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ABSTRACT

A comprehensive literature survey was conducted to 
obtain the available information on the manganese elec­
trodeposition process.Using this information and measur- 
ments obtained from an industrial electrowinning plant,a 
modal was developed where the Interrelations between the 
most important parameters ware taken into account.Fun­
damental concepts were used wherever possible,except in 
a small section where no theoretical data was available.
In this case empirical fitting of parameters was resorted
to.

The trends experienced in practice were all confirmed by
the mode1,namely$

(i) the increase of cathodic currant efficiency with
increased pH,which la limited by the precipitation of
manganese hydroxide t

(li) the increased current efficiency with decreased
ammonium sulphate concentration;

(ill) the existence of an optimum operating temperature
for a given current density;

(iv) the existence of an optimum current density for
a given temperature;

(v) the effect of total impurity level on current effi­
ciency, the latter decreasing with increasing impurity level

(vi) the steep increase of current efficiency with in- 
orease of feed flow rata,to an upper limit condition at 
which point manganese hydroxide starts precipitating,
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 ̂ - submerged area of diaphragm (m2)
 ̂ - area of cooling coils(m2)
}C (x) - concentration of jth species at position x

(kmole/m3 )
-|0 p* _ molar and average molar specific heats of
'pi' pi species j (kJ/kmole K)
2, - diffusion coefficients of jth species (m2 /s)
P  - diaphragm thickness (m)
* _ - equilibrium potential when concentration of

jth species is unity (V)
_ anode and cathode potential*(V) 

a _ Faraday's constant,96500 (A.s/mol)
- enthalpy of jth component(kJ/kmole) 

jL - standard enthalpy of formation of jth species
3 (kJ/kmole)

H t - enthalpy change due to the transformation
from one phase to another(kJ/kmole) 

jji ~ enthalpy correction due to non-ideal beha-
viour (kJ/kmole) 

x ^  - defined by equations (2.29) and (2.30)
r - total call current (A)

4 , - current density at diaphragm,cathode and
anode (A/m2)

- partial current density for jth reaction
(A/m2 )

* - exchange current density when concentration
of jth component 1® unity

- average,catholyte and anolyte conductivity
° (A/Vm)

» - equilibrium constant
t'.K'.K'.K'u *• defined by equations (2.2) , (2.4) , (2.6)'c' a' s' h

(2.9)
, _ mas* transfer coefficient* of jth species

e' a

‘j



- distances between cathode and diaphragm 
and anode and diaphragm(m)

- cathodic and anodic losses of water 
(kg/s)

_ cathodic losses of ammonia (kg/s)
- production rate of jth species,other 

than aqueous components(kmole/s)
- number of electrons transferred in rate 

controlling step for jth component
- production rates of manganese,oxygen, 

hydrogen,and manganese dioxide 
(kg/s)

- f@ed,anolyte and catholyte pH
- feed mass flowrate (m3/s)
- discharge or anolyte flowrate(m3/s)
- cooling water flowrate(m3/s)
- flowrate of water through the diaph­

ragm (m3/s)
- energy removed by the cooling coils

(kJ/*)
_ energy correction term(kJ/s)
- ideal gas constant, 8,31(A.s/mol)
- total sulphate concentration in anolyte 

(kmole/m3)
- temperature (°C),(K)
- temperatures of anolyte,catholyte , 

cooling water in and out (R)
- defined by equation(2.68)
- cell voltage (V)
- diaphragm molar flow of jth species 

(kmole/s)
_ distance into diaphragm from catholyte

interface (m)
- mole fraction off jth species in gas
- charge on jth species



- defined by equation(2-7)
- concentration of aqueous species(kmole/m3) 

see Table 4
- defined by equation (2.14)
- symmetry factor for jth component
- correlation coefficient in equation(2.32)
- diaphragm void fraction
- proportionality constants
- voltage drop over catholyt@,anolyt@ and

diaphragm (V)
~ fraction of plated surface containing

impurity metals
- electrochemical potential of species i
- cathodic and anodic fractional current

efficiencies
- feed,anolyte and catholyte densities(kg/m3)
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1. INTRODUCTION

South Africa is the largest producer of electrolytic 
manganese in the world.Over 90°/o of the metal produced
from its two plants is exported.

The metal has many important uses,the aain ones being 
in the steel and alumimlum industries.Manganese is added 
to all grades of steel and acts as a deoxidiser and a 
desulphuriser .It stabilises the austenitic phase at high 
temperatures and can replace part of the nickel content 
of stainless steel.lt also decreases the carbon content 
of the steel ,giving it a greater toughness and fluidity 
(1).It is found that if manganese is added in a pure state 
steel properties are improved(2).Producers of low carbon 
and high manganese steels prefer the use of electrolytic 
manganese because of its high purity and simplification 
of the process required.

The other main consumer of electrolytic manganese is the 
aluminium industry.If manganese is added to aluminium 
alloys,it improves their mechanics 1,thermal and corrosion 
resistance properties .Iron and other impurities have to 
be carefully controlled to avoid the formation of hard 
Spots when the aluminium slabs are being shaped.

Other smaller industrial uses of manganese are in the 
production of alloys of various non-ferrous metals such 
as manganeee-magneaium and manganese-bronze,which display 
some important electric and magnetic properties.Copper-
manganese alloys are also produced industrially as they 
show extremely high strength qualities,with applications 
in ship propellers,valves,nuts and bolts.Special ferrous 
super-alloys are used in jet engines,marine turbines and 
in nuclear energy industry.Some non-metallurgieal appli- 
cations of electrolytic manganese are in dry call bat-
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teries in the form of manganese dioxide,in paint and 
varnish driers,ueramic products,fungicides and phar­
maceuticals .

1 . 1  - The Production of Electrolytic Manganese

In 1927 various processes of producing pure manganese 
were tested.In 1936,cathodic manganese was produced for 
the first time with 99.85% purity and an average current 
efficiency of 54%(2).Today electrolytic manganese is 
produced on a continuous basis from manganese ores through 
an electrowinning process using diaphragm cells(3).The 
manganese ore is ground to a powder prior to the reduc­
tion to a soluble form in a rotary kiln.It changes from 
the Manganese(III) and Manganese (IV) to the Manganese(II) 
state at temperatures of the order of 900°C.The reducing 
agent used is Carbon,which allows the manganese to be 
preferentially reduced to Manganese(II)oxide.During this 
reaction the bulk of the iron la left in a form that la 
Insoluble to dilute sulphuric acid.In the leach section, 
the anolyte solution from the cell house and the reduced 
or* are mixed under controlled conditions,in order to 
maintain the pH between 5.2 and 6.2.This minimises the 
dissolution of iron and other impurities such as silica, 
alne,nickel and cobalt.After leaching,the gangue ia 
aep&rated from the aolution in a thickener,the underflow 
being discarded.

A* the procea# efficiency la highly Influenced by the
presence of impurities,a purification step follows.The 
commonly accepted method off purifying a manganese solution 
ia by the addition of ammonium aulphide to precipitate
impurities as insoluble sulphides.The maximum level off 
some impurities that can be tolerated in the electrolyte 
solution is given in Table 2 (section 1.2.4)
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After this purification section,the ammoniur and manganese 
sulphate solution is fed to the electrowinning cells, 
where the manganese deposits on the cathodes.The anolyte 
is recycled to the leaching process.The metal is then 
stripped from the cathode plates ,washed,dried,dahydrogwn&ted 
and packed.Figure 1 gives a schematic flow diagram of the 
manganese electrowinning process.

The aim of this project is to formulate a model of the 
electrodeposition operation in a fundamental way as 
possible.Where existing theory is not applicable to con­
ditions found in an industrial cell,a semi-empirical 
approach will be adopted.The resulting model should be 
capable of predicting the performance of the cells for 
a given set of input parametsrs.lt should also indicate 
where improvements can be made in the design,operation 
and control of this section of the plant.

1.2- The manganese Electrowinning cell

The cell consists of a number of cathodes and anodes,
@aoh pair being separated by a propylene diaphragm,and 
held together in a set of wooden frames.The manganese 
metal is then plated on the cathode surfaces,with the 
simultaneous evolution of hydrogen gas.Impurities,which 
are present in the catholyte in very small quantities, 
co-deposit with the manganese on the cathode plate.These 
impurities generally enhance the evolution of hydrogen, 
with the reault that current efflcianclae with respect 
to the manganese deposition are usually less than 75%. 
This eathodle current efficiency should be maximized for 
optimum process performance.The pH is kept as high as 
possible but below the value at which the precipitation 
of Manganese hydroxide MntOHlg occur*.The presence of 
particulate mat ih as manganese hyiirmdde and gypsum ,
block the diaphragm pores.
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FIGURE 1 - Simplified Flow Diagram of a Typical
Industrial Manganese Production
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The presence of ammonium sulphate buffers the catholyte 
solution,allowing the pH to rise to values of the order 
of 7.8 at the usual operating temperatures without preci­
pitating manganese hydroxide.

The solution then passes through the diaphragm into the 
anode compartment.Oxygen is evolved and hydrogen ions 
produced due to the decomposition of water.This forms 
sulphuric acid ,lowering the analyte pH to very acidic 
values.Th* presence of the diaphragm between the anolyte 
and catholyte allows these two solutions to have such 
different compositions.

1.2.1 - Call Design Considerations

laggot(4) reports some hysterical background on the sub- 
ject of cell design.An early type of cell involved each 
cathode being placed in a separate compartment,as shown
in Figure 2 below

FIQ0R1 2 “ Bottom,Feed Cathode Frame Type Cell

  .      -      — ,



mm

h -
Sr:

M :

m

6

This type of cell facilitates the collection and removal 
of the manganese dioxide deposited at the anode.Each 
cathode compartment is separately fed whereas all anodes 
operate in a common anolyte,which constitutes the major 
part of the cell contents„

Alternately,a cell can be constructed as in Figure 3, 
in which each anode is located in a frame and bat and 
anolyte from each frame is separately discharged into a 
side launder.In this case,all cathodes are Immersed in 
a common catholyte,which forms the bulk of the solution 
in the cell.The main disadvantage in this case is the 
removal of anodic manganese dioxide from the individual 
bags.

FIGGRB 3 - Individual 8id* biseharg* Type C$11

. •. I-

I.../........  ■
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The false bottom cell principle is now the type favoured 
by most producers.This is the case of the Delta plant,whose 
operational data was used for the development of this study 
A simplified diagram showing the false bottom' type cell is 
shown in Figure 4 below.

FIQUll 4 ~ffals® Bottom Type Call



At Delta(3),the anodes and cathodes are supported and 
located in wooden frames.The cathode frame is covered 
with a diaphragm cloth , which is usually made from 
propylene.Anode and cathode frames are clamped together 
on a steel stand,which rests on a shelf in the cell.The 
cell body is usually constructed from glass fibre rein­
forced plastic.

FIGURE S « False Bottom Type of Manganese Electrowinning

Feed solution enters a vommon compartment surrounding the 
frame where the cathode* and anode* re*t,fe@ding each
cathode compartment through slots on the sides of the . 
frame.This produces a rapid circulation(4) in the cathode 
bag causing less gassing due to hydrogen evolution.The 
solution (3) flows past the cathode and through the diaph

pest)iOLU-nOt

ANOt-vie

sluogasluoga
mu/'SOTTOn

Cell as used at Delta
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ragm into the anode compartment.lt leaves the latter through 
an opening at uhe bottom into a common anolyte sump,wnere 
the manganese dioxide Mn02 formed accumulates,thus not 
occupying solution space(2 ).The solution than flows up 
from this sludge chamber through an adjustable raiser pipe, 
which controls the solution level in the cells.The anolyte 
then leaves the call bank through an overflow weirnox.

The advantages of this type of cell are(4)
- less gassing due to hydrogen evolution , since

appreciable coalescence of small bubbles occurs in
the oatholyte compartment

- a longer cell life,owing to improved removal of man­
ganese dioxide

- simpler cooling,since the cooling coils can be 
on the side of the catholyte compartment and can be 
replaced while the cell is operating.

Figure 6 below shows a simplified diagram of an elementary 
cell unit with a cathode plate,surrounded by the diaphragm 
cloth,and an anode frame.Figure 7 shows ,schematically, 
the cooling coils next to the cathode compartment.Figure # 
shows a dlagramatlc sketch of the false-bottom side-feed 
cathode-frame call (4),which is similar to that used x t i

Delta.

cptxwope

iLbti

AN G O 6 FAAH6.

FIGURE 6 -Schama-tc Diagram of Cathode and Anode Frames 
with Diaphragm.
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1.2.2 - Cathodic Manganese Deposition

Manganese may be formed in either alpha or gamma phase.
In commercial scale electrolytic manganese production the 
metal is deposited in the alpha form in order to have the
required characteristics for an industrial operation.Accor­
ding to Dean (2),manganese is first deposited from the 
solution in the gamma phase.In this modification the process 
can not be carried out for long enough without the drop of
current efficiencies to unacceptable levels.The presence 
of a sulphur compound performs the role off transforming 
the initial gamma deposits into finely grained alpha layers 
allowing acceptable current efficiencies to be maintained
over 24 hours.

During the metal deposition a balance must be maintained 
between the adhesion of metal to the aurfaoa,so a# not to 
redissolve,and the easiness of taking the metal off,once 
the electroplating is ended,The choice of cathode material
is vital when considering this balance,

1.2.3 - Choice of Slectrode,

*%p#rlance with industrial production of electroplated 
metal# has shown that certain propertla# are required for 
the anodes and cathodes used to obtain optimal operation.

When considering the choice of anode,the following charao-
teristics are important*

(i) insolubility to the solution used 
(1 1) good electrical conductivity 
(ill) acceptable oxygen overvoltage 

After years of practice and experimentation with different 
metals,an alloy made out of 99% lead and II silver is the 
best choice,so far,for the manganese process.Since oxygen



evolution is favoured at high current densities,the anode 
surface area is made smaller than that of the cathode.The 
anode shape most commonly used is a set of parallel cylin­
drical rods of the lead-silver alloy(2),as shown in 
Figure 6.

As the metal is deposited on the cathode surface,the choice 
of this electrode is much more involved.The properties 
required are (3)

(i) insolubility in the cathoae
(ii) insolubility in dilute sulphuric acid,which is 

used for cleaning
(iii) law electrical resistance and good flexibility
(iv) a high hydrogen overvoltage
(v) surface properties which allow the manganese deposited 

to be easily removed.
The most widely used material is stainless steel ,which 
is usually treated with sodium silicate,prior to the 
deposition.This leaves a thin film on the cathode surface 
that prevents the plated manganese from adhering too tigh­
tly to the surface.

1.2.4 - Characteristic Operating Conditions

The characteristic feed conditions used in most practical 
applications are given in Tables 1,2 and 3 -data from 
reference (3)

TABLE 1 -Characteristic Composition of Cell FeedSolution

Manganese as Manganese Sulphate.
Ammonium Sulphate   * * *
Sulphur Dioxide.,, ,  .......... ........
pH value ........ *..... .

30-34 k( 
120-130 
0.2-0.4 
6 .7-7.2

... , . . .    ,



TABLE 2 - Maximum Levels of Impurities in Cell - ee.4
Solution

  1
Nickel. .  ............ *............................  0.3
Cobalt.......... .........................   15iron(ferrous)........................

  10Silicon...............    3
Copper............................................  1Q
Zinc..............................

T A B M  3 - TVplcal analysis of Elentrnlytlc Manganese

LOW i

Manganese .... *..........
Sulphur............*.....  0.024
Iron  ..............   0.001

,«    *  0 .

Hydrogen *.... .......

.82    • 99.65
  0.026
  0 . 0 0 1

  0.006
0.08 ..«..»•••• • 0.30
0.018 . . . . .  4 4 9.

The manganese eonoentratlon in the feed le 30-34k,/« ,tosp-

i S S H s -

used,being the optimal In the legion ofi 550 A/m at an 
anaratlna temperature of 40*C,

,   J...
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Maximum impurity levels allowed in the feed solution are 
shown in Table 2.Above these levels their effect on the 
overall process efficiency would be disastrous as

(i) the current efficiency on the cathode side decreases
drastically

(il) the manganese starts redissoloving in the catholyte
(iii) cracking and peeling of the plated manganese oc­

curs and
(iv) very lodular and brittle deposits are formed , 

which are very difficult to remove.

The typical analysi# of the product metal is shown in
Table 3 (3). The manganese is of high purity#showing 
only traces of 8ulphur,Iron and entrained Hydrogen and
Oxygen.

1,3 - Effects of Parameters on the Manganese Electrodepo­
sition Process

A number of papers in the literature study the affect of 
individual parameters on the performance of manganese 
aleetrodepoaition.It is highly likely ,however,that inter­
actions between variables have a significant affect on the 
process.By attempting to set up a fundamentally bawd modal 
this dissertation aims at the understanding and prediction 
of the effect of changing variables simultaneously on the 
overall performance of the manganese electrowinnlng cell.

,,V w  „   ■ — -----------------------............................................... ....



1.3.1 — Manganese Sulpha.t,s Gonesn’fcra'bion

The accepted manganese sulphate concentration in the 
catholyte for optimum deposition is around 12 kg/m' as 
Manganese(3),(5).Feed solution concentrations between 
30 and 40 kg/m3 Mn have been reported by Dean(2) ,
'oodman(5) and Martin(6).It is desirable to keep the . 
outflowing manganese concentration as low as possible.
The lower this concentration,the lower the amount of 
manganese returned to the leaching solution,hence reducing 
flow rates and required Bises of equipment.The manganese 
concentration in the catholyte should,however,not be 
allowed to drop too low ,as insufficient manganese lone 
at the cathode surface would result in redissolution of 
the plated manganese.As the concentration of manganese 
in the catholyte goes above the desired limits,the ease 
to remove the deposited metal from the cathode surfaces 
is affected.A high manganese content also results in 
excessive treeing of the deposit.If very high,manganese 
hydroxide Mn(OE), will precipitate from the solution.
The solution pH and manganese concentration are inter- 
r@lated.The higher the manganese concentration,the lower 
is the maximum pH that can be tolerated to avoid precipi 
tation of manganese hydroxide.

1,3,2 - Ammonium Sulphate Concentration

Dean(2) and Jacob.(5),(7) and (8),report an optimum am­
monium sulphate concentration in the catholyte of 135 to 
140 kg/m*.This compound plays an important role in the 
eleotrodeposltlon process as it increases the solution 
conductivity and buffers the catholyte between pH 7 and 
8 ,so that the precipitation of Mn(OH)* can be avoided. 
Manganese hydroxide is very detrimental to the perfor­
mance of the electrolytic cell as it blocks the diaph­
ragm and also tends to adhere to the cathode deposit.

_______,____w
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Various theories have been proposed to explain the buf­
fering effect of ammonium sulphate on the manganese 
solution.Tilak et al (9) suggest that it is caused by 
the formation of a manganese-ammonia complex,which lowers 
the concentration of the manganese cation (Mn2+) in the 
solution.This increases the solubility of manganese in 
the solution as the element is now distributed between 
Mn2+ and the manganese-ammonia complex,allowing higher 
pH's to be reached without precipitation of the manganese 
hydroxide.This increase of electrolyte pH is beneficial 
to the current efficiency on the cathode side.The obser­
vations of Dean(2) seem to agree with Tilak et al (I)t 
as he states that ,beyond the pH control,the ammonium 
ion appears to increase the difficulty with which the 
hydrogen ions are discharged.

Kublanovskil et al (10) report the formation of various
manganese sulphate complexes ,as an alternative solution 
to the buffering effect of the ammonium sulphate.The 
predominant compound would be MnS04

The available experimental evidence suggest* however that 
the formation of the ammonla-manganese complex is more
important in determining the properties of the oatholyte.

1,3.3 - The Addition of Sulphur Compounds 
#

It is now generally accepted that in the commercial process 
for manganese deposition ,the metal is initially deposited 
in the gamma form,but current efficiencies can only be 
maintained in thoee came* where,after the deposition of 
a few micron* of metal,the gamma form undergo** a trans­
formation (4),(11). After thl* initial transformation to 
alpha-manganese ,subsequent deposition will occur in the 
alpha form,Fortunately thl* transformation can take place 
at room temperature and is accelerated by the presence of



sulohur compounds,particularly sulphur dioxide (SO,).
A concentration of 0.1 kg/m1 of sulphur dioxide,(2) (5),
in the solution gives the plated metal optimum adhesion
to the cathode surface.

Tilak ®t al (11) studied the kinetics of the electrodepo­
sition process using sulphur dioxide in solution.They 
concluded that the presence of the sulphur dioxide lowers 
the cathodic current efficiency.However as the compound s 
concentration increases,in the solution, so does the 
current efficiency.They also found that below certain 
current densities the deposited metal rediseolves.The 
addition of small quantities of sulphur dioxide increases 
this limiting current density below which redissolution 
of the metal occurs.But if large quantities are added, 
this limiting current density is lowered.Thus there is an 
optimum amount of sulphur dioxide which should be kept in 
solution for best overall process performance,this being 
of the order of 0.1kg/m3.

1.3.4 - Solution Temper&tur*

Typical operating temperatures for optimum process perfor­
mance are around 40‘C.As the el.ctrodeposition reaction of 
manganese metal from the ion in solution is exothermic, 
energy must be removed in order to keep the solution tem­
perature at the optimum.This is done by having cooling 
w&tar eoll# immar#*d in th* *l@otrolyt@.

Been(2) and Jacobs(7) report an optimum operating tern-

made more recent investigations on the effect of this 
parameter on current efficiency ,and reported a value of
40sg at a current density of 40QA/ma.



1.3.5 - Current density

Current density is one of the most important parameters 
to be considered on an industrial scale electrodeposition 
process for economic reasons.It is directly related to 
the power consumption of the plant.The parameter 'power 
consumed per unit mass of manganese1 is minimized for 
optimum overall plant performance.

When all the other plant parameters are kept constant 
under controlled condition*,the current efficiency shows 
a maximum when plotted egainat current density.Various
authors report this ,although they differ slightly on the 
absolute value of this maximum.Dean (2) reports a value 
of 48Oh/m2 at 35°C,whereas Louis and Martin(6) report 
550 A/m* at 40°C,

1.3.6 - Solution pH

Catholybe pH is related to most of the other operating 
variables and can not be controlled independently.It is 
particularly sensitive to feed solution purity and flow 
rate,The reported trend by most of the cited authors is 
that the higher the pH the higher the current efficiency 
on the cathode slde.Thi# 1* demonstrated by a quantitative 
study made by Louis and Hartin(6).However it is not pos­
sible to increase the pH indafinetely due to the eventual 
precipitation of manganese hydroxide,

4



1.3.7 - impurities in the Catholyte

The impurities that are present in the catholyte are com­
pletely dependent on the manganese ore which is used and 
also on the performance of upstream equipment.Depending 
on the impurities1 nature they have either detrimental 
or beneficial effects on the deposition process.

Commonly reported detrimental effects are the drastic 
drop of current efficiency due to the presence of small 
amounts of impurities,and the redissolution of the plated
manganese.It was found that the addition of sulphur 
dioxide in small quantities allows the presence of impu­
rities at higher levels without redissolution taking 
place(11).The most common detrimental impurities are 
Cobalt,Mickel,Zinc and Iron.Their simultaneous effect 
is more drastic than the addition of their individual 
effects(2),with Mickel and Cobalt being the most harmful
impurities.

Beneficial impurlti** have bean r@ported(6),and their 
presenoe in solution Improve* tna cathodio currant af-
fiGieney.The two known examples are Selenium and Telurium. 
However the** two ar# vary rare elements and their addition 
would be very expensive,unless they are present in the 

from which the manganese ia extracted.



1.4- The Modelling Ex@rci@@

The modelling of eieetr^hemical systems ,as with many 
other systems,can be carried out in two ways,i.e. statis* 
tioally and mechanistically.The statistical approach is 
based on data obtained from operating plants and previous 
experimental work.This data is than fitted to empirical 
equations with adjustable parameters.On the other hand, 
the mechanistic approach is baaed on existing fundamental 
knowledge of physical,chemical and electrical changes 
taking place(13).Both approaches have their advantages 
and disadvantages.The main disadvantage of the gtatistlaal 
approach is that of extrapolation.The equations are fit­
ted over a narrow region where data is available , aad 
projecting out of this range invariably leads to error*. 
One of the main advantages is its simplicity,particularly 
When theory is not well developed.

mechanistic approach,being based on physico-chemical 
principles,has the advantage of being able to be extra­
polated outside the range of existing experimental addsma 
It often happens that equations are complicated and sim 
plifloations are required so that the model can be solved 
mathematically.Often,due to lack of physical and ehaalcal 
data,further assumptions and the incorporation of adjus- 
table parameters have to be resorted to.

1.4,1 - The Statistical Approach

In the present modelling exercise,one section required 
the partial use of the statistical approach,The klneti 
of the deposition processes on the cathode are only 
partially understood.In addition ,tho lack of physical 
and chemical data,and the difficult task of including



the impurities in the model led to the use of a semi-em­
pirical equation,A study (6) of the effects of current 
density and temperature on current efficiency provided 
the required data. The impurity effect was modelled from 
data obtained from an operating electrolytic manganese 
plant.The final kinetic model incorporates the simultaneous 
effect of temperature,current density and impurity level 
on cathodic current efficiency.

1.4.2 - The Mechanistic Approach

Bryson(14) has recently presented a lecture where the 
m&dalling axarciae of an elactrewinnlng cell In ganaral
was analysed.In general outline /this model follows Bryson's 
approach.This modal Include* the mas* balance,energyladam*
transport of ions through the diaphragm,voltage drop model 
and other minor aspects.Simplifications were made to allow 
mathematical solution of thh equations,and in certain cases, 
a few variables had to be fitted so that the model would 
agree with plant data.

' ; x'



2 . MODEL COMPONENTS

2.1 - Logistic Of th#

Tha modal 1* org&niaad In tha form of a logic diagram a, 
shown in flgura 9.Tha propartlae of tha faad solution arm 
largaly dmpandant on tha parformanoa of tha plant upstream 
tha call housa,but soma control can ba usually mxreoisad 
on tha faad flow rate,The cooling water temperature and 
flow rate can al*o b* adjusted within certain limits.

initial estimate* are raguirad before the mass and energy 
balance* can be performed/as indicated in Figure 9.These
are*

“ cathodic and anodic current efficiencies
- call voltage
- water and ammonia losses
- temperature of analyte and eatholytm

Fra# tha feed composition and temperature,tha feed Ion 
concentration* of tha various aqueous species are deter- 
mlaadruslng the feed equilibrium relationships and el*c= 
trloal neutrality equation.Knowing this a mass balance is 
performed,determining 'he anolyte composition,With this 
mad the solution equilibrium conditions ,the analyte aan 
concentrations are determined.An energy balance is then 
performed to calculate the anolyte and Gathalyteta@pm@tua*3 
All the calculated values are than compared to tha initial 
estimates,and if agreement within certain limits is echismsd 
the calculation proceed* to the next section.

The diaphragm modal that follow* determine* the oatholyte 
composition,Once thl. 1* known,individual aqueous species 
concentrations are calculated from equilibrium conditions 
and electrical neutrality equation.On completion of these,
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the kinetic model is performed,and the cathodic and 
anodic current efficiencies are found.The cell voltage 
model is also used ,as well as the calculation of water 
and ammonia losses.The values determined through this 
procedure are the compared again with the initial estimates. 
Adjustments are made where necessary and the whole proce­
dure is repeated until satisfactory agreement Is 
achieved.

The various model components are now presented.

2.2 - Solution Equilibria

A manganese sulphate - ammonium sulphate solution has 
different aqueous species depending on its^pH.ln the pi 
range of 6.0 to 8.0 it contains Hi0 , Mn‘“ , NH4 ,

and So/" , whereas at a pi less than
unity H20 , MnS+ , H+ , -B4+ , so/- and HSO, oc=u_- 
in Significant quantities. To determine the concentrations 
of the various components from equilibrium constants K,it 
is necessary to Know activity coefficients for all the 
speeiss present.As very little data is available for con- 
eantrated solution mixtures,equilibrium ratios K have 
6«eB measured or estimated over the range of variables 
applicable in this study.These equilibrium ratios K , 
arc the direct relationships among the various concen­
trations of the species present in solution.

The experimental determination of pH causes problems as 
currently available methods merely produce a number on 
a scale which is fixed by a set of s t a n d a r d  buffer solutions 
In concentrated mixtures of ions and neutral species, 
the experimentally measured pH values are therefore not 
necessarily related directly to the concentration or ac­
tivity of the hydrogen ion, as reported by Bates(15).In 
this dissertation we will ,for convenience, define an



effective hydrogen ion concentration in the catholyte as 

- log10 Y2 = measured pH value

Similar definitions will be applied for the feed and 
anolyte solutions.

The nomenclature for the different ionic and neutral species 
present in the electrolyte solutions is tabulated below
(Table 4).

TABLE 4 - Nomenclature for Aqueous Species

Component ponce ntr a t i o nsj kroo le/m_J_
F&$4 c^holyte

Total Mn  ..............   ^m   Zm
Total RB3 ...............   *a........
M a y t a g )    %1  *1......

(aq)...........  ^2   ^2   *2
m/ ( a q )    * 3    %3   _3

(aq) .....  %4   *4 .
FTH.(aq)   x5   YS   „



2.2.1 - Feed and Catholyta Equilibrium

Ammonium sulphate is added to the electrolyte because 
it acts as a buffer to the solution in the pH range of 
7 to 8 through the formation of the manganese - ammonia 
complex.

MnNH]^ + n+ (2.1)

The equilibrium of this reaction has been studied by
Tilak et all (11),indicating a weak complex.Bryson(un­
published data) has studied experimentally, the equilibrium 
ratio of this reaction ,and his values are shown in 
Appendix D.1 . These were modelled using a linear fitting 
on a logarithmic scale and the following expression was 
found to hold reasonably wall for the temperature range 
Of 295 < T <330

® ^2 * exp(-34.57 + 0.051T) (2.2)

%1 *3

A eeoond effect of adding the ammonium sulphate is to in-
crease the electrical conductivity of the electrolytic 
solution.This is advantageous as the cell voltage will 
be lower and will thus require less power for a given 
current density.

The neutral KHg species is also present in significant 
quantities.The ammonium ion - ammonia equilibrium is

The equilibrium ratio for this reaction ha* been exten­
sively studied,and the data i* given by Wea*t(16) has
been modelled and adapted for usage in the study(please 
refer to Appendix D.2).In the temperature range



295 <-T<330 the data is adequately represented by the 
equation

jri _ ^ 3  = ©xp (4 0 . 3 2  -0.064 T)  (2.4)

a

The hydrogen gas which evolves at the cathode.strips part 
of the neutral ammonia species present in the catholyte, 
resulting in significant NHj losses.This loss is modelle 
proportionally to the concentration of neutral m 3 in the 
liquid phase,as presented in section 2 . 6  .

A further problem which could arise in the catholyte is
the precipitation of manganesehydradd* Mn(OH)2 .This will 
occur if the solubility limit for Mn(OH)2 is exceeded.The 
reaction rmapmalble for the precipitation 1*

+ 2 BgOv«aMn(OE)2(B) + 2 8+

The equilibrium ratio for this reaction has been studied 
by Bryson (unpublished data) and is modelled in Appendix • .

e 2   / ./ee 4*7 * n . 1 0 2 8  T ) (2 .6 )
i V ̂

B ^2 a axp (-65.17 + 0.1025 T ) 
t

in the temperature range 293 <  T <, 330 .By letting

A i 1 * J l l .  - Y i 12-71

k;
ipitatian of manganese >ydroxide will occur if

 ̂ A
than preo 

<  0 .



The formation of this precipitate .is catastrophic to the 
efficient operation of the manganese electrodeposition 
process.lt blinds the pores of the diaphragm and it tends 
to deposit in patches on the manganese metal causing copious 
hydrogen evolution on those areas.

2.2.2 - Anolyte Equilibrium

As the aaolytA pE i* vary low,in the region of unity,some 
of the species present in the feed and o&tholyte solution*
have negligible concentrations in the anolyte.These are 
the aanganese-aamonia oompler MnRBg^+f&nd fra* aaeoniR 
Bawever the formation of the bisulphate ion Beo^ largely 
determines the hydrogen ion eonoentratlon in the analyte, 
the reaction being as follows

&BQ/ # = * E+ + so/" '(%'*)

young et al (17) have proposed a correction factor that 
can be applied to the equilibrium constant to determine 
the equilibrium concentration ratio.This factor is given 
as a function of total ionic strength,but it does not 
include temperature as a variable.Comparing operating 
conditions in a typical manganese alectrowinnlng plant 
with those described by the above procedure,an inadequate 
correlation is found between them.The following aapression, 
however,fit* the available data to a reasonable degree of

. *2 . exp(8.339 - 0.0294 T ) (%'S)
h 27
details of the modelling exercise on this equilibrium 

ratio are presented in Appendix D,4



2.3 - Dt&ahcaam Model

Th* operating conditions of a manganese electrowinning 
call are such that the diaphragm allows the two electro­
lytes to have very different properties.It is important 
to be able to model the flux of the ionic species through
the diaphragm.Bryson and Lawrence(18) have developed a 
flux equation for transport in a diaphragm of a ehlur- 
alkali oell.As very little Information is available for 
manganese cells,the interaction diffusion coefficient , 
incorporated in their model,will be assumed to be sere.
The various diffusion coefficients are determined using 
data from the operating manganese plant at Delta.

The mass flowrate of the jth species through the diaphragm 
at a distance x from the cathode side can be expressed as

da, (x)
= Qo Sj(x) - 

 ̂ & T k (2,10)

where k* is the average conductivity of the solutioari.e.

k* » sjsj* Dj (Yj + %j) / a] <2

A mere detailed development is presented in Appendix B.

The boundary conditions applying to the equation (2,10) are



J

K-:

Integrating (2.10) yields

Z . - Yj exp (- aj d )
s A

1 - exp (- aj d ) 
s A

(3,13)

W J

where

R T k

(2.14)

The polypropylmne dl&phr&gm used In electrolytic 
oells ha* the following propertlee

i

^"."4

d = 1-37 10"3 m
s * 0,67 
& = 100.8 m'

It ie found that only the transport of 8+ and 
need b@ eoneldarad due to the following reason*

(1) the manganese concentrations In both the
and eaolyte are very similar +

(2) MBMBg** and MBg react rapidly with hydrogen ions B
migrating through the diaphragm,and It is assumed here 
that this occur* effectively at x«0 d,e. the oatholyte
aide @f the diaphragm)

(3) the telsulphate ion hso4 also dissociates rapi y
ae soon a* the pH increases ,and its eonoentration is as­
sumed to tee effectively aero at x«d (i.e. the anolyte
surface of the diaphragm)

(4 ) t h t  tr«n»port o£ «04J* i« obtained from th. mUo-
trical neutrality equations.

'id*' riiĵ



Using the data from the Delta plant ,the diffusion coef­
ficients for the hydrogen and ammunium ions were evaluated 
and the following average values obtained

D2 = 8,23 x 10-9 ma/8 

D3 = 6,10 x 10™10 m2/s

These values are assumed constant in the model over the
range of the operating conditions studied.

2.4 - #9421

2.4.1 - eathgdio Kinetic Model

The following reactions will be assumed to occur on the 
• eathode,wlth the corresponding partial current densities 

-itten on the right of the reaction*

toi1* (ag) 4- 2 ^gn(s) (2,15)

2H2o * Mn (s) + 2  g6"-— — » Hg (g) + 201 (ag) (i^) (2*1i)

+ a (tg) (2.1?)

2BgO t M(s) + 2 e H2 (g) + 201 (ag) ^4) (2.11)

M represents divalent metal ions,such as Co , 11' ,fe"‘
and which cod*pe*it with the manganese,

het Qp be the fraction of the plated surface which contains 
M ,the impurity metals.Then



The total current density on the oathodic side is made 
up of all the above partial currant dan*ltias,i.e.

ic * i1 + (1 - (P ) i2 + i3 + i4

■s 1, + ±2 + (i4 - i2> 4 1 <2'211

gere the assumption (3.20) was used again.Now.Seiiniaf the 
fsraetional entrant efficiency for manganese deposition as

%  - x

which ,after substituting i0 from equation (2.21) and 
simplifying becomes

1 (2.21)

i + i i 1 4, (..^4 - .±2 ) i 3

i i i 1

iuteuminf that all the electrode reactions are first order 
la ooncmRtratioUfthen

*



Substituting all the first order kinetic equations in the 
expression for the fractional current efficiency results
in

The rate of each of the two main reactions , the aangaaeae 
deposition and its respective hydrogen evolution,may be 
modelled by Tafel kinetics with linear concentration 
danoeti.e. egutlons 2.23 and 2,24 ) and series mass tsesa&e
resistance,as follows (14)

&2 « (2 F + hi) Kg hg
*1 2 (F + hg) Ki

where

h1 01 exp 01
& %

" T V (2.29)

m d

02 exp 1 1 1 02 V) (2,30)

ratio %/%,. i# d a t e d  to the total current density 
on the cathode side (i@) through equation (2,S1)^Bewev*s 
the last term in this equation i* neglegible compared to 
the other two and oan thus be omitted, i.e.

i g "  1̂ ' 12
(2.31)

Using this aquation,Eo can be eliminated ,but the form of 
the resulting equation is highly complicated,involving a



large numbers of unknown parameters,

By expressing aS a Taylor series about a ourr-/
density of 350 A/m* and including th. temperature in t M  
exponential fore,the M1MTEK data (6) was fitted and the
following expression was obtained

x 2 = y
X\

r*
1 + a*:p ( 123

T
00 - 40,953) * 1 - 0 ,0001213 x

2
(i, . 530) + 0,0000127% % do ~ (2,3

It was found that the MISIBK results (6) were gBOsistsntly 
lower than those observed on the Delta plant.This is w t  
swrarisiaf as the MMT1K results were obtained using a 
«,«ii batah eleotrowinning 0*3.1 without a diaphragm and.  ̂
eely for a short period of 30 minutes.The f o m  of the ejuetton 
variation was kept ,but the value of Y was adjusted to  ̂
oossistent with plant perforaanoe results.For this saul*. o

v&l#* #2 % %##& we*

Y » 1,35 X 10* l2-33’

igemdte f shows a detailed fitting of the kinetio mod«. 
ritarai 1 0  and 13 below ,ebew the “M K  data (f) and the 
rasaults of equation 12.33] simulating plant behaviour.



equation C'l-n) sim ulating p lan t behavior

data from reference U )

3S'.'■   .

508.
CURRENT DENSITY A/s*

meas* BEZaat af GasWia Gweteai BSB&L&z
f *  313K; pH - 7.6; Y^ - 0.204 k trol/®3;
Y4 » 1.818 K a o l/a 3 ; Yg *  2 .6  x IQ-*5 k m l / m  *

\Zz
m #  4 4, 0

GATHQLYTE TEMPERATURE *C

Fia&g* M » BgEeat af Gathelata T*SB@gatu:@ 
i c a 556 A/m2; pH -  7.6; -  0.204 k mol/m3

-  1.018 k mol/m3; YQ -  2.6 x lo " 5 k mdl/m3



The impurity concentration Yg is taken as the sum of the 
nickel,cobalt, zinc and iron content of the catholyte in 
kmole/m3.An individual effectfor each impurity was not 
possible to determine as the data available Was not suf­
ficient .Although the data available from Delta is fairly 
scattered,the trend shown by equation (2.27) adequately 
models the observed behaviour with

( X 4 Xg ) Xg = 1150 (2.34)

A 2 X1

Pifure 12 below shows the results of equation (2.27),with 
the a&ovs figure of (2.34),with the average molecular
weight of the impurities as 60 kg/kmole .The details of 
f-Ko impurity model fitting are given in Appendix f

u m  3. SB
IMPURITY CONCENTRATION ppm

Ploure 1 1 - ttfgaafc of Imnurltv Concentration

i  a 510 A/m2?' pH -  7.6? T -  313K

t*. *  0.204 k mol/m3? ■ 1.818 k mol/m3



2.4.2 - Anodic Kinetic Model

At the anode,only two reactions occur? the formation of. 
Oxygen from the dissociation of water

3H20 - 4 Odjt*) * 4 H+ <aq) (i5) U.S»)

and tba deposition of manganese dioxide ,from the manganese 
in solution

+ aSgO - 2 e" eMnOgta) + 4 E*(&g)

auabare in br&ekats (ig) and dg) their oorrss- 
paadlag partial currant deneltiae.

Ehe operation of the manganese electrowinning cell is ^de 
so as to minimise the production of manganese dioxide,fo 
aob&av* this tha anodic current density is usually eet 
hetween 170 and 1500 A/m2 (3).Under these conditions it is 
likely that the manganese dioxide reaction is mass transfer
limited 1 ,@,

ig - 2 S’ kg 1̂

and

Che anodic current efficiency for the oxygen evolution 
will therefore be



2 .4.2 - KintlO. m * k

At the anode,only two reactions ooour; the formation of 
oxygen from the dissociation of w&t@r

2B20 - 4 e ' -  -» oa (gl ♦ 4 H+ m )  <%> (2-SS)

and the deposition of »anSanese dioxide ,from the W m s e  

in solution

t 2Hao . 2 e’ - ^ K n 02 (») + 4 B+ <a,<J>

(16) (2.26)

rae ntmbers in brackets (i5) and U«) are their «er-res- 
ponding partial euzreot densities.

m m s m L

limited l.@,
ta.S?)

1* * % F %6 *1

&ad
(3,39)itt • i5 ♦ ij

a ,  .nodio ouvrent effioienoy for the oxyfen
Will therefore be

5a " J j L  « 1 " J & -  
1.



Stephen and Vogt(19) have developed a mass transfer cor­
relation for gas evolving eleotrodes ,wh,\cn was shown bf 
Bryson(14) to give limiting current density in the form

i6 = Ag 8, (15)°’5 ~ \ e 81 ^a'0’5 l2-40)

Osing the data from the Delta Manganese plant,the average 
anodic current efficiency is

l a  * 0 t

at * 0,2 *

(fhan using this set of conditions

egg&tion aodalling the anodic currant efficiency
is thus

8si „ 1 - 1,SI ,3l4a'

2,5 - The Cell VoltAGtJW*! 

%%* e # U  voltage model le made up of three cmaponeateA.®* 
t&a eatbadle potential,the anodic potential and the aolu-*
tios potential drop.These are respectively modelled by the 
following throe eguationa
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ge e a & a z *  * b l e &  la glwaa by
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1* 1* tb* **ebaa#* ooreaat daaalty at wait @#B~
seSfeS'SSisa f©£ tb# iBsi'ftoi'SS* dapoeltlOA

giwa*
989R #ta&la* ** & l*a& ase&* Bleol(2a)*a ?al%@ ear gweasG 
d k e e l t y  oa gait ooaeeatratloa for th@ oBygea evelatlea 
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i L  - io‘u  w (3,49)

3,6 » Wf^r vaoouc ana ARB@B&#

5S *  hydrogen #volv*& at t h a  osthoda 1* &**#**& t o  b a s m m m W  
% & % &  wa t a r  vapma# * a &  to strip so®* am»o%l& Srom tba 
eelgtlen so that %&* ?** l*aving the cathoda eomematmaat 
is lb ag&ilibrlw* % l t h  tha gaseous ammonia spaoias.Th* 
losses ar$ ©aleulated as follows

Belas of BgO lost from oatholyt# . ^0 (3,99)
moles of Hg evolved  ̂ ^1



where yQ = mole fraction of water
and Yj - mole fraction of ammonia

Similarly for the oalowlstiaa of the amemia logaas

moles of Ml3 lost from, ostholyte
moles of

(3,SI)

Pram the aaelyt*,** tbera 1# no aaaoala egaeia# #ea*@at
in the solution due to the anoiyt# solution e^uilihrievf 
there are only water losses to oenslder fro# the 
©tolution reaction,. If hes tWe #### fss# as the 
egaetiene is

aoles of IgO lost f mmayta
mo las of 0. ***&#*#

(3.S2)

where g. is sol* fraotion of water in the

t&bla* (23) tb* following 
to the data (plaa## #** AppaBdia 8}

wms fitta&

« *1,297 + 0,QO42@ % (2,S3)

the rang* < T <320

#bl* #a*a equation la u*$d for *Q«

Foe the aaaenla equllihriom, it 1* a**aam& tbat Raary'* 1# 
a@ella*,th%* aheuld b* pe)?eetlb*al to Yg.Using data 
fees Faery(24),the proportionality comotaat la far lower 
than that ealoulated from plant da***.®* differ#### is 
moat probably d#@ to tha reaction aaggaatad by Oaaall and, 
Standee am eaportad by howl# mad Martin (@)



sarvsfl ammonia losses on the Delta plant, i.e.

(2.55)
y3 = 2,16 Y3
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2.7 - BlSJBtiBSe,

W # # E #

2 X 1 t  X2 *■ 1$3 * 1 X4 2 Xg = 0

tetw to obtain the wrious eonsentrations.

Tt$s ,veiaU m e „  balano. is P * i f o » e a  a. « o l l « S

f Qjj m *a

t" Lq

P. Q. + + P« + *0. + ^MnO, &a.oc

0*
(2,37)
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all in kg/s, where I is the total current through the ^  
cell in Amperes and f the Faradays' constant<91500 C s ).

Equation (2.57) will give the anolyt® discharge in flow 
units.To estimate the component concentrations,individual 
mass balance equations are written for total manganese, 
total ammonia and tofl sulphate.These results together 
with the equilibrium ratio equation (2.9) and the alec- 
trical neutrality equation

2 21 - t Z3 - 2 ZS - Z7 - 0 |2-62)

give the individual species concentrations,as shown in 
Appendix S*

The most important variable here is the anolyte pH,given 
as a function of Zj.To determine the equilibrium ratios 
for the necessary cathodie and anodic chemical reactions 
of interest,it was necessary to determine the temperatures 
of the various compartments ,which is explained in the 
next chapter (2.8).

Once the eatholyte temperature is determined,the catholyte 
conditions are determined using the diaphragm model and 
the equilibrium ratio equations (2.2),(2.4)and - -
diaphragm model equation (2.13) is used to calculate *

to th* oquatlona (2.1)&nd (2.3)

mi3 * H+ m 4+ l3‘31

M n m  t H* ̂  m 2* - m /  ,2‘1'



The concentration Y* is taken to be approximately © W l  
to Z and thus the various species concentrations are 
determined using equations (2,2),(2.4) and (2*6) and the 
electrical neutrality equation

2 Ŷ  + Y% + Y 3 + 2 X4 - % ° ^

as shown in Appendix B.

2.8 -> Energy Balance

The overall energy balance in kJ/s may be written as:

Qg 3 Xj Bj + V 1/1000 = Qa 2 Ej + 2 Mj Bj + 9# +

The molar enthalpies can be expressed as :
%  i

a,-. * I C° «  ♦ A H tj ♦ ASj (3
3 ’ 298

The temperature range of normal cell operation is relatively 
8lo#@ to 298K and elno* very little^ls available for some
of the aqueous species,the molar enthalpies will be appro-

Kj • ABfj t (T - 298) 0*j (s-e8)

data used ha* Damn compiled from references (25),(2«)
(27) and are listed in Table S.



IMto = -
Sasta

&m;tw/kmoi.,Kio^ c; (W/W01..MCompo \. -it

B^O (&q) 
m * *  (&q) 
a* (&%)

(%q)
(&q)

(#w%)
sOg*~ (*q) 
ago**" (*s) 
a^o tg)
MB (#)
MnOa (el 

MB; W)
CU {*)
H. (9)

-25,38 
»22,03 

0,00 
-13,aa 
-30,0#* 
-8,03 
-90,92 
-38,S7 
-24,18 

0,00 
-52,01 
-4,60 
0,00 
0 ,00

75
184

0
117
151®
-34
-301
-71
34
34
50
34
34
34

Th« .n»-47 reooveS by th® ooollng aoili is

a . . 0 *, 41 - *184 Q0 (S2 " $V
i i ,$n

where



Th@ ensrgy balanoe parmits T and ?2 ^  evaluated for

s  : 1 % : Z
of Q and *, for a given *v *h. oatholyte temperatmre

empirical relation adequately models this variab. e

*s " 0,7 ‘‘f + 0,3 Ta
sypieal energy balance calculations are presented in
Ippan&iH G



3. RESULTS AND CASE STUDIES

3,1 - Typical Results - Discussion

* typical ,.t of SMulte uslag th. -odel Is shown on *m. « 

5 5 5  A/m' maximises the current efficiency for manganese
t-pr.rwerv,

able @ - Typical Modal Results

Current - 56000 A . Call Voltage = 6,52 V 
5SA/8- f ia * 1000A/e1 I B. * 0.990 
50,05 a*/hr , g, - ISkJ/e , T, - » 2  K , f2 • 306 K

S0 = 'O'

■©#©
0,000552

Afipirtet
0,061141

aoaity(kg/m')
esysKafcers (°C) 
otal Mn (kg/m3) 
otal WSg (kg/m*)

(kmola/m3}

39,0
32,16

40,0 42,5
11,48 
27,@0

3̂ (kmc la/m*) 

>*a:

W / W * 
6,8$ 7,60 0.64

A A /S A
0,534 
1 ,611

0,131
1,783

0,209 
1 ,635

0,031 0,077

0,018
1,391

0 ,110 
1,098 0,883

a # 4 e0 f S1 5

34,931 - 34,572

ased on this set of results/I/yplcal Mass and Inergy 

,  rr «42 7 P, A .
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3.2 - Casa Studies

By varying the input parameters to the computer model , 
the effect of certain parameters on the fractional cathode 
current efficiency was studied.These are presented and 
discussed and compared to previous available information.

3.2.1 - The Effect of Feed Flowrate on Fractional Current 
IffIcljncy

fifura 14 demonstrates the effect of altering the feed 
flowrate,using the values presented on Table 7.The curve 
is fairly stamp ,which suggests that it may be profitable 
to axarcis* a high degree of control of this variable , 
particularly as the formation of MnfOH^g at higher flow- 
rates could result in extremely poor performance.

T&1S1 7 ** Fractional Current Efficiency versus Feed 
Flowrate

fractional current

0,423
0

0
0,610
0.640
0,663
0

Feed
(m3 /s) x 10'
4,00
4,20
4,40
4,60

5,00
3,20
3,40
5,60
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