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ABSTRACT

The adsorption of somecations on MnO; is to improve the life span of the leclanche’
cell which is only 300 seconds on a non-stop operation of an appliance using
Leclanche cell as battery. The effect of concentration and temperature of nitrate
solutions of sodium, calcium, lead and magnesium ions on manganese dioxide (MnO,)
was investigated by potentiometric titration method such that when used on battery the
life span of Leclanche cell (battery) was increased. Therefore, quadratic models
describing the adsorption process of these cations on MnO;, were developed by
factorial analysis and further optimized using Minitab standard software. Previous
works were based on linear model and could not be optimized. The concentrations of
these solutions were varied from 1M to 0.001M at two different temperatures; 30 and
50 °C. The experiments were performed based on the factorial design techniques in
order to enhance determination of the surface response analysis of the relationship
between the surface charge (E,) of manganese dioxide (MnO;), and two factors;
concentration (X4) and temperature (X;). Line response (pH — volume) plots of the
cations solutions were made to calculate the change in volume (AV) at different pH
using the Kokarev formula of adsorption. The AV was used to calculate the electric
surface charge which serves as input for factorial analysis.

Furthermore, the test for significance of individual cations shows Sodium, Calcium
and Magnesium ions data were significant and Lead was not. The second order
model equations describing the process were developed, further reduced, then fitted
for optimization. Optimization using Minitab software showed that the highest
surface charge with the adsorption of sodium, calcium and magnesium ions were
obtained when the electrolyte concentration is set to 0.75M at 30°C, 0.85M at 40°C
and 0.5M at 47°C respectively. These gave corresponding surface charge, electric
current density and potentials of 1.25 C/m? 1.50 C/m? and 1.80 C/m? 4.5A/m?,
5.4A/m? 6.5A/m? and 2400mV, 2180mV, 2300mV respectively. The lifespan of
conventional Leclanche’ cell free of adsorbed cations is 300seconds. The result
gives 480s, 575s, and 690s corresponding to 60%, 92% and 130% increase in life
span for cells incorporating sodium, calcium and magnesium ions respectively.
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CHAPTER 1
1.0 INTRODUCTION

As human activities extend beyond the span between sun rise and sun set, the needs to provide
lighting in dark areas and at night or even for provision of handy power sources are achieved in
electric cells commercially known as batteries. Millions of batteries are made annually for use in
torch lights, bicycle lambs, clocks, walkie - talkie, radio receiver sets e.t.c. One of the simple cells
earlier produced and in use today is the leclanche’ dry cell. It consists of a zinc negative pole, a
carbon positive pole and a depolarizer of manganese dioxide (MnO;) powder (in mixed form with
powdered carbon) a good conductor, to lower the internal resistance of the cell, and a solution of

Sal ammoniac or ammonium chloride, NH4CI.

This work is therefore geared towards finding the optimum condition for the successful
adsorption of some cations on manganese dioxide. Therefore some cations of alkaline
group, transition group and alkaline earth are selected for the study. These are Sodium,
Calcium, Lead and Magnesium. Theoretically, factors such as concentration of the elements,

temperature of reaction, degree of agitation, contact time of reactants as well as the mass of
the adsorbents are believed to influence the reaction.

Therefore this experiment selected concentration and temperature as factors to be varied while
keeping the others constant in a potentiometric titration experiment. The data obtained are then
used to generate model equations of the adsorption process by factorial analysis method for
second order equation. The data obtained are optimized by the use of Minitab computer software.

1.1 Background
The modem dry cell is based primarily on the one invented by GEORGES LECLANCHE' in
1886. Leclanche’ cells are in declining use today. Although cheap to manufacture and
purchase, they suffer from a number of limitations:

- They are not suitable for high-drain applications (such as driven electrical motors) as they
readily polarize and the available capacity falls sharply with increased charged rate.

- Their shelf life is not especially long

- The optimum temperature range of operation is 20 - 50°C (outside of this temperature
range the performance deteriorates markedly)
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Leclanche’ cells are best suited to low drain intermittent use, with rest periods for recuperation
(depolarization) to take place, and for use within 1-2 years. When used non-stop the life expires
in 300 seconds. A good example is domestic flash-lamb battery. They may also be used in low-
drain applications, such as door-chime or as smoke detectors, but then their relatively short

operational life becomes a nuisance as they require periodic replacement.

Previous works had successfully adsorbed a number of ions on MnO; to improve the life

span of the leclanche’ cell but these attempts could not be optimized because of the linear
models used, three dimensional plots, obtained were flat. Hence, this project is designed to
adsorb some cations and selected from the studies a quadratic model since linear model could
not be optimized. This work is intended to investigate the possible means of improving the
usage Life of the primary cell, by carrying out optimization of the selected quadratic model

equations of the adsorption process.

Aim
This project work is directed towards improving the efficiency of the cell (battery) by
increasing its’ usage period. This will enhance the technology, increase the consumers’

economy and above all reduce disposal of spent battery which litters the environment.

Objectives

This work is set objectively to investigate the possibility of improving the service life of leclanche’

dry cell by

Adsorbing some cations on Manganese dioxide (MnQ,) by potentiometric analysis; uni-factor
approach.

Calculating the electric surface charge of Manganese dioxide (depolarizer) as a function of
adsorption and number of ions.

Using statistical method (Factorial analysis) to formulate a suitable model equation based on the
empirical data obtained; factorial interaction or randomized experiments.

Using suitable computer software to solve the models and further optimize them.

Compare the electric surface obtained at the optimum conditions to the normal life rating of the
cell to estimate the change in charge time.



}

Justification
As the electric surface charge (E,) of the depolarizer (MnO;), measured in coulombs, is a

function of the adsorption (8) and the number of ions (n). Potentiometric method was used to
determine PH values of variable concentrations of cations on manganese dioxide
(MnQO,).Thereafter, the variations in volume of titrant and PH values were plotted to find change
in volume(Av). Adsorption (8) was then obtained as a function of the change in volume,
concentration(C) of sodium nitrate (NaNO3) and surface area(S) using equation 1.2 above. The
Electronic surface charge (E,) was then calculated from equation 1.1 where n is the number of
ions and F represents the Faraday constant; 96500 coulombs.(Stephen, K.L, 2004) The data
obtained from the potentiometric titration served as the input for the calculation of the surface

charge.

These are then fitted for optimization. Optimization using Minitab software showed that the
highest surface charge with the adsorption of sodium, calcium and magnesium ions are obtained
when the electrolyte concentration is set to 0.75M at 40°C, 0.85M at 40°C and 0.5M at 47°C
respectively. These gave corresponding surface charge, electric current density and potentials of
1.25 C/m? 1.50 C/m? and 1.80 C/m? 4.5A/m? 5.4A/m? 6.48A/m® and 4500mV, 5400mV,
6480mV respectively.

A simple comparison of the usage life of conventional leclanche’ cell free of adsorbed cations of
300seconds to the leclanche’ cell with adsorbed cations gives, 480sec., 560sec., and 400sec
respectively, thus higher life span.
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CHAPTER 2
2.0 LITERATURE SURVEY

2.1 Battery/ Primary Cell

One of the oldest and most important applications of electrochemistry is the storage and
conversion of energy. Galvanic cell converts chemical energy to work. Similarly, electrolytic cell
converts electrical energy into chemical free energy. Devices that carry out these conversions
are called Batteries. In ordinary batteries the chemical components are contained within the
device itself*. If the reactants are supplied from an external source as they are consumed, the

device is called fuel cell.

The term battery derives from the older use of this word to describe physical attack or beating.
Benjamin Franklin, a prominent American scientist of 18" century, first applied the term to the
electrical shocks that could be produced by an array of charged glass plates. In common usage,
the term ‘cell’ is often used in place of battery. (Stephen K.L, 2004)

Over the past 50 years the applications for small batteries in the home (consumer batteries)
have expanded phenomenally. Today small primary or rechargeable batteries are employed in
huge number of appliances. With these applications which have developed over the past few
decades, the market for consumer batteries has grown correspondingly. Many batteries are in
used today because of advance design and construction, giving greatly improved performance
as a result of developments in material science and technology.

Consumer Batteries

Most primary cells are of the leclanche’ type in which the zinc negative electrode was in the form
of a metal can which acted as the container for the other cell components. There is a central
carbon rod that is surrounded by a mixture of crude manganese dioxide (MnO;) (often the
mineral pyrolusite) and carbon powders, intimately mixed together. The function of the carbon
powder is to increase conductivity of the positive active mass and so to reduce the internal
resistance of the cell. The electrolyte, an aqueous solution of ammonium chloride and zinc
chloride, is absorbed into the pores of a paste type separator (eg. Starch) and the manganese
dioxide (MnO_)/ carbon mixture, and for this reason those cells became known as ‘dry cells’. The
cells had a seal and vent at their upper and a non-conducting board cap which served to insulate
the positive carbon rod from the negative zinc can. Finally, the zinc can was surrounded by a
cardboard jacket, on which the manufacturers name and information were printed. Some



improvements have been made over the years in the design and materials of construction of
leclanche’ cell. The metallurgy of the can has been improved through alloying additions to facility
deep drawing. Bother designs of seals have been developed. The use of mercury to increase the
over potential for hydrogen evolution at the zinc electrode has been largely phased out for
environmental reasons. The card-board jacket is now replaced by a steel container coated with
polymer and a polyester film label. This steel outer case is insulated from the zinc can. The
insulating cell cap is made of a hard polymer rather than board. There improvements greatly
reduce the tendency of the cells to leak electrolyte when fully discharged which used to be a
serious problem. (R.M.Dell, 2000)

Electrolysis & Electrolytic Dissociation in Batteries

The study of current electricity began in 1790, when GALVANI noticed the twitching of a frog's
leg as it lay between two metals. He mentioned the observations to his friend, VOLTA, who
made many experiments on the phenomenon, which he recognized as an electric one, he
succeeded in making the first battery, a device which can maintain two points at difference of
potential for a considerable time. This opened up an entirely new advance in the study of
electricity, and enable scientists at the beginning of the nineteenth century to begin

investigations into the continuous flow of electricity thorough metals and liquids.

In 1834 Faraday began to investigate this behavior of liquid conductors, such as acids and salts
solution, the study of the flow of electricity through liquids in called electrolysis, and the liquids
are called electrolyte. Some liquids do not conduct an electric current but when an acid, a base,
or a salt is dissolved in water, the solution is usually a good conductor. The two materials which
lead the current into and out of the liquid are known as electrodes. The electrode through which
the conventional current leaves the solutions is known as the cathode, while the electrodes in
which the current enters the solution in known as the Anode. And the system consisting of the
electrodes and electrolyte is known as voltmeter.

In 1887 ARRHENIUS suggested that the molecules of electrolytes were dissociated into
particles each carrying a charge, which he called ions, and all the experimental evidence
available agree with the theory, which was therefore accepted.

A molecule of sulphuric acid (Hz SO,) in solution dissociates into 2 hydrogen ions (made up of 2
atoms of hydrogen H, each carrying a positive charge numerically equal to the charge on an
election e), and a sulphate ion (made up of one atom of sulphur-5 and four atoms of oxygen, ie,
SO, carrying a negative charge equal to double that on an electron). The total charge on the
two ions is thus zero, and hence no electrical shocks are experienced on dipping one’s finger



into dilute sulphuric acid solution.

H,SO = 2H' + SO4% BRI -

Similarly, capper sulphate molecule dissociates in solution into a copper ion carrying a positive
charge double that as a hydrogen ion, and a sulphate ion carrying an equal negative charge.

R T e W o AN e S SN P e R T 2.2

Water also dissociates, but to a slight degree, and hydrogen and hydroxyl ions are obtained in

dilute sulphuric acid or copper sulphate solutions. Thus,
HO = H' + OH s i

The ions is electrolyte are moving about haphazardly is the solution and making frequent
collisions; on the whole, there is no general movement of the ions in any one direction. When,
however, a battery is connected to the electrodes, a potential difference is set up across the
electrolyte, and as we have seen with electrons in the case of metals, the ions with a negative
charge begin to drift across the liquid towards the anode. At the some time, the ions with a
positive charge drift in the opposite direction towards the cathode. If the battery is disconnected
the drift of electricity between the plates ceases, the ions once again have a completely random

motion.

Electrons are the particles which carry the electric current through metals, and are a very small
fraction of the total weight of the atoms. (Stephen K.L, 2004)

Polarization, Resistance Effect and local Action of Battery

When a cell/battery electrodes are joined with a wire or conductor current flows. But after a short
time the current in the simple cell/battery aimost ceases. Experiment showed that this is primarily
due to the hydrogen (Hz) produced at the cupper plate. Hydrogen and zinc are dissimilar
elements, and they produce an e.m.f. in the acid which is opposite to that set up between the
copper (Cu) and zinc (Zn) plates, with the result that the net charge inside the cell soon becomes
very small. This phenomena is termed ‘polarization. Besides the effect of polarization, the
current maintained by a simple cell drops to a low value because the layer of hydrogen gas (Hz)
on the cupper plate acts as an insulator, and causes a fairly large increase in the resistance
between the plates of the cell. Another disadvantage of the cell arises from the impurities, such
as iron (Fe) present in commercial zinc. These forms tiny cells with the zinc (Zn) and cause it to
be used up even when no circuit is completed between the copper and the zinc plates. This
phenomena is known as Local Action. It is eliminated by rubbing the zinc with mercury (Hg),

which covers the impurities and prevent them from making contact with the zinc and Acid,



however, with pure zinc there is no chemical action when no circuit is completed between the

plates.

The Leclanche’ Cell

Leclanche’ wet type battery

The wet leclanche’ cell is shown in Figure 2.1. It consist of
a zinc negative pole

a carbon positive pole

a Depolarizer of manganese dioxide (MnO_) powder (mixed with powdered carbon, which is a
good conductor, to lower the internal resistance of the cells)

a solution of sal ammoniac, or ammonium chloride (NH*CL).

The zinc rod is deeped inside the solution of sal ammoniac or ammonium chloride, which is
contained in a glass vessel, and the depolarizer, MnO;, is packed round the carbon rod in a
porous pot. (see figure below).

When the carbon and zinc are joined by wire, electrons flow in the wire from the zinc to the
carbon. Inside the cell, therefore, the negative chloride ions of the ammonium chloride, NH4 CL,
solution move towards the zinc, and from zinc chloride which goes into solution. The ammonium
ions (NH4 ") drift toward carbon pole through the porous pot, and hydrogen is formed at this pole.
The net chemical reaction can be represented by the equation.

Zn +2NH,CL = Zn (NH;3).CL; + H; S &
The manganese dioxide then attacks the hydrogen, oxidizing it to water
H, + 2MnO; = HO + Mn0Os3 S el b

A harmless substance, MnO; is thus produced at the carbon pole by the chemical action, but
after a short time the hydrogen is produced too fast for the manganese dioxide, MnO,, to cope
with it, and the cell then polarizes.

This is the defect of leclanche’ cell. Nevertheless, it is used in house hold devices and in other
cases where a current is required only intermittently. The e.m.f of leclanche cell is originally
about 1.5 volts, and the internal resistance is originally of the order of 10 ohms or more.
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Figure 2.1: The leclanche’ cell (wet type)(Kenneth, 1956)

.2 Leclanche’ dry type battery

The leclanche’ wet cell is inconvenient to carry about owing to the solution of ammonium
chloride used. This disadvantage is overcomed by making a paste of ammonium chloride, flour,
and gum. Figure 2.2 illustrates the comparatively ‘Dry Cell’ manufactured commercially for use in
torches and as high tension and grid bias batteries.

In a high tension battery of 120 volts there are 80 cells connected together to assist each other,

in series, each having an e.m.f. of about 1.5 volts.

The dry cell has a zinc container with ammonium chloride paste inside it. The carbon rod and
manganese dioxide with powdered carbon are contained in a muslin bag separated from the zinc
by cardboard. The cell has a lower intemnal resistance than the wet type owing to the closer
spacing of the electrodes, but the e.m.f is exactly the same as the wet type as this depends only
on the nature of the chemicals used.

When the battery is used in a torch, the positive (carbon) pole is in electrical contact with the
lower end of the bulb, to which one end of the Bulb is connected. The other end of the filament is
connected to the metal casing of the bulb. The negative (Zinc) pole of the battery is in contact
with bottom of the metal torch case, and when the switch is pressed, contact is made between
the case and the metal casing of the bulb, thus causing the filament to light up. The depolarizing
action in the dry cell is batter than in the wet cell; a cycle-lamb, for example, will burn for two
hours with a dry battery supplying the current. (Brant V, 1976)
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Physical Limitation of a Leclanche’ Cell Performance
The most important of these are

Effective surface area of the electrode:- A 1cm? sheet of polished metal presents far less active
surface than does one that contains numerous surface projections or pores. All useful batteries

and fuel cell employ highly porous electrodes.

Current density of electrode surface:- Expressed in amperes/ M2 this is essentially a measure of
the catalytic ability of the electrode, that is, ability to reduce the activation energy of the electron

transfer process.
Rate at which electro-active components can be delivered or depart from active election surface.

These processes are controlled by thermal diffusion and are inhibited by the way narrow pores
that are needed to produce the large active surface.

Side reactions and irreversible processes.

The products of the discharge reactions may tend to react with the charge — storing components.
Thermal diffusion can also cause self-discharge, limiting the staff-life of the battery. Recharging
of some storage batteries may lead to formation of less active modifications of solid phases, thus
reducing the number of the charge/discharge cycles possible. Clearly, these are all primarily
kinetic and mechanistic factors which require great deal of experimentations to understand and
optimize from a region of higher concentration to one of lower concentration. The diving force for

this process is the free energy change DG associated with the concentration gradient (C,-C),



sometimes known as the free energy of dilution

AG dilution = RT in (C?/C") MG,

Note, however, that Cu?* ions need not physically move between the two compartments;
electron flow through the external circuit creates a virtual flow, as copper ions are created in the

low concentration side and discharged at the opposite electrode.(Stephen K.L, 2004)

2.7 Thermodynamics of Leclanche’ Cells.

The free-energy charge for a process represents the maximum amount of non-PV work that can
be extracted from it. In the case of an electrochemical cell, this work is due to the flow of
elections through the potential difference between the two electrodes. Note, however, when that
the rate of electron flow (i.e the current) increases, the potential difference unit decreases, then
full amount of work can be realized only if the cell operates at an infinitesimal rate. The total
amount of energy a reaction can supply under-standard conditions at constant pressure and
temperature is give by AH®. If the reaction takes place by combing the reactants directly (no cell)
or in a short —circuited cell, no work is done and the heat released is diminished by the amount

of electrical work done.
In the limit of reversible operation, the heat released becomes.

AH = AG® + TAS Kbl B

Analytical Application of the Nernst Equation

A very large part of chemistry is concerned, either directly or indirectly, with determining the
concentrations of ions in solution. Any method that can accomplish such measurements using
relatively simple physical techniques is bound to be widely exploited. Cell potentials are fairly
easy to measure, and although the Nernst equation relates them to ionic activities rather than to
concentrations, the difference between them becomes negligible in solution where the total ionic
concentration in less than about 10 M.

Potentiometric Titrations

Potentiometric titrations provide accurate determination of ions concentrations in which direct
measurement is impossible. It is often possible to determine the ion indirectly by titration with

some other ion. For example, the initial concentration of an ion such as Fe?* can be found by

10



titrating with a strong oxidizing agent such as Ce?*. The titration is carried out in one side of the

cell whose other half is a reference electrode:

Pi(s) | Fe**, Fe*" || reference electode ... 2.8
Initially the left cell contains only Fe?". As the titrant is added, the ferrous ion

is oxidized to Fe" in a reaction that is virtually complete;

Fe?* +Ce* —2+ Fe** +Ce” s i 2

The cell potential is followed as the Fe?" is added in small increments. Once the first drop of
titrant has been added, the potential of the left cell is controlled by the ratio of oxidized and

reduced iron [Fe] according to the Nernst equation.
E = 0.68 — 0.059 log {Fe*'/Fe?*} L T )

When the equivalence point is reached, the Fe?* will have been totally consumed (the large
equilibrium constant ensures that this will be so), and the potential will then be controlled by the
concentration ratio of Ce®'/ Ce*". The idea is that both the species of a redox couple must be
present in reasonable concentration for a concentration to control the potential of this kind.
(Stephen K.L, 2004).

2.10 Development Models for Optimization

Optimization is being defined as the use of specific methods to determine the most cost-effective
and efficient solution to a problem or design for a process. It is a technique used as a major
quantitative tool in industrial decision making. Because the solution of optimization problem
involves features of mathematics, the formation of an optimization problem must use
mathematical expressions.

Such expressions do not necessarily need to be very complex. To organize the problem, we
must consider

(a) the model representing the process and

(b) choose a suitable objective criterium to guide the decision making.
Every optimization problem contains three essential categories

i- At least one objective function (profit, cost etc.)

ii- Equality constraints (equations)

iii- Inequality constraints (inequalities)

where ii ant iii constitute the model of the process or equipment, whereas category (i) is
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sometimes called the economic model. So, the feasible solution of an optimization problem is a
set of variables that satisfy categories ii and iii to the desired degree of precision. The problem
process model is underdetermine if there are more process variables whose values are unknown
(N >0) in category ii than there are independent equations i.e the model has an infinite number

of feasible solutions, so at least one variable can be optimized. (Degree of freedom = Nf)

2.10.1 Classification of models

Models are classified into two general categories

i- Those based on physical theory

ii- Those based on strictly empirical descriptions(so called black box models)

Models based on physical and chemical laws are frequently employed in optimization
applications because such models can be developed even before the system is constructed. But
empirical models are attractive when a physical model cannot be developed due to limited time
or resources. Input-output data are necessary in order to fit unknown coefficient in either type of
model. In addition to classifying model as theoretically or empirically based, we can generally

group models according to the following types

i- linear versus non-linear

ii- steady state versus unsteady state

ii- lumped parameter versus distributed parameter

iv-  continuous versus discrete variables

2.10.2 Factorial experimental design

This model of experimental design forces the data to be orthogonal and avoids the problems
encountered by methods such as the least square method where the estimates of the values of
the coefficients in the model have considerable associated uncertainty. Factorial method allows
one to determine the relative importance of each input variable and thus to develop a

parsimonious model, one that includes only the most important variables and effects. Factorial

experiment also represents efficient experimentation. It is a systematically planned experiment in
which all of the variables are changed simultaneously rather than one at a time, thereby reducing
the number of experiments needed.(Edgar, et al, 2001)
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of reactions take place at the cathode: manganese dioxide is reduced to Mn?* as the primary
cathodic reaction. And the product Mn?* is then oxidized by the remaining MnO, to form
MnO(OH) and ZnO.Mn;0; at the cathode. These reactions can be summarized as

MnO, + 4H"* + 2e =  Mn%*+2H,0 L Lo
Mn?* + MnO, + 20H" = 2MnO (OH) A I -
Mn?* + Zn%* + MnO, + 40H" s ZROMNRGR 0 L L e 2.13

The formation of Mn?* and the lower oxidations state manganese dioxide which can be found in
the Leclanche’' type of electrolytes and in the electrodes from the cathodic reduction of
manganese dioxide has been observed by other investigators, Vosburgh and co-workers
(Encylo. 1973, 35,120 — 126) thoroughly investigated the characteristics of manganese dioxide
electrodes. The presence of manganese ion in the electrolyte as a reduction product of
manganese dioxide electrode was observed. However, the analyses of the electrolyte at different
stages of discharge revealed that the formation of Mn?* ions occurred only during the later

stages of discharge.

In fact, the initial product of the cathodic reaction at the manganese dioxide was MnO(OH). Very
littte manganese |l entered the solution during the first third of discharge in ammonium chloride
solution at pH 7. However, if appeared in increasing amounts thereafter Mn?* ions were detected
much earlier much in solutions with pH values of less than 5. These observations led Vosburgh
and Workers to conclude.
The initial product of the cathodic reaction is MnO(OH):
MnO; +H +e = MnO (OH) RSO [ |
In acidic electrolytes MnO (OH) can react with the electrolyte to form Mn?* and MnO,:

2MnO (OH) + 2H* = MnO, + Mn?* + 2H,0 o

In neutral electrolyte the MnO (OH) accumulated on the surface of the electrode can be
further reduced to Mn(OH), which dissolves in the electrolyte as Mn?*:

MnO(OH) + H" + e

Mn(OH), B
Mn(OH); + 2H* = Mn?* + 2H,0 AT % =

Furthermore, the diffusion of protons and electrons in the MnO, lattice is considered to be
involved in the formation of MNO(OH). When current is applied, electrons from the electrolyte
meet at the surface of MnO; exposed to the electrolyte and also beneath the surface as protons
penetrate the MnO; crystal lattice. The electronsare retained by Mn** to form Mn** and protons
are attached to O% ions to form OH" ions.
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The manganese dioxide crystal structure has a profound effect on the discharge behaviour of the
electrode. Under similar discharge conditions in an electrolyte of pH 7.5, Vosburgh and Lan
(Encyclo. 1973, 39) found that the over potential of a 7 - manganese dioxide electrode is
substantially less than that of an @ - manganese dioxide electrode with identical capacity and
physical dimensions. From their analytical results these authors also found that the ¢ -
manganese dioxide electrode produces substantially larger amounts of Mn?* in the electrolyte
than 7 - manganese dioxide electrode during discharge. Furthermore, the oxide composition at
the end of discharge was found to be MnOy 57 for the 7 - electrode and MnO;gg for the @ -
electrode. These differences between the two electrodes are consistent with the theory that the

diffusion of protons in the lattice is involved in the discharge process and that @ - MnQO; is less

penetrable for protons than 7 - MnOs.

The mechanism proposed by Vosburgh's school on the cathodic process of manganese dioxide
has been generally confirmed by recent studies. Vether and Jaegar (24,32) have shown through
thermodynamic studies the wide range of homogeneity of 7 - MnO; and the ability of 7 - MnO,

to form solid solutions with lower manganese oxides. Bode and Schmier (Encyclo. 1973, 34,

127-129) found that the reduction of 7 - MnO, proceeds in a homogeneous phase to MnO1 5, ¢

- MnO; in a homogeneous phase to Mngs + 0.01. On the other hand, the reduction of P . MnO,
takes place heterogeneously as early as the composition of manganese dioxide reached
MnO;¢7. These results again point out the fact that the capability of 7 - MnO; in forming solid
solution with lower manganese oxides and that the diffusion of protons takes place more readily

in the lattice of 7 - MnO, than that of @ or Z - MnO,.

The diffusion of protons and electrons in the lattice of manganese dioxide was proposed by
Brenet years ago. Gosh and Brenet (Encylo. 1973, 131, 132) studied the reaction products at
various discharge stages of 7 - MnO; by means of x — ray and electron diffraction, electron
microscopy, differential thermal analysis, thermogravimetry, and magnetic susceptibility. They
concluded that during the initial stages of discharge the manganese dioxide lattice is dilated by
proton addition. This conclusion is in agreement with that related by Vosburgh. However, there is
a difference between the Brenet theory and the Vosburgh theory. Brenet considered that the
initial discharge process involved the random reduction of Mn** to Mn?* in the lattice whereas
Vosburgh considered the electrochemical process to produce MnO(OH). In the case of 7 -
MnO; it is material whether the reduction of MnO, proceeds through manganese Ill or
manganese |l oxides since it is recognized that 7 - MnO, possesses a wide range of
homogeneity and the formation of the manganese oxides proceeds homogeneously in the
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lattice, resulting in a continuous change of the Stoichiometry of “manganese dioxide”. In fact,
Gabano, Morignot, and Laurant (Encyclo. 1973, 133, 134), using the theory of homogeneity of

Vetter and Jaeger, proposed a general equation for the reduction of 7 -manganese dioxide.
MnOZn.z(OH)4-2n + Zdnll* = Zdne +Mn02n-2+2nd(0H)4-2n+2nd Tl

Where n is the degree of oxidation having any value between 1.5 to 2.0. This equation presents
a good concept of continuity existing between the two infinitesimally dose states of reduction.

Nevertheless, since MnO(OH) has been identified analytically as the electrochemically reducing

product from MnO,, the Vosburgh equation
MnO;+H ' +e = MnO(OH) MEPNARIE: 2 |
is more acceptable as a special case for the general expression shown above.

From the discussion, one can conclude that the reduction of manganese dioxide (at least for the
gamma variety) proceeds through the diffusion of protons and electrons in the lattice.

Johnson and Vosburgh, found that the potential of MnO2/MnO(OH) electrode is a function of the
mole ratio R of MnO, and MnO(OH) in the solid solution. At 25°C it can be expressed as:

E .= E+0.073log R IR |

Where E is the potential of the MnO2/MnO(OH) electrode; E, has an guage value of 0.416V vs
the saturated calored electrode at pH 7.5.

The difference between the value of the constant 0.073 and the expected value of 0.05g is
attributed to the fact that R is the mole ration rather than the activity ratio of MnO, and MnO(OH)
in the electrode. Benson, Price and Type (Encylo.1973, 135) examined the equilibra involved in
a manganese dioxide electrode and concluded that in the absence of Mn?" ion in the electrolyte
the potential is determined by the surface condition of the electrode in the event the surface is
not equilibrium with the bulk of the electrode. Based on these findings and conclusions, an
examination can be made for the detailed mechanism of the polarization and the open circuit
potential recuperation processes. Upon discharge of the MnO; electrode, MnO(OH) is formed on
the surface of the electrode, Causing a decrease in the electrode potential. At the same time the
removal of MnO(OH) from the electrode surface will also take place either by diffusion towards
the interior of the electrode (involving protons and electrons) or by disproportionation. In acidic
electrolytes the removal of the reduction product is primarily through the reaction.

2MnO (OH) + 2H" = MnO, + Mn?* + 2H,0 sessinan sl

The rate of reaction is higher than of the diffusion of protons. As a result, the over potential of the
manganese dioxide electrode in an acidic electrolyte is considerably lower than that in a neutral
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electrolyte where the removal of MnO(OH) is increasingly dependent on the lower process of

proton and electron diffusion.
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¢ Series 1 * Series 2

(series 1 = 3M KClI, series 2 = 1.5M NH,")

(pH = x axis, Over potential, mV =y axis)
Figure 2.3: Effect of pH and (NH4") on the over-potential of 7 -manganese dioxide

electrode.(Takehara and Yoshizawa, 1973)

The above figure shows the discharge over potential of a 7 -MnO; electrode as a function of the
pH value of the electrolyte as reported by E.,, Takehara, and Yoshizawa (Encycl, 1973, 136). It
is noted from the above figure that under a similar discharge current of 0.1mA/cm?, the over
potential of the 7 -MnO; electrode is less than 100mV in 3 N H,SO, but more than 300mV in
3MKCL. It is also noted that in electrolytes of similar pH value, the over potential is much lower
in the presence of NH," ions. Indeed, the NH; ion is assumed to act as a proton — donor to
MnO(OH).

2MnO(OH) + 2NH4" MnO; - Mn?* + 2NH; + 2H,0 SRR - 5

Furthermore, in the electrolytes containing NH4" ions, NH3 can complex metal ions such as Zn?"
N?*, or Mn?* and lower the potential as predicted by the above equation. The effect of NH*4 on
the discharge over potential of the manganese dioxide electrode was also shown by Chreitzberg
and Vosburgh (122).
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Figure 2.4: Comparative growth of polarization and recovery of open circuit potential of MnO;

electrode in various electrolytes.(Chreitzberg and Vosburgh, Encycl., 1973).

The above figure also is a profound effect of the pH value of the electrolytes on the open circuit
potential recuperation. In 3 N H,SO4 the rate of recuperation is relatively high. Furthermore, the
open circuit potential of the electrode approximates the original value, indicating that the
MnO(OH) is removed completely by the disproportion. Indeed, the products of the disproportion
are Mn?* and MnO,. Mn?* dissolves in the electrolytes and only MnO; remains in the electrode,
and the original open circuit potential of the electrode is restored. On the other hand, in 3N
NH4CL the rate of recuperation is lower than in 3N H,SO4 and the final open circuit potential is
lower than that of the signal electrode. The diffusion of protons and electrons in manganese

dioxide has been examined quantitatively.

SCOH considered a one dimensional semi-infinite solid manganese dioxide electrode and
obtained the following equations for the diffusion of protons in the manganese

2F,
/
Car =P (12— t-T)"?) 228
2F,
= 1/2 : X . X
C(t, x)_ D [tIIZ(Ie'fCW)_(’ _T)”z(lermeﬁ)} .......... 2.24

Where C(t,0) = concentration of MnO(OH) on the surface of the electrode (x = 0), C(tx) =
concentration of MNO(OH) in the interior, (x>0), Fo = equivalents of MNO(OH) produce per unit
area per unit time during discharge at a constant current density, D = diffusion coefficient of
proton (accompanied by electron) in the solid, t = time following the start of discharge, and T =
time at which discharge stops and recuperation begins. For t < T the term involving (t—T) is to
tbe taken as zero. By substituting the concentration — time relation on the surface of the
electrode into the Johnson — Vosburgh equation and taking account of the fact that the sum of
the concentration of MnO; and that of MnO(OH) is constant, the general potential time relation
can be computed.

1/2
Eo+ K log [ (20) IJ ides

E R
ZF;’II/Z_(t_T)I/Z

The polarization and recuperation behaviour of the manganese dioxide electrode in the NH,CL —
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Discharge duration- 2 hours

On the other hand, in 3M NH4CL under te same discharge condition the over potential increased

‘ from 201.5 mV for the original 7 - MnO, to 285.0mV for the heat — treated 7 - MnO,. The over
potential increased from 78.7 to 145mV after the heat treatment when the electrodes were
discharged in 3 N KOH under the same conditions. In acid solution the removal of the discharge
product does not depend upon proton diffusion and the over potential is not affected by the water
content in the lattice. As the pH of the electrolyte increase, the proton diffusion becomes more
important for the removal of MnO(OH). Therefore, the amount of water in the lattice which
facilitates the process has a profound effect on the over potential, especially in alkaline solutions
where the removal of MNO(OH) depends solely on the proton diffusion process.

1.2 Manganese dioxide in alkaline solution

The cathodic reduction of electrolytic manganese dioxide was studied by Cahoon and Korver in
7.6 N KOH using Zn(Hg) on the conten electrode. Based on analysis of the products at various
stages of discharge, the authors postulated the formation of Mn(OH), from the initial stage of the
discharge and also suggested the formation of a hypothetical oxide MnsO;. However, the
formation of Mn(OH), at the beginning of the of discharge has not been confirmed by later

investigators.

It is conceivable that the Mn(OH), formation observed by Cahoon and Korver was due to the

. high current density (approximately 15mA/cm? or 60mA) used in the reduction process, and
under these conditions reduction to Mn(OH), may have take place on the surface of the
electrode. Further, Cahoon and Korver used 500cc of NH4CL solution to extract the manganese
ion from, the discharged electrode. Although, the pH value of the suspension adjusted to 5.4
wherein Mn;03; or MnO(OH) may be stated, the presence of Nhs" and Zn** ions may cause the
disprotionation of Mn,O3 according to

2MnO(OH) + 2NH,* = Mn2* + MnO, + 2H,0 + 2NH il anm
| Zn®* + NHs = Zn(NHa),2' i ey

Bell and Hubber investigated the cathodic reduction of both 7 and # manganese dioxide in
electrolytes containing 40 not % KOH and 7.5 not % ZnO. At low rates (0.5mA/g) and
intermittent discharge (100hr/week), the 7 - MnO, electrode exhibits a three — step discharge
curve. The electrode potential decreases gradually until the manganese oxide reaches the
composition MnO+ ;. Between MnO; ;7 and MnO; g;5 the electrode potential shows a rather rapid
decrease. From MnOjg25 to MnO;4; and the potential is approximately constant. Between
MnO1.47 and MnO 43 the electrode potential shows another rapid decrease and remains constant
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NH,OH electrolyte (pH = 7.5) was investigated experimentally by Kormeil, and compared with
the results calculated from above equation. The agreement was good. However, deviations
occurred at the start of the polarization and after relatively extended periods of potential
recuperation. The derivation at the beginning of the discharge can be attributed to the
assumption of zero MNO(OH) concentration making E infinite, «. The derivation during the latter
part of the recuperation is due to the fact that the conditions for semi - infinite diffusion are no
longer realized. Although the potential — time relation is derived from the surface conditions of
the electrode, it is important to realize that as equilibrium approached during recuperation, the
concentration ratio of manganese dioxide and the lower manganese oxides in the entire

electrode determines the electrode potential.

The water in the manganese dioxide lattice plays an important role in the electrochemical
process. It has been suggested that the presence of water in the lattice promotes the diffusion of
protons and that the water molecule in the manganese dioxide lattice can be present as H;0,
Hs"O, and OH". Johnson and Bosburgh used the formula HMnO. X MnO, to designate the
hydrated manganese dioxide. Vether and Jacger (Encyclo. 1973, 24) used the general formula
of MnO2, - 2(OH)4 - 20 or MNO,(2 — n) H,0 to show the homogeneity and the presence of H,0 in
the lattice of 7 - manganese dioxide. Benet and Co-workers proposed the formula MnOy (OH)4 -
2x and latter another formula MnO, _ ,(OH),,. mH,0O to show the action acidic OH group. The
presence of water in manganese dioxide has been well established. Trarusko (Enclo.1973, 138)
reviewed briefly the findings in this respect. Furthermore, he also found from analyses of a wide
variety of manganese dioxide samples that the total water content (both in the lattice and

adsorbed) variety from 1% for a highly crystalline g, MnO; to 20% for synthetic, hydrous MnO,
when equilibrated in an atmosphere of 75% relative humidity. The effect of the water in the
lattice on the diffusion of proton during discharge was clearly shown by Era, Takehara, and
Yoshizawa (Encycl., 136). Manganese dioxide of the gamma variety was heated at 200°C for 3
hours to remove part of the crystalline water while maintaining the gamma structure. The
polarization behaviours of the heat — treated 7 - MnO, was compared with that of the original
- MnO.. In 3 N H2SO4 no significant change was observed in the over potential under the
following discharge conditions:

Electrode - disk type (0.5g Mn0O,,0.2g acetylene black)
Geometric area - 2cm?

Discharge current - 10mA

Temperature - 25°C
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.11

Electrochemistry of Manganese Dioxide

Manganese dioxide is one of the most studied compounds in the field of electrochemistry. Since
1866, when Leclanche’ invented the Zn — MnO; cell, manganese dioxide has been an important

battery reactant.

Manganese dioxide is usually classified according o crystal structure into etc. varieties. They are
more or less different substances of the approximate composition MnO; with or without other

elements.

In a recent review of solid state properties of manganese dioxide (MnO,), milati (116) discussed
the different crystal structures, the non-stoichiometry, the electrical and magnetic properties, and
the general compositions of various types of manganese dioxide. The electrochemistry
properties also vary with the types of manganese dioxide, example of a stable standard potential

of the MnO,/Mn?* electrode can be measured with # - MnO,, but it is difficult to do this with ¥ -
MnO; because of its ability to form solid solutions with lower manganese oxides over a wide

range of compositions. In view of the fact that 7 - MnO; can be discharged more efficiently than
other types of MnO,, it is widely used in batteries as the cathode material. (Encyclo.
Electrochem., 1973)

2.11.1 Cathodic reactions of manganese dioxide in neutral or acidic solutions

The determination of the mechanism of the manganese dioxide electrode has been approached
from three perspectives/ways viz:

i- Analyses of the reaction products by both physical and chemical
methods

ii- Analyses of the pH — potential relationship

iii- Analyses of the discharge characteristics

Cahon and co-workers (Encylo, 1973, 117 — 119) investigated the manganese dioxide electrode
in NH4CL or NH4CL + ZnCL; solutions with various pH values. The findings were:

The slope of the potential pH plot was 60mv/pH
Mn?* was found in the electrolyte and

MnO(OH) and in the presence of zinc, ZnO.MnO,0; were identified by x - ray
diffraction measurements as solid products as the cathode.

From these findings, Cahoon, Johnson, and Korver (Encycl. 1973, 118) concluded that two types
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beyond MnO1 43.

Furthermore, the rest potentials of the electrodes at various stages of discharge exhibit similar
behavior as the potential under load, viz, an initial continuous decrease as the oxidation state of
the manganese decreases and remains constant after the composition reaches MnO1 625 and
MnO1 47, respectively. Based on these results, Huber and Bell concluded that for the 7 - MnO,

electrode the reduction proceeds in three steps.

5 MnO; — MnO4 7 homogeneous phase reduction

ii. MnOi7—=MnOq47 heterogeneous system
iii. Below MnOj47 heterogeneous system
: ; |
0.2y
'
0.0+ Awé—&‘———z e S T S B e S T e e e
. » 1 . 2 3 4
0.2} e e
. ]
0.4 N
i 2 TR
0.6 o T
0.8 ke .
-1.0 - L] . °
¢ Series 1 * Series 2 * Series 3

(series 1= 0.11mA, series 2 = 0.33mA, series 3 = 3.0mA)

(Current, MA-HOUR = x axis, Potential vs Hg/HgO(9M KOH) at 28°C)

Discharge curves of the 7 - manganese dioxide electrode in 9 M KOH solution. (Huber and Bell,
Encyclo. 1973)

During the reduction in the homogenous phase, lattice dilation has been observed by x-ray
diffraction. It should be pointed out that under the low current density and intermittent discharge
condition, re-crystallization of the lower manganese oxides may occur. Indeed, when the

discharge stage reached MnO 625, Bell and Huber observed cementation of the electrode and 7

- MnO; electrode is distinctly different from that of the 7 - MnO, electrode. According to Bell and
Buber, the following steps are
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involved in the reduction of P MnO, electrode.

iv.

V.

MnO; — MnO1 g¢
MnOj.¢s — MnO4 g
MnOj5 —MnO1 6
MnO16 — MnO1 48

Below Mn01,48

Homogeneous phase reduction
heterogeneous system
homogeneous phase reduction
heterogeneous system

heterogeneous system

Recently, Kozawa, Yeager and powers conducted detailed investigations on the 7 - MnO,
electrode in alkaline electrolytes. In order to eliminate any possible complications in interpreting
the data, the authors avoided the use of zinc anodes and zinc oxide in her electrolyte. The
discharge behaviour of the 7 - MnO, electrode depends upon the OH ion concentration of the
electrolyte. In concentrated alkaline solutions such as 9 M, KOH, two distinct discharge steps are
shown in the discharge steps. In the first step MnO; is reduced to MnO¢5s and the potential
decreases continuously to about -0.4V vs the Hg/HgO (9M KOH) reference electrode. In the
second step MnO;s is reduced to MnO:o, and the potential remains practically constant
especially under low current densities. On the other hand, in dilute KOH solutions such as 0.1 or
1.0 M KOH, the second step discharge is absent and the potential drops rapidly to a value lower
than -1.0V vs Hg/HgO as the electrode reaches MnO;5s as shown by curves B and C in the
figure below. Furthermore, in the dilute KOH solutions, the addition of tri-ethanol amine, which is
a complexity agent for Mn?* and Mn*", can restore the second discharge step as shown below
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(Discharge Time,MIN = x axis, y axis = Potential vs Hg/HgO in 9M KOH,V,Plot)
Figure 2.6: Effect of KOH concentration on the discharge behavior of the 7 - manganese

dioxide electrode in 9M KOH solution.(Encyclo., 1973)
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The open circuit equilibrium potential of the electrode also decreases with the oxidation state of
the electrode in the first stage of discharge, however, it remains unchanged in the second step of
discharge as shown in figure 2.8 below.
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(series 1 = IM KOH, series 2 = IM KOH + 20% by volume triethanolamine)
(Discharge Time, MIN = x axis, y axis = Potential, V vs Hg/HgO( 1M KOH at 23°C)
Figure 2.7: Effect of tri-ethanol amine on the discharge behavior of the

7 - MnO; electrode in 1M KOH.(Encyclo.,1973)
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Figure 2.8: Discharge curve and open circuit potential recovery of the MnO; electrode in 9 M
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KOH (Encyclo., 1973)

a = discharge curve
b = open circuit equilibrium potential
cde = recovery curve

These observations led Kozawa and Co-workers to the following conclusions:

In concentrated alkaline solutions the reduction of the MnO; electrode involves two
distinct steps.

The first step, reduction of MnO, to MnO 5, involves a homogenous process. As shown

in figure 8 below

¢ Tl s - ot L R < Rl R
o)
L/ AN T MR
P4 / |
Mn* O Mn*" O |
= = 3+ |
0 Mn3+ O Mn |  ELECTROLYTE
Mn "X OH'\‘ Mn*"  OH- : e
|
o = X l
(o8 Mn* O 7 Mn* |

Figure 2.9: Diffusion of protons and electrons in manganese dioxide lattice
during discharge. + ions shows electron movement, - ions shows proton
movement, X = interface of Mno2 and electronic conductor, Y = interface of MnO2
and electrolyte.(Encycl.,electrochemical reactions, 1973)

Electrons are introduced into the MnO, lattice and Mn*" is reduced to Mn>*. As a result of
electron exchange between Mn** and Mn®" in the lattice, the position of Mn®" moves around in
the entire lattice. At the same time, H,O decomposes at the electrolyte — electrode interface and
protons are introduced into the lattice to form OH". OH" also moves around in the entire lattice by
means of proton jumping from one O site to another. The cathodic reduction of the first step

may be expressed as:
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Mnz + H;O + e = MnO(OH) + OH SRR

It may be pointed out, however, that this is a simplified picture of the first discharge step. In fact,
Kozawa and Powers (Enclo.1973, 47), in discussing the detains of the discharge mechanism,
suggested that while the reduction of MnO; to Mn4 5 proceeds in a homogenous phase, at this
layer of Mn;O3 or MnO(OH) may begins to form in a separate phase at the later stage of
discharge.

The second step, reduction of MnO; 5 to MnO+ o, occurs heterogeneously. Due to the
formation of complex ions
Mn(OH), and Mn(OH)s*g manganese Ill oxide manganese Il oxides are quite soluble in

concentrated KOH solutions. The electrochemical reduction of MnO1 5 to MnOj takes place in

the solution phase. These processes can be expressed as

MnO(OH)(s) = Mn(lll)(insolution) R
Mn (lll) + e - Mn (ll) (electrochemical reduction) O L. |
Mn(ll)(insolution) = L R S P R R £ TR e NP S 2.31

Our discussion of the manganese dioxide electrode indicates repeatedly that the electrochemical
reduction of manganese dioxide proceeds homogenously both in neutral and alkaline
electrolytes via the proton and electron diffusion until the lattice becomes so strained it
recrystalizes to another structure. Kozawa and Powers considered the potential — generating
mechanism of the homogeneous Mn** - Mn*' - O% - OH phase in contact with the KOH

electrolyte analogous to an aqueous reduction system.

Therefore, the open circuit potential of the electrode at any stage of discharge between MnO,
and MnO;s may be expressed by the equation below with the concentration of OH™ and H,O
assumed constant, and (Mn*) and (Mn*') being the concentration of Mn* and Mn*,

respectively, in the solid electrode.

RT . |Mn™
E= E°-22j
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Figure 2.10: Equilibrium potential of manganese dioxide electrode in 9M KOH as a function of
{(Mn*}{Mn**} in the electrode.(Kozawa and Powers, Encyclo., 1973)

Figure 9 above shows a comparison between the calculated potential vs log {Mn**}4{Mn*'}
relation from the above equation, and experimental results. A good agreement is noted in the
first part of the curve. However, disagreement between the calculated and the experimental
curve occurs at the latter stage. According to Kozawa and Powers, this is due to the formation of
MnO(OH) or Mn,03 in a new phase on the surface of the Mn** - Mn®* - O — OH" system at the
later discharge stages, an the electrode potential is controlled by the lower manganese dioxide

on the surface.

General agreement exists among various investigators in regard to the initial homogenous

process involved in the cathodic reduction of 7 -MnO,. nonetheless, Kozawa and co-workers
(Enclo. 1973, 14,16,146) were the first to study the effect of the OH" ion concentration on the
cathodic reduction of manganese dioxide. They found that the further reduction of manganese
(1I1) dioxide depends on the solubility of manganese (lll) in the electrolyte. In low concentration
KOH solution where the solubilities of both manganese (Ill) oxide and manganese (Il) oxides are
extremely low, no further reduction of manganese (lll) oxide can take place unless a complex
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agent such as triethanlamine is added to increase the solubility of manganese (lll) ions. On the
other hand, in highly concentrated KOH solutions where the solubilities of manganese (lil) and
manganese (lll) oxides are relatively large due to the complex ions of Mn(OH)," and Mn(OH)*
(e.g. in 9M KOH the solubilities of Mn** and Mn?* are 4.4. x 10° and 0.4 x 10° M, respectively),
the reduction of manganese (lll) oxides to Mn(OH), takes place and the electrode potential is
dependent of the depth of discharge, which characterizes the heterogeneous system.
Furthermore, they found that the limiting current for the reduction at this stage depends upon the
apparent surface area rather than the true surface area of the manganese dioxides. In other
words, the rate of dissolution of manganese (lll) ions into the KOH solution controls the rate of
reduction. Consequently the charge transfer step in the reduction of manganese (lll) oxides to
Mn(OH), must be taking place in the solution phase. .(Encyclo. Electrochem., 1973)

The electrochemical characteristics of 7 — MnO; in alkaline electrolytes

In alkaline electrolytes the electrochemical characteristics of 7-MnQO, were investigated by
Liang and Co-workers, and the results of the cathodic reduction of the 7 ~MnOQ, electrode are in
excellent agreement with those obtained by Kozawa and Co-workers. Furthermore,
investigations were conducted on the anodic oxidation of the discharged manganese dioxide
electrodes in alkaline electrolytes (149, 150). The results of thee investigations indicate that the
state of discharge determines the recharge-ability of the electrode. That when the 7 —-MnO,
electrode is reduced to -0.4V Hg/HgO in both 10 and 1M KOH solutions or -1.0V vs Hg/HgO in
1m KOH solutions, the product is manganese (lll) oxide. This reduced electrolyte can be re-
oxidized efficiently as shown by the similarity of the discharge behaviours of the re-oxidized
electrode and that of the original manganese dioxide electrode as show in figure 10 and 11.0
below.
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Figure 2.11: Discharge curves. of the manganese dioxide electrode. Electrode: 6mg MnO;
electrodeposited on a 5cm? graphite rod current density: 1mAJ/cm?. Temperature: 25°C (Kozawa

and Co-workers, Encyclo. Electrochem.,1973)

However, when the 7 —MnO;, which can be accomplished by reducing the electrode to -1.0V vs
Hg/HgO in high concentration KOH solutions, the electrode cannot be reoxidized efficiently and
the reoxidized electrode behaves differently from the original manganese dioxide electrode fig
10a. in view of the fact that the reduction of manganese (lll) oxide to Mn(OH), occurs primarily in
the solution phase and that the solubility of manganese (lll) ions increases with the
concentration of KOH, it is evident that the efficiency of manganese (lll) oxide reduction
decreases with the KOH concentration when the manganese dioxide is cathodized to -1.0V vs
Hg/HgO. Accordingly, the recharge ability of manganese dioxide electrode which has been
cathodized to -1.0V vs Hg/HgO increases as the KOH concentration decreases.

From the analytical results it is obvious that Mn (OH), can be oxidized anodic ally to Manganese
(Il1) oxide. However, further oxidation of this manganese (lll) oxide to manganese (Il) oxide dose
not occurs. It has been suggested that the manganese (iii) oxide produced from the cathodic
reaction of the MnO, electrode is different from that produced from the electrochemically active,

while the latter is electrochemically in active” -Mn,O3. Consequently, the electrochemical redox

cycle of the 7 -MnO, electrode in highly concentrated KOH solution is postulated to be

29



4 -Mn02

a - MnO(OH) Mn(lll) (in solution) 7 - Mn,0s

Mn(ll) (is solution) Mn(OH)2

The first step oxidation of Mn(OH), to manganese (lll) oxide, may involve the dissolution of
manganese (ll), its solution oxidation to manganese (lll), followed by the precipitation of
manganese (lll). The precipitated form of manganese (lIl) is thought to be 7 - MnOj3; which is in
active to further oxidation. When the discharge process of 7 - MnO; is stopped at the end of the
step, the re-oxidation of the product manganese (Ill) oxide, which is & - MnO(OH), is efficient.
Also, once manganese (lll) is dissolved in KOH solution, re-precipitation to ¢ - MnO(OH) seems

to be inhibited.

The effect of the discharge depth on the re-chargeability of the manganese dioxide electrode
was also observed by Boden, Venuto, Wister, and Wyle who studied the discharge and charge
behavior in 7 M KOH by x — ray diffraction and charge discharge curves. However, these authors
concluded that the formation of Mn3O4 upon deep discharge hinders the rechargeability whereas
Kang and Lian concluded that 7 - Mn,O3; cannot be anodized to MnO; efficiently. It should be

pointed out that the distinction between Mn;O4 and 7 - Mn,O; is difficult based on the x — ray
diffraction patterns. Therefore, Boden, Venuto, Wisler, and Wylie did not rule out the existence of
7 - Mn20; in the products of discharge although they gave more weight to Mn;O4 based on the
observation of a Mn304 line of d = 1.57A° in the x — ray diffraction pattern.

Ambrose and Briggs (Encyclo.1973, 152) studied the anodic oxidation of Mn(OH), and the
subsequent reduction of the anodized electrode in 1M KOH solutions. The electrode was a
cathodically formed Mn(OH); layer on a platinum electrode in a manganese nitrade solution. The
electrochemical behaviour of the thin film Mn(OH); electrode observed by Ambrose and Briggs is
similar to that of the completely discharged manganese dioxide electrode observed by Kang and
Liang (150). During the anodic process, the electrode potential exhibits two current at about -0.2
and +0.2V vs the Hg/HgO reference electrode before the oxygen evolution potential. During the
cathodic process, the potential of the oxidized thin film electrode drops rapidly o a relatively
constant value of about -0.35V vs Hg/HgO where the manganese (lIl) to manganese (ll) process
takes place.

It is interesting to note, however, that the reduction process was carried out in 1M KOH solution
by Ambrose and Briggs where the solubilities of manganese (lll) and manganese (Il) are small

(estimated at 10° M (15) and cannot sustain relatively high rate of discharge for the manganese
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(1), to manganese (ll) process according to the mechanism proposed by Kozawa and Yeager,
(Encyclo. 1973, 14, 47, 146). Indeed, Ambrose and Briggs here found that during the cathodic
process of the oxidized Mn(OH), electrode, the potential only shows a long current at about -
0.35V vs Hg/HgO when the current density is as low as 30 pA/cm?. When the current density is
0.2mA/cm?, the electrode polarizes to -1.0V vs Hg/HgO rather rapidly. Although the
electrochemical behaviour of the Mn(()H). thin film electrode observed by Ambrose and Briggs is
in good agreement with that observed by Liang and Kang, they concluded that the oxygen to
manganese ratio of the oxidation product is 1.85 + 0.05 whereas the analytical results by Kang
and Liang here shown that MnO1 g5 1 0,05 is the product when Mn(OH) is oxidized to 0.55 to0.60V
vs Hg/HgO. These differences may be attributed to the fact that Ambrose and Briggs anodized
the Mn(OH), thin film electrode to aid held at 0.65V vsHg/HgO for several minutes. That the
adsorbed oxygen on the electrode caused a higher ratio of O/Mn is indeed a possibility.
.(Encyclo. Electrochem., 1973)
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CHAPTER 3
METHODOLOGY
1 Introduction

This chapter deals with the method adopted to investigate and develop the optimum
ondition for the adsorption of some selected cations on manganese dioxide (MnO;) used in batteries known
s Leclanche’ dry cells. The experiment employed potentiometric (a volumetric analysis) titration method that
rovides accurate determination of ion concentration in which direct measurement of cell potential is
npossible, whereas it is often possible to determine the ion indirectly by titration with some other ion. The
H potentiometric titration method is used in this work to determine the adsorption factors. The factorial

xperiment was carried out to determine the second order (quadratic) model equation and finally the model
juations were optimized.

List of Chemicals and Equipment

The chemicals and equipment used in these experiments are given in Tables 3.1 and 3.2 below.
The chemicals were obtained by purchase from the registered laboratory chemicals vendors at
kaduna, Nigeria while the equipment used were those in used at the chemical engineering
laboratory of City University Kaduna (.formerly known as kaduna Polytechnic).

1 Chemicals used
The chemicals used in this work are listed in Table 3.1below.
2 Equipment used
The equipment used in this work are listed in Table 3.2 below.
Experimental Set up of Equipment

The set-up of the equipment for the experiment is shown in Figure 3.1

{ Potentiometric Titration Procedure
.1 Preparation of 500ml of 0.1M sodium hydroxide (NaOH) solution

40g of sodium hydroxide, 