

he DSC curves versus the soaking time. This was expressed in
oule per gram and calculated by integrating the surface area of
he endothermic peak that corresponds to 3BS decomposition.

hen the plates are soaked in 1.05 s.g. H2SO4 solution, the dehy-
ration energy decreases almost linearly with soaking time as
he conversion of 3BS crystals to 1BS and PbSO4 is progressive.

n contrast, when the plates are soaked in 1.20 s.g. H2SO4 solu-
ion, the dehydration energy decreases abruptly and reaches a
alue of 0.7% after 4 h of soaking in H2SO4 solution. This can be
xplained by the fact that when the concentration of acid increases

ig. 5. Changes in water content in the pastes during plates soaking in 1.05 and
.20 s.g. H2SO4.
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ig. 6. DSC curves of pastes during plates soaking a) in 1.05 s.g. H2SO4, and b) in
.20 s.g. H2SO4.
he rate of paste sulfation increases too and the paste becomes
otally anhydrous. Consequently, the process of paste dehydra-
ion is stopped and the value of dehydration energy is almost
ero.

ig. 7. Average dehydration energy of pastes soaked in 1.05 and 1.20 s.g. H2SO4.
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Fig. 9. XRD patterns of (1) PAM obtained by oxidation in 1.05 s.g. H2SO4 of cured
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capacity. The longer the soaking time in solution, the smaller is the
capacity of the PAM. In addition, the concentration of H2SO4 solu-
tion during soaking exerts stronger influence with comparison to
the time of soaking. This may be explained by the fact that plates
soaked in weak H2SO4 solution contain more �-PbO2 than those
ig. 8. average �-PbO2 content in PAM versus time of plates soaking in 1.05 and
.20 s.g. H2SO4.

.4. Changes in X-ray diffraction patterns of PAM phase
omposition

Fig. 8 represents the changes in phase composition of PAM on
oaking time in 1.05 and 1.20 s.g. H2SO4 solutions. The following
haracteristic reflections were used: d = 3.50 Å for tetragonal PbO2
nd d = 3.12 Å for orthorhombic PbO2. The starting material (PAM
btained by oxidation of cured plate) consists of a mixture of �-
nd �-PbO2. Chemical analysis data show the presence of small pro-
ortion of unconverted PbSO4. As the time of soaking increases the
mount of �-PbO2 decreases. The rate of decreasing is important
hen the concentration of H2SO4 is high. In contrast, the amount

f �-PbO2 in the PAM increases.
On comparing the curves in Figs. 2, 5, 7 and 8, we can deduce

hat all these curves present almost the same profile. They exhibit
espectively the quantity of 3BS in the paste, the water content in
he paste, the energy of dehydration and the amount of �-PbO2 in
he PAM as a function of time of soaking in 1.05 and 1.20 s.g. H2SO4
olutions. This means that the longer is the time of soaking, the
maller is the amount of 3BS crystals in the paste and consequently
he lower is the water content. In addition, lower is the average
nergy of dehydration and smaller is the quantity of �-PbO2 in the
AM. In concentrated H2SO4 solution, the decrease of 3BS and water
ontents as well as the energy of dehydration and �-PbO2 propor-
ion in the PAM is more pronounced. In the contrary, the longer is
he time of soaking, the higher is the quantity of PbSO4 particles in
he paste and consequently the higher the concentration of �-PbO2
s in the PAM.

According to the literature tribasic lead sulfate (3BS) is a compo-
ent that crystallizes in a triclinic system with one water molecule
ommonly written as 3PbO·PbSO4·H2O. Its DSC curve features two
ndothermic peaks respectively at 240 and 278 ◦C characteristic of
wo types of water bonding in the 3BS particles. In order to disclose
he contribution of water in the mechanism of 3BS conversion to
-PbO2, the following experiments were carried out:

cured plates were heated during 8 h at 250 and 330 ◦C respectively
and formed in 1.05 s.g. H2SO4.

cured plates were soaked during 18 h in 1.40 s.g. H2SO4 solution
and formed in 1.05 s.g. H2SO4.

Fig. 9 shows the XRD patterns of the different samples after for-
ation in 1.05 s.g. H2SO4. The positive active material obtained by
late. (2) PAM obtained by oxidation in 1.05 s.g. H2SO4 of cured plate heated at 250 ◦C.
3) PAM obtained by oxidation in 1.05 s.g. H2SO4 of cured plate heated at 330 ◦C. (4)
AM obtained by oxidation in 1.05 s.g. H2SO4 of cured plate soaked during 18 h in
.40 s.g. H2SO4.

xidation of cured plate is a mixture of � and �-PbO2. When the
aste is heated at 250 ◦C the corresponding XRD pattern shows a
ecrease in the intensity of the characteristic peak of �-PbO2. For
aste heated at 330 ◦C or long soaked in H2SO4 solution, �-PbO2
onstitutes the main phase of the PAM and the characteristic peak of
-PbO2 disappears completely. On the light of these considerations
e can deduce that the origin of �-PbO2 is 3BS crystals whereas �-

bO2 is the result of PbSO4 oxidation. In addition, structural water
onded in 3BS crystals plays an important role in the determination
f PAM phase composition in lead acid battery.

.5. Effect of soaking on the PAM capacity

Figs. 10 and 11 present the changes in PAM capacity versus time
f soaking in 1.05 and 1.20 s.g. H2SO4. It can be seen that soak-
ng time prior formation has a remarkable influence on the PAM
Fig. 10. Changes in PAM capacity versus time of soaking in 1.05 s.g. H2SO4.
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Fig. 11. Changes in PAM capacity versus time of soaking in 1.20 s.g. H2SO4.

oaked in strong H2SO4 solution, consequently their initial capac-
ty is higher and exhibit longer cycle life. These results are in good
greement with the data published by Pavlov et al. [19].

. Conclusions

Paste prepared by mixing leady oxide with sulfuric acid solution
eads to the formation of basic lead sulfates. The nature of the basic
ulfate obtained depends on the amount of H2SO4 with respect to
hat of leady oxide. Up to 5%, 3BS is the major phase that constitutes
he paste. In the present work, the plates were placed in a cell box in
.05 and 1.20 s.g. H2SO4 solutions prior formation to investigate the

rocesses that take place during paste soaking. It has been estab-

ished that 3BS and PbO are unstable; in contact with H2SO4 they
ndergo an acid base reaction to form 1BS and PbSO4. The process
f sulfation is greatly influenced by the concentration of H2SO4 and
he phase composition of the paste. During soaking, the proportion

[
[
[
[
[
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f 3BS in the paste decreases and converts to anhydrous lead com-
onents. The thermal decomposition of the paste shows a decrease

n the quantity of structural water and dehydration energy.
t high concentration of H2SO4, the plate sulfation process is
ccelerated.

On forming, the different phases present in the paste convert
o PbO2 with different proportions of � and � -PbO2. The former
s a result of PbSO4 conversion in the acid zones of the paste. The
ater originates from 3BS particles in the alkaline zones of the paste.
he capacity and cycle life of PAM decrease with soaking time, the
oncentration of the H2SO4 solution during soaking exerts stronger
nfluence than the duration of soaking.

These experimental findings should be taken into account in the
echnology of lead-acid battery manufacture, as the plate soaking
n H2SO4 solutions prior formation greatly affects the PAM phase
omposition and determines the capacity and power performance
f the battery.
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