How is power generated in the lead acid accumulator cell and what are

the implications for its wide spread use?

Introduction:

Most people know the lead acid battery simply as a car battery. The lead acid battery is the most
widely used type of storage cell. They are relatively cheap, provide high current, and have a long
lifetime. Each year over 100 million are manufactured around the world and there are well over

five million currently in use across Australia®.

A device that converts chemical energy into electrical energy is known as an electrochemical cell
or a galvanic cell. Reactions that occur in electrochemical cells or when chemicals are directly

mixed are described as naturally occurring spontaneous redox reactions’.

In investigating the way in which power is generated in this type of cell the following key ideas

will be addressed;

e Galvanic cells as a source of electrical energy; the transformation of energy in secondary
cells, the recharging process in a secondary cell, and

e The electrochemical series and its use in predicting redox reactions in galvanic cells,

limitations of these predictions.

In addtion, the chemical concepts of;
e energy and
e chemical reactions

will be addressed.

! Commons. C., “Chemistry Two”. 2nd Ed. Reed International Books. Australia. 1994. p.218
20pcit 1., p. 215
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The Lead Acid Battery.

The modern lead acid battery consists of six separate cells connected together in series. Each cell
contains three positive electrodes sandwiched between four negative electrodes. A solution of
approximently 4M sulfuric acid, H,SO,, acts as the electrolyte. Contact between the electrode, is

prevented by the presence of porous seperators®.

Electrode Reactions:

Anode:  The anode consists of a lead grid packed with powdered lead. Lead is oxidized to Pb*
ions. There ions combine with sulfate ions from the electrolyte to form a coating of
insoluble lead(ll) sulfate on the electrode. The oxidation number of lead increases
from 0 to +2. Electrons are produced in this oxidation half-reaction, thus causing the

anode to be negative.

Pb(s) + SO.z(ag) — PbSO.(s) + 2e- E’/(V) -0.356"

Cathode: The cathode consists of a lead grid packed with lead(IV) oxide, PbO,. Lead(IV) oxide
is reduced to Pb* ions. The Pb* ions combine with sulfate ions to form the insoluble
compound lead(ll) sulfate on the cathode The oxidation number of lead is decreased

from +4 to +2. The electrons which are produced at the anode are consumed in this

reduction half-reaction, thus the cathode is positive.

PbO,(s) + SO.#(aq) + 4H*(aq) + 2e- —> PbSO.(s) + 2H,0(l) E’/(V) +1.685°

The overall equation for the discharge reaction of the battery is:

Pb(s) + PbSO.(s) + 4H*(aq) + 2S0.*(aq) — 2PbSO.(s) + 2H,0(1)

3 -

Opcitl., p. 218
* Smith A., “Key Chemistry. Book 2: Energy, Matter and the Market Place”. Melbourne University Press.
Australia. 1992. p.391
® Op cit 4., p.391
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As the lead acid battery is operating a spontaneous redox reaction occurs. Hence, when the lead
acid battery is operating, the oxidant having the higher redox potential, (PbO,(s) in the presence
of SO2Z(ag) and H+*(aq) ions) reacts spontaneously with the reductant having the lower redox
potential (Pb(s) in the presence of SO.*(aq) ions). As the reaction proceeds the amount of
chemical energy in ths system decreases and the amount of electrical energy increases®. The
missing chemical potential energy is converted into electrical energy. If the reactants in the above
reaction were allowed to mix directly in a beaker or a test tube, then an exothermic reaction
would occur. In this instance the missing chemical potential energy would be converted directly
to thermal energy and be dissappated to the surroundings. Hence the temperature of the product

would increase.

E° values allow us to predict a reaction , and the associated cell potential difference, but they do
not tell us how fast that reaction will occur. The only true test is to set up the required reaction,
because E° values tell us nothing about the rate at which reaction occurs’. The theoritical electro-
motive force (emf) of a single cell can be calculated using the rule:
emf = E°(oxidant) - E°(reductant)

=+1.685V - (-0.356V)

=+2.041V

This theoretical voltage is very close to the actual voltage obtained from a cell which is
functioning normally. Therefore, despite its limitations, the electrochemical series can give an

accurate indication of the cell emf even when the cell is not operating under standard conditions.

Recharging the Lead Acid Battery:

A primary cell, such as the dry cell or alkaline cell cannot be recharged. This is because the
products of the discharge reaction slowly migrate away from the electrodes and are consumed by
side reactions occurring in the cell. Hence, when the cells are flat they must be discarded and new

ones purchased.

® Op cit 4., p.370
"Opcit 4., p.384
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The lead acid battery is a secondary cell. This type of cell can be recharged because the products
of the discharge reaction, in this case, lead(ll) sulfate, remain in contact with the electrodes in a
convertible form. To recharge the battery the products of the discharge reaction must be
converted back into the original reactants. This is made possible in a motor vehicle by using an
alternater with a potential differance of approximently 14V®. The recharger must be capable of
producing a voltage at least as high as the battery which it has to recharge. The charger must be
able to overcome the forward discharge reaction and to overcome internal cell resistance. During

recharging the cell becomes an electrolysis.

The electrode which functioned as the negative anode when the cell was discharging, becomes
the negative cathode as the cell is recharged, see Figure 1. Electrons are supplied to this electrode
by the negative terminal of an external voltage source to reduce lead(ll) sulfate to lead and sulfate
ion.

PbSO.(s) + 2e- — Pb(s) + SO (aq)

The electrode which fuctioned as the positive cathode when the cell was discharging becomes the

positive terminal of the external voltage source to oxidise lead(ll) sulfate to lead(IV) oxide,

sulfate ions and hydrogen ions.

PbSO.(s) + 2H.0(I) = PbO,(s) + SO.(aq) + 4H(aq) + 2e-

The overall equation for the recharge reaction is the reverse of the equation for the discharge

reactions.

2PbS0O,(s) + 2H,0(I) = PbO,(s) + Ph(s) + SO.*(aq) + 4H*(aq)

8 Opcit 1., p.219
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As the battery is being recharged a non-spontaneous redox reaction is occurring. As this type of
reaction proceeds, the amount of electrical energy in the system decreases and the amount of
chemical energy increases’. In the recharge reaction electrical energy is converted into chemical

potential energy.

° Op cit 4., p.370
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During recharging of a conventional lead acid battery the electrolysis does not go with 100%
efficiency. Some of the external energy supplied simply goes into electrolysing the aqueous
sulfuric acid solution. Perusal of the excerpt from the electrochemical series, see Table 1 which
shows that H,O(l) is a stronger reductant than PbSO.(s). Therefore, it isnot possible to prevent the
oxidation of some H,O(l) to form O,(g) and H.(aq) during recharging.

2H20(1l) — O,(g) + 4H*(aq) + 4e-

Table 1%°
Oxidant Reducant E%(V)

PbO,(s) + SO.#(aq) + 2e- — PhSO,(s) + 2H,0() ~ +1.685

0.(g) + 4H'(aq) +4e- — 2H,0(1) +1.234
2H"(aq) + 2e- —> H.(9) 0.000
PbSO.(s) + 2e- — Pb(s) + SO.,*(aq) -0.356

Perusal of Table 1 also reveals that H*(aq) is a stronger oxidant that PbSQO.,(s). Their E°® values are

0.000 and -0.356 volts respectively. Hence, during recharging it is not possible to prevent the

reduction of some H*(aq) to H,(g) at the cathode.

2H*(aq) + 2e- — H,(q)

Thus the overall equation for the unwanted side reaction is-

2H,0(l) = 2H.(g) + O4(9)

Therefore a conventional lead acid battery which is being recharged can be a potential fire hazard

because hydrogen is highly flammable.

Y Opcit4., p.383
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Implications:

Technological

The lead acid battery, with its ability to deliver high current for a short time and its ease of
recharging between uses, is well suited for starting the engines of cars. Car batteries are

exclusively the lead acid type.

As a standing power source, eg for telecommunications, the lead acid battery still reigns supreme.
Such batteries have long been used as power source in many remote areas of Australia. The
CSIRO Division of Mineral Products has recently developed a remote area power-supply (RAPS)
system using ‘renewable’ solar and/or wind energy for charging the batteries. Many isolated
homesteads and communities benefit from this more economical, reliable and environmentally

acceptable supply.™

Recent modifications and improvements to the lead acid battery have enabled reductions to be

made in its size and mass. In additions its power output and reliablity have been improved.*

A major advance has been achieved with the successful development of the valve regulated
battery (VRB). The valve in this ‘sealed’ battery releases excess gas, so preventing the risk of
explosion from serious misuse. With the VRB topping up to replace water lost by electrolysis
during charging is not necessary since an oxygen-recombination cycle regenerates the water. The
oxygen, formed at the anode passes via channels in the electrolyte to the cathode where, in the
presence of excess lead, it forms water. This makes the battery almost maintenance free - a huge
advantage for many applications, especially in unattended remote area sites. The safety
advantages include lack of acid mist and leakage of liquid or inflammable gas. Because these
features have obviated the risk of fire during recharging, VRB’s can be installed immediately

adjacent to electrical and electronic equipment.*®

1 Opcit4., p.391
20pcit 1., p.220
B Opcit 4., p.393
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Environmental

When the electrolyte for the lead acid battery, H,SO.(aq) is being produced, some sulfur dioxide

gas, is released into the atmosphere. It is important that when the electrolyte is being produced

that sulfur dioxide emissions are minimized, as this gas, when in the atmosphere is a source of

acid rain.

Sulfur dioxide when released into the air can react with water to form sulfurous acid;

SO,(g) + H,O(l) = H,SO,(aq)

Sulfurous acid is a weak, diprotic acid:

H,SO,(aq) + H.O(l) < H,0*(aq) + HSO,-(aq)

HSOs(aq) + H.O(l) < H;0*(aq) + SO#(aq)

Sulfur dioxide may be further oxidized by oxygen in the air to form sulfur trioxide gas;

2S0,(g) + 0(g) — 2S04(g)

SO,(9g), can in turn react with water to form sulfuric acid;

SO.(g) + H,O(l) = H,SO.(aq)

Sulfuric acid is a strong diprotic:

H,SO4(aq) + H.O(l) - H,0*(aq) + HSO.(aq)

HSO,(aq) + H,O(l) < H,0*(aq) + SO.2(aq)

Acid rain can cause damage to both living and non-living matter, eg;
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i) The rate of metal corrosion is increased (redox reaction);

2H:(aq) + Zn(s) — Zn*(aq) + H(9)
ii) The durability of paint films is lessened,;

iii) Marble, limestone and mortar are eroded by an acid-base reaction;

CaCOs(s) + 2H*(aq) — Ca*(aq) + H,O(l) + CO,(g)
iv) Vegetation, particularly in forest areas, can be damaged or destroyed by acid rain.

It is vital that lead acid batteries be disposed of carefully because the lead used in the electrodes is
highly toxic. Children are especially vunerable to lead poisoning, even at low levels of exposure.
Hence, it is important that children not be allowed to play on any ground where old batteries may
have been discarded or buried. Psychological tests have shown that children with an average
blood-lead concentration of 32ug 100 cm? scored about 7% lower on general cognition test then
thosewith a blood-lead concentration of 10ng 100 cm=*«, Lead is also a valuable commaodity.
In fact it is our most recycled metal. Fortunately, about 90% of old lead-acid batteries are

recycled in Australia and efforts are currently under way to increase this number™.

Conclusion:

The lead acid battery is the most widely used type of storage cell. It is an electrochemical cell
which converts chemical energy into electrical energy. During discharge of the cell a spontaneous
redox reaction occurs in which electrons flow from the negative anode through the external
circuit to the positive cathode. The anode consists of lead, while the cathode consists of lead(1V)

oxide and a sulfuric acid electrolyte is used

Although there are limitations with using the electrochemical series it can still be used to predict

the EMF of the discharge reaction and side reactions during recharge (electrolysis of H,0).

“ Ecos 71, Autumn 1992, Wright B. pp. 25-27
15 Save H.R., Industry Proposals for Handling Problem Wastes: Lead Acid Batteries, Australian Refined
Alloys Pty. Ltd.
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Because the product of the discharge reaction remain in contact with the electrodes, the lead acid
accumulator can be recharged by reversing the discharge reaction. This is achieved by applying
an external voltage source with an EMF greater then 12V, thus electrical energy is converted into

chemical potential energy.

Environmental implications associated with the widespread use of the lead acid battery include:
¢ The emission of lead particles during mining and smelting operations which are necessary in
order to produce the electrodes.

» The emissions of sulfur dioxide gas into the atmosphere during the production of sulfuric acid

Because of recent technological advances many socially beneficial uses have been found for the

lead acid battery, especially in remote areas.

Evaluation of Information:

All the information used to compile this report was less the fifteen years old. Some sources gave a

slightly different version of the anode and cathode reactions, ie.

Cathode: PbO,(s) + 3H+(aq) + HSO, (ag) + 2e” — PbSO,(s) + 2H,0(1)
Anode: Pb(s) + HSO, (ag) — PbSO,(s) + H+(aq) +2e
Overall: Pb(s) + PbO,(s) +2H+(aq)+ 2HSO, (ag) — 2PbSO,(s) + 2H,0(l)

However, as this overall equation is the same as that already used this existence of these

differences will have not change the conclusion in any way.

Had specific quantitative information on the emission of lead particles and sulfur dioxide gas into
the environment, been available then it may have been possible to draw a different conclusion on

the value of the lead acid battery to the community.
Total Words: 1986
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