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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
model was developed where the interrelations between the
most important parameters were taken into account.Fun-
damental concepts were used wherever possible,except in

a small section where no theoretical data was available.
Tn this case empirical fitting of parameters was resorted
to.

The trends experienced in practice werse all confirmed by
the model,namely:

(1) the increase of cathodic current gefficiency with
increased pH,which is limited by the precipitation of
manganese hydroxide:

(11) the increased current efficiency with decreased
ammonium sulphata concentration;

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

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

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

(vi) the steep increase of current efficiency with in-
crease of feed flow rate,to an uppex limit condition at
which point manganses hydroxide starts precipitating.
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LIST OF SYMBOLS

A - submerged area of diaphragm (m?)

A, - area of cooling coils(m?)

Bj(x) - concentration of jth species at position X
(kmole/m’)

ng, C;j - molar and average molar specific heats of

species j (kJ/kmole K)
D - diffusion coefficients of Jjth species (m?/s)
d - diaphragm thickness (m)
E ~ gquilibrium potential wh@n‘concentration of

ith species is unity (V)

E /B - anode and cathode potenti.ls(V)

F - Faraday's constant,96500 (A.s/mol)

Hj - enthalpy of jth component (kJ/kmole)

AH%j - standard enthalpy of formation of jth specieas
(kJ/kmole)

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

AH3 ~ enthalpy correction due to non-ideal beha-
viour (kJ/kmole)

h1,h2 - defined by equations (2.29) and (2.30)

I - total cell current (A)

i,ig,la - current density at diaphragm,cathode and
anode (A/m?)

ij - partial current density for jth reaction
(A/m?)

i;j - axchange current density when concentration
of jth component 1s unity

K*,Kc,Ka - average,catholyte and anolyte conductivity
(A/Vm)

X - sguilibrium constant

Ké,Ké,Ké,K‘h - defined by egquations (2.2),({2.4),(2.6) and
(2.9)
. mags transfer coefficients of jth species

(m/8)

~
¥




€,
TqrTerTyr Ty

AT

0
wl-

1

3

-

-

(vi)

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
proﬁuction rates of manganese,oxygen,
hydrogen,and manganese dioxide

(kg/s)

feed,anolyte and catholyte pH

feed mass flowrate (m®/s)

discharge or anolyte flowrate (m®/s)
cooling water flowrate (m*/s)
flowrate of water through the diaph-
ragm (m®/s)

energy removed by the cooling coils
(kJ/8)

enargy correction term(kJ/s)

ideal gas constant, 8,31 (A.s/mol)
total sulphate concentration in anolyte
(kmole/m?)

temparature (°C), (K)

temperatures of anolyte,catholyte ,
cooling water in and out (K)

defined by eguation(2.68)

cell voltage (V) '

diaphragm molar flow of jth species
(kmole/s)

distance into diaphragm from catholyte
interface (m)

mole fraction of jth species in gas
charge on jth species
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defined by equation(2.7)

concentration of agueous species(kmole/ma)
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 catholyte,anolyte and
diaphragnm (V)

fraction of plated surface containing
impurity metals

electrochemical potential of species 1
cathodic and anodic fractional current
efficiencies

feed,anolyte and catholyte densities (kg/m®)
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1. INIRODUCTION

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

The metal has many important uses,the nain ones being

in the steel and alumimium industries.Manganese is added
to all grades of steel and acts as a deoxidiser and a
desulphuriser .It stabiiizes the austenitic phase at high
temperature< and can replace part of the nickel content
of stainless steel.It also decreasss the carbon content
of the steel ,giving it a greater toughness and fluidity
(1).It is found that if manganese is added in & pure state
gteal properties are improved (2) .Producers of low carbon
and high manganese stesls prefer the use of electrolytic
manganese because of its high purity and simplification
of the process reguired.

The other main consumer of electrolytic manganese is the
aluminium industry.If manganese is added to aluminium
alloys,it improves thelr mechanicel,thermal and corrosion
resistance properties .Iron and othar impurities have to
pe carefully controlled to avoid the formation of hard
gpots when the aluminiun glabs are being shaped.

Other smaller industrial uses of manganese are in the
production of alloys of various non-ferrous metals such
ag& manganese-magnesium and nanganese-bronze,which display
gome important electric and magnetic properties.Coppex=
manganese alloys are also produced industrially as they
ghow extremely high strength qualities,with applications
in ship propellers,valves,nuts and bolts.Special ferrous
super-alloys are usad in jat engines,marine turbines and
in nuclear energy industry.Some non-metallurgical appli-
cations of electrolytic manganese &re in dry cell bat-=
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teries in the form of mar-snese dioxide,in paint and
varnish driers,.eramic products,fungicides and phar-
maceuticals. B

1.1 - The Production of Electrolytic Manganese

In 1927 various processes of producing pure manganese

were tested.In 1936,cathodic manganese was produced for ly?
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 Mangansse (IV) to the Manganese (II) s
state at temperatures of the order of 900°C.The reducing :
agent used is Carbon,which allows the manganaese to be “
preferentially raeduced to Manganese (II)oxide.During this
reaction the bulk of the iron is left in a form that ts
insoluble to dilute sulphuric acid.In the leach section, .
the anolyte solution from the cell house and the reduced
ore are mixed under controlled conditions,in order to
maintain the pH between 5.2 and 6.2.This minimizes the
diesolution of iron and other impurities such as silica,
zinc,nickel and cobalt.After leaching,the gangue is
separated from the sgolution in a thickener,the underflow
being discarded.

Ag the process efficiency is highly influenced by the
presence of impurities,a purification step follows.The
commonly accepted method of purifying a manganese solution
is by the addition of ammonium sulphide to precipitate
impurities as insoluble sulphides.The maximum level of .
some impurities that can be tolerated in the electrolyte |
solution is given in Table 2 (section 1.2.4)
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After chis purificatio.. 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,dshydrogenated
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 axisting theory is not applicable to con~-
ditions found in an industrial cell,a semi-empirical
approach will bea adopted.The resulting model should be
capable of predicting the performance of the cells for

& given set of input parameters.It 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 & number of cathodes and anodes,
each 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
s{imultaneous evolution of hydrogen gas.Impurities,which
are present in the catholyte in very small gquantities,
co~deposit with the manganese on the cathode plate.These
impurities generally enhance the avolution of hydrogen,
with the result +that current efficiencies with respect
to the manganess deposition are usually less than 75%.
Phis cathodic current efficiency should be maximized for
optimum process parformance.The pH is kept as high as
possible but below the valug at which the pr@cigitatiOﬁ
of Manganese hydroxide Mn(OH)2 occurs.The oregence of
particulate mat ~h ag manganese hynlroxide and gypswn ,
block the dlaphracapores.

Coar——— e e e
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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 anolyte pH to very acidic
values.The presance of the diaphragm betwean the anolyte
and catholyte allows these two solutions to have such

different compositions.

1.2.1 - Cell Design Considerations

Baggot (4) reports some hystorical 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

CATRaO4)

B . _AVGWTE
STt Bversiow

FIGURE 2 - Bottom Feed Cathode Frame Type Cell
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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 ba~ 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 menganese dioxide from the individual
bags.

EATHOMES

ANDUE FRAME
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FIGURE 3 = Individual 8ide Lischarge Type Cell




The false hottom cell principle is now the type favoured

by most producers.This is the case of the'Delﬁa plant,whose
operational data was used for the developmenf of this study.
A simplified diagram showing the false bottom type cell is

shown in Figure 4 below.

? \. Q
: .
f
N N
. l.\
oy S
\ ‘; }
EAtuosg MATR .
~AuoeE PLATE ' '
CATNODE VAN o
FIGURE 4 ~False Bottom Type Call
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At Delta(3),the ancdes 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,

CATHO O
7 ERANES

. PEED
SOLMTIG N & G,

SERCER, > F o AnoLyTE
df DISCHARGE
. i - #
7~ i) 4Pec e 4 A;“
e LHCW
)‘
V4 '
_ ) g y
(=2 74 = g
~ S\ 5
e — SLUDG @
ceunmn e
?’M&!

BOTOH

FIGURE 5 ~ False Bottom Type of Manganese Electrowinning
Cell ae ussd at Delta

Feed solution enters & .ommon compartment surrounding the
frame where the cathodes and anodaes rest,feeding sach
cathode compartment through slots on the sides of the ,
frame.This produces a rapld circulation(4) in the cathode
bag causing less gassing fue to hydrogen evolution.The
solution (3) flows past the cathode and through the diaph=
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ragm into the anode compartment.It leaves the latter through

an opening at the bottom into a common anolyte sump,wnere
the manganese dioxide MnO: formed accumulates,thus not
occupying solution space (2) .The solution then flows up
from this sludge chamber through an adjustable raiser pipe,
which controls the solution level in the cells.The anolyte

then leaves the cell bank through an overflow weirbox.

The advantages of this type of cell are(4)
~ less gassing due to hydrogen evolution , since
appreciable coalescance of small bubbles occurs in
the catholyte compartment
- a longer cell life,owing to improved removal of man-
ganese dioxide
- simpler cooling,since the cooling coils can be placed

on the side of the catholyte compartment and can be
replaced while the cell is operating.

Figure 6 below shows a simplified disdgrem 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 8
shows a diagramatic sketch of the false-bottom side-feed
cathode-frame cell (4),which is gimilar to that used in

Delta.
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1.2.2 - Cathodic Manganese Depogition

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 characteristices for an industrial operation.hgcor-=
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 unacceptabls levels.The presenca

of a sulphur compound performs the role of 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 palance must ba maintained
between the adhesion of metal to the surface,®o &8 not o
redissolve,and the easiness of taking rhe metal off,once
the electroplating is ended.The choice of cathods matarisl
is vital when considering this balance.

1.2.3 - Choice of Electrodes

Experience with industrial production of slectroplated
metals has shown that certain properties are required for
the anodes and cathodes used to obtain optimal oparation.

When considering the choice of anode,the following chaxsac-
teristics are important:

(1) insolubility to the solution used

(11) good alectrical conductivity

(141) acceptable oxygen overvoltage
After years of practice and expsrimentation with differant
metals,an alloy made out of 99% lsad and 1% silver is the
best choice,so far,for the manganese procsgs.Since oXygen

2 R T Kl s e e D e o e




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 irvnlved.The properties
required are (3)

(i) insolubility in the cathoce

(1i) insolubility in dilute sulphuric acid,which is

used for cleaning

(1ii) low electrical resistance and good flexibility

(iv) a high hydrogen overvoltage

(v) surface properties which allow the manganese deposited

to be easgily removed.

The most widely used material is stainless steel ,which
is usually treated with sodium silicate,priox.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 £rom
reference (3)

TABLE 1 ~Charscteristic Composition of Cell Feed Bolution

Manganese as Mangansse Sulphate............. 30-34 kg/mﬁ
ATONLUM BULPHAEE. « o evnsvsssssersirsnsressas 120=130 kg/m’

SUlphur Dioxid@..ivsivurivisnonssrrssnnsannss 0.2=0.4 kg/m3

pHvalueili.liiiii‘iiiiiiblii.ii"’ldﬁll."il 657—702




TABLE 2 - Maximum Levels of Impurities

golution

Nickel.......
Cobalt..eoas.
Tron (ferrous)
S8ilicon......
COpPpPeL . e s

Zincl.l‘.....

TABLE 3 - Typicaernalyﬁis of Electrolytic Manganese

Low Oxygen Grade  Low Hydrogen Grade
% %

Manganese 99.82 ... 99.65
Sulphur., . » 0.024 . 0.026
TEON . s e vasssas ; , 0.001 ... 0.001
Carbon... eu v b 0.006 .. 0.006
Oxygen. .. ‘o s : 0.08 ; 0.30
Hydrogen. N 0.018

The manganese soncentretion in the feed is 30634kg/m3,arcpﬁ
ping to about 12kg/m® in the catholyte.The ammonium sul=
phate,in the range of 120-130 kg/m® ,effactively acts &s

a buffer to prevent the precipitation of manganase hydrc

and to increase the conductivity of the electrolyte.Cathodic
current densities batwean 450 and 600 A/m® are commonly
used,being the optimal in the region of 530 A/m? at an
operating temperature of 40°C.
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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
(1) the current efficiency on the cathode side decreases
drastically
(1i) the manganese starts radissoloving in the catholyte
(1ii) cracking and peeling of the plated manganese OC-
curs and
(iv) very 1odular and brittle deposits are formed ,
which are very difficult to remove.

The typical analysis of the product metal is shown in
Table 3 (3). The manganese is of high purity,showing
only traces of Sulphur,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 effect of
individual parameters on the performance of mangansse
electrodeposition.It is highly likely ,however,that inter-
actions between variables have a significant effect on the
process.By attempting to set up a fundamentally based modal
this dissertation aims at the understanding and prediction
of the effect of changing varisbles gimultaneously on the
overall performance of the manganese electrowinning cell.

zzzzz




1.3.1 - Manganese Sulphate Concentration

The accepted manganese sulphate concentration in the
c¢atholyte for optimum depusition ig around 12 kg/m® as
Manganese (3), (5) .Feed solution concentrations between
30 and 40 kg/m® Mn have been reported by Dean(2) ,
'0odman (5) and Martin(6).It ie desirable to keep the
sutflowing manganese concentration as low as p~ssible.
The lower this concentration,the lower the amount of
manganese returned to the leaching solution, hence reducing
flow rates and required sizas of aquipment .The manganese
concentration in the catholyte should,however,not be
allowed to drop too low ,as insufficient manganese ions
at the cathode surface would result in redissolution of
the plated manganese.As t+he concentration of manganase

in the catholyte goes above the degired 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 golution.
The solution pH and manganese concentration are inter-
related.The higher the manganese coneentration,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 Jacobs (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
electrodeposition process as it increases the solution
conductivity and buffere the catholyte between pH 7 and
8 ,so0 that the precipitation of Mn(OH), can be avoided.
Manganasse hydroxide 1ls very detrimental to the perfor-
mance of the electrolytic cell as it blocks the diaph-
ragm and also tends to adhere to tha cathode deposit.
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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 & manganese-ammonia complex,which lowers
the concentration of the manganese cation (Mn?*) in the
solution.This increases the solubility of manganese in
the solution as the element is now distributed between
Mn®* 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 ef’iciency on the cathode side.The obser-
vations of Dean(2) ccem to agree with Tilak et al (9),

as he states that ,beyond the pH control,the ammonium

ion appears to increase the difficulty with which the
hydrogen ions are discharged.

Kublanovskii 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 MnS0,

The available experimental evidence suggests however that

the formation of the ammonia-manganese complex is more
important in determining the properties of the catholyte.

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 those cases where,after the deposition of ;
a few microns of metal,the gamma form undergoes & trans= E
formation (4), (11) .After this initial transformation te

alpha=manganese ,subsequent deposition will occur in the

alpha form.Fortunately this transformation can take place

at room tempersture and is accelarated by the presence of
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sulphur compounds, particularly sulphur dioxide (80,) .
A concentration of 0.1kg/m® of sulphur dioxide, (2) (5),
in the solution gives the plated metal optimum adhesion

to the cathode surface.

milak et al (11) studied the kinetics of the electrodepo-
sition process using gulphur dioxide in solution.They
concluded that the presence of the sulphur dioxide lowers
the cathodic current efficlency.However as the compound's
concentration increasas, ln the golution, so does the
current efficiency.They also found that below certain
current densities the deposited metal redissolves.Thse
addition of small quantities of sulphur dioxide increases
this limiting current density below which redissolution
of the metal occurs.But 12 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/m’.

1.3.4 - Solution Temperature

Typical operating penmpsratures for optimum process perfor-
mance are around 40°C.As the slectrodeposition reaction of
manganese metal from the ion in solution ig exothermic,
energy must be removed in order to keep the solution tem=
perature at the optimum.This 18 done by having cooling
water coils immersed in the slactrolyte.

pean (2) and Jacobs (7) report an optimum operating tem-
perature of 380 at & current density of 400A/m? ,which
is supportsd by Shulyakas et a1l (12).Louis and Martin (6)
made more recent {investigations on the effect of this
parameter on surrent efficlency ,and reported a value of
40°c at & current density of 400A/m? .




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 manganese' is minimized for
optimum overall plant performance.

Wwhen all the other plant parsmeters are kept constant
under controlled conditions,ths current efficiency shows
a maximum when plotted against current density.Various
aukhors raeport thig ,although they differ slightly on the
absolute value of this maximum.Dean(2) reports a value

of 480A/m?® at 35°C,whereas Louis and Martin(6) report

550 A/m® at 40°C. )

1.3.6 = Bolution

Catholyte pH is related to most of the other operating
varisbles and can not be controlled independently.lt 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 side.This is demonstrated by a guantitative
gtudy made by Louis and Martin (6) .However it is hot pos=
gible to incresse the pH indefinetely dus to the eventual
precipitation of manganese hydroxide.
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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 impurities'naturs they have either detrimental

or benaficial effects on the deposition process.

Comnonly 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.Ilt was found that the addition of sulphur
dioxide in small quantities allows the presence of impu-
rities at higher levels without redigsolution taking
place(11) .The wost common detrimental impuritles are
Cobalt,Nickel,Zinc and Iron.Their simultaneous effeoct

is more drastic than the addition of their individual
effects (2),with Nickel and Cobalt being the most harmful

impurities.

Beneficial impuritlies have been raported (6) ,and their
presence in solution improves tne cathodic current ef-
ficiency.The two known examples are Selenium and Teluxium.
However these two are very rare elements and their addition
would be very expensive,unless they are present in the

ore from which the manganese is extracted.




1.4 - The Modelling Exercise

The modelling of electé%hemical systems ,as with many
other systems,can be carried out in two ways,i.e. statis~
tically and mechanistically.The statistical approach is
pased on data obtained from operating plants and prasvious
experimental work.This data is then fitted to empirical
equations with adjustable parameters.on the other hand,
the mechanistic approach is pased on existing fundamental
knowledge of physical,chemical and electrical changes
taking place(13).Both approaches have theixr advantages
and disadvantages.The main disadvantage of the statistical
approach is that of extrapolation.The equations are Fit=-
red over a narrow region where data is available , and
projecting out of this range jnvariably leads to erxors.
One of the main advantages is its simplicity,particularly
when theory is not well developed.

The mechanistic approach,being based on,physiGOachami@al
principles,has the advantage of being able to be extra=

polated outside the range of existing experimental evidence.

1t often happens that equations are complicated and sim-= '
plifications are required eo that the model can be solved
mathematically.0ften,due to lack of physical and chemical
dmta, further assumptions and the incorporation of adjus=

table parameters have to be resorted to.

tn the present modelling exercise,one section required
the partial use of the statistical approach.The kinetios
of the deposition processes on the cathode are only
partially understood.In addition ,tha lack of physical
and chemical data,and the difficult task of including
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the impurities in the model led to the use of a gemi-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 sgimultaneous
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
modelling exercise of an electrowinning cell in general
was analysed.In general outline ,this model follows Bryson's
approach.This model includes the mass balance,energy balance
transport of ions through the diapnragm,voltage drop model
and other minor aspects.8implifications were made to allow
mathematical solution of thé equations,and in certain cases,
a few variables had to be fitted so that the model would
agree with plant data.



2. MODEL COMPONENTS

2.1 - Logistic of the Model

The model is organigzed in the form of a logic diagram as
ghown in Pigure 9.The properties of the feed solution are
largely dependant on the performance of the plant upstreanm
the cell house,but some control can be usually exrecised
on the feed flow rate.The cooling water temperature and
flow rate can slso be adjusted within cgertain limits.

tnitial sstimates are required before the mass and energy
balances can be performed,as indicated in Figur: 9.These
BEE?

- gathodic and anodic current efficiencies

- gell voltage

~ water and ammonia losses

- temperaturs of anolyte and catholyte

From tha feed composition and tempersture,the feed ion
concentrations of the various aqueous speciaes are deter=
mined,using the feed eguilibrium relationships and elec-
trical neutrality squation.Knowing this a mass balance is
serformed , determining " he anolyte composition.With this

end the solution equilibrium sonditions ,the anolyte ion
concentrations are determined.An energy balance is then
parformed to caloulate the anolyte and aatholyte temperatures.
#11 the caleoulated values are then compared to the initial
grtimates,and if agreament within certain limits is achieved,
she caloulation proceeds to the next section.

The diaphragm modsl that follows determines the catholyte
composition.Once this is known, individual agueous gspecies 1
concentrations &re caleulated from eguilibrium gonditions
and slectrical neutrality squation.on completion of these;



FIGURE 9

Logic Diagrem
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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 nacessary and the whole proce-~
dure is repeated until gsatisfactory afTreement 1is

achieved.

The various model components are now presented.

2.2 - Solution Equilibria

A manganese sulphate - ammonium sulphate solution has
its pH.In the pH

different aqueous species depending on

range of 6.0 to 8.0 it‘contains H.0 , Mn:2+ ' NH4+,
MnNH32+ , WH, and 3042' , whereas at a pH less than
unity H,O , wn?* , 85, dH4+ , 8042" and Hso4‘ ocour
7o determine the goncentrations

in significant quantities.
of the various components from equilibrium constants K:it
nts for all the

is necessary to know activity coefficie
species present.As very 1ittle data is available for con=
centrated solution mixtures,equilibrium ratios XK' have
been measured or estimated over the range of variables
applicable in this gtudy.These equilibrium ratios K',
sre the direct relationships among t+he various concen=
trations of the species present in solution.

The experimental determination of pH causes problemg as N
surrently available methods merely produce & number on ‘
is fixed by a set of standard buffer solutions.

f ions and neutral species,

re therefore not

a scale which
In concentrated mixtures ©
the experimentally neasured pH values a

nacessarily related directly to +he concentration or &c-~

tivity of the hydrogen ion, as reported by Bates (15) .In ﬁ 
ience, define &n ’

this dissertation we will ,for conven




effective hydrogen ion concentration in the catholyte as

- log10 Y, = measured pH value

gimilar definitions will be applied for the feed and

anolyte solutions.

The nomenclature for the different ionic and neutral species

present in the elactrolyte solutions is tabulated below

(Table 4).

TABLE 4 -~ Nomenclature for Aqueous gpecies
Concentrations (kmole/m)
Catholyte

compone

TOtath..--.a.--iXm-.,---.cc» ¥m0"5l¢!'0 Zm

’I"ogilNHB a.c-o‘-ilb xaiil-loto Ya-l'nii-ot Za
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2.2.1 - Feed and Catholyte 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.
st o+ NH4+.;,;—-::_-"MnNH32+ + mt (2.1)

The equilibrium of this reaction has been studied by
Tilak et all (11),indicating & weak cohplex.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 & linear fitting
on a logarithmic scale and the following expression was
found to hold reasonably well for the temperature range

of 295< T <330

Ry = "2 Y4 = exp(-34.57 + 0.051T) (2.2)
¥, ¥,

1

A second effect of adding the ammonium sulphate is to in-
orease the electrical conductivity of the electrolytic
solution.Thig isg advantageous as the cell voltage will
be lower and will thus require less power for a given

current density.

The neutral NHB species is also present in gignificant
quantities.The ammonium ion - ammonia equilibrium is

o y L P
The equilibrium ratio for this reaction has been exten-
sively studied,and the data is given by Weast (16) has
been modelled and adapted for usage in the study(pleass
refer to Appendix D.2).In the temperature range

Y A o




295 <. T< 330 the data is adequately represented by the

equation

xi = Y3 = exp (40.32 -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,
losses.This loss is modelled

resulting in significant NHq
eutral NH, in the

pr0portionally to the concentration of n
liguid phase,&as presented in gection 2.6 .

aould arise in the catholyte is

A further problem which

the precipitation of manganese hydroxide Mn(OH)2 .This will
ocone if the solubility limit for Mn(OH)2 is exceeded.The
reaction responsible for the precipitation is

2t 4 2 H,0m=SMn(OH),(s) + 2 H (2.5)

&

o for this reaction has been studied

The equilibrium rati
and is modelled in Appendix D.3

by Bryson(unpublished data)
by

Y 2
gy o= Y2 = oexp (-65.17 ¢ 0.1025 T ) (2.6)
B

in the tempsrature range 298 < T <. 330 .By letting

(2.7)

then precipitation of manganese wydroxide will oeccur if

Ay, <0 .



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

2.2.2 - Anolyte Eguilibrium

As the anolyte pE is very low,in the region of unity,some
of the species present in the feed and catholyte solutions
have neglegible concentrations in the anolyte.These are

the manganese-ammonia complex MnN332+,and free ammonia WH,.

However the formation of the bisulphate ion B80,  largely
determines the hydrogen ion concentration in the anolyte,
the reaction being as follows

13504‘ i H+ + g@éf‘ (2.8)

young et al (17) have proposed a correction factor that
can be applied to the eguilibrium constant to determine
the eguilibrium concentration ratio.This factor is given
as a function of total ilonic strength,but it does not
include temperature as &a variable.Comparing operating
conditions in a typlcal manganese electrowinning plant
with those described by the above procedure,an inedequate
sorrelation is found batwesn them.The following expression,
however,fits the available dats to & reasonable degree of

= exp(8.339 - 0.0294 T ) (2.9)

The details of the modelling sxsrcise on this eguilibrium
ratio ars presented in Appendix D.4 '




The operating conditions of a manganese electrowinning
cell 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 chlob-
alkali cell.As very little information is available for

manganese cells,the interaction difflusion coefficient ,
incorporated in their model,will be assumed to be zero.
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

- ¢ ap, By

dax

{2.10)

- .k . -
where k  i8 the average conductivity of the solution,i.e.

S TN s
2oy tyy+ag) z] (2.11)

mors afﬁail@a'd@velcpment is presented in Appendix E.

yundary conditions applying to the eguation (2.10) are




Integrating (2.10) yields

o D. 2. = Y. @XP(‘ G,jd)
31 ] J J 5 A L
Wj = - ) -~ (2-13)
. . d
1 - exp (- X )
g A
where
o = 1Py - Qy (2.14)
RT k" D,
J
The polypropylene diaphragm used in electrolytic manganese g

cells has the following properties

a=1.37 103 m
0.67

A= 100.8 m?

o
3

1

1t is found that only the transport of g and Nﬁq* species

need be considered dus to the following reasons

(1) the manganese concentrations in both the catholyte
and anolyte are very gimilar

(2) MﬁNH32* and NH, react rapidly with hydrogen ions gt
migrating through the diephragm,and it 1is assumed here
thet this oceours effectively at x=0 (i.e. the catholyte
cide of the diaphragm)

{3) the bisulphate ion HBO,
as soon as the pH increasaes ,and its concentration is as-
sumed to be effectively zero at x=d (i.@. the anolyte
surface of the diaphragm) . ;

(4) the transport of sadk“ ig obtained from the elso= R

trical neutrality eguations.

also dissoclates rapidly

R R



Using the data from the Delta plant ,the diffusion coef=-
ficients for the hydrogen and ammunium iong were evaluated

and the following average values obtained

8,23 x 1072 m*/s

10

6,10 x 10 '~ m?/s

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

Kinetic Model

2.4.1 - Cathodic Kinetic Model

The following reactions will be assumed to ocour on the
- gathode,with the corresponding partial current densities
<itten on the right of the reactions

w2t (ag) + 2 @ ——v Mn(s) i (2.18)

28,0 + Mn(s) + 2 @ ——= H,y(g) + 208 (ag) (4. (2.16)
et p o - sk e ; A G H
M" (ag) + 2 @ ——s M(8) . (2.17)

2H,0 + M(s) + 2 @ —> Hy(g) + 0H (aq)  (1,) (2.18)
{ represents divalent metal ions,such as colt, ni?* Fel?
and an?" which codepogit with the manganese.

Let ¢ be the fraction of the plated surface which contains
M,the impurity metals.Then

3 (2:19)

i,
ﬁ’&iﬁ‘ﬁfﬂ“




as 13 << 1

The total current dengity on the cathodic side is made
up of all the above partial current densities,l.e.

+ (1

(2.21)

Here the assumption (2.20) was used again.Now,defining the
fractional current efficiency for manganese deposition as

i

_ h

which ,after substituting i, from squation (2.21) and
gimplifying becomes

et b 1 e g -0
i

assuming that all the elactrode reactions are first oxde
in soncentration,then




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

in

(2.27)

A
121+ (M4

The rate of each of the two maln reactions , the manganese
depasition and its respective hydrogen evolution,may be
modelled by Tafel kinetics with linear concentration depen—
dance (i.e. equtions 2.23 and 2.24 ) and geries mass transfer
resistance,as follows (14)

=

(2 F X + hy) Ky By

2 (F R, + hy) Ky by

The ratio KQ/X1 is related to the total current density
on tha cathode side (i@) through egquation (2.21).However
the last term in this equatcion is neglegible compared to
the other two and can thus be omitted, l.a.

(2.31)

Using this equation,Ec can be eliminated ,but the form of
the resulting equation is highly ccmpli@at@a,iﬁVleiﬁg a
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large numbers of unknown parameters.

By expressing A,/Aq as a Taylor series about a current
density of 850 A/m? and including the temperature in the
exponential form,the MINTER data (6) was fitted and the

following expression was obtained

O nad

Aq

A2 =Y ' : 1 = 0,0001213 x
A | |

- 550) + 0,00001278 x (i, - 550)2 (2.32)

Tt was found that the MINTERK results(€) were consistently
lowerx ! those observed on the pelta plant.This is not
gurprising as the MINTEK results weve obtained using &
small batoch electrowinning sell without a diaphragm and

‘ a short period of 30 minutes.The form of the equa
variation was kept ,but the value of Yy was adjusted to be
soneigtent with plant performance results.For this simulation
the value of Y used was

= 1,36 % 10°

\Qiﬂﬁéi% hows a detailed fitting of the kinetic model.
Figuras 10 and 11 below ,show the MINTEK data (6) and the
cagulte of equation (2.32) simulating plant behaviour .
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The impurity concentration Yg is taken as the sum of the
nickel,cobalt, zinc and iron content of the catholyte in
kmole/m® .An individual effectfor each impurity was not
possible to determine as the data available was not suf-<
fioient.Although the data available from Delta is fairly
scattered,the trend shown by equation (2.27) adeguately
models the observed behaviour with

(M "ra yr3 o= 1850 (2.34)
Aq

Figure 12 below shows the results of equation (2.27) ,with
the above figure of (2.34),with the average molecular
weight of the impurities as 60 kg/kmole .The details of
ting are given in Appendix F

e

the impurity model £it
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2.4.2 - Anodic Kinetic Model

occur; the formation of

At the anode,only two reactions
Oxygen from the dissociation of water

28,0 = 4 & —=> v,y (g) * 4 5" (aq) (ig) (2.38)

and the deposition of manganese dioxide ,from the

in solution

an*(aq) + 2H,0 - 2 e-a—a4>Mn02(s) + 4 H*(aq)

(i6) (2.38)

ponding partial current densities.

The @p@r&éion of the manganese electrowinning gell is mude

so as to minimize the production of manganese dioxide.
achieve this the anodic current density is usually set
between 970 and 1500 A/m® (3).Under these conditions it is
ioxide reaction is mass transfer

iikely that the manganese d
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2.4.2 - Anodic Kinastic Model

oceur; the formation of ‘

At the anode,only two reactions
Oxygen from the dissociation of water

2H,0 - 4 g™ 041g) + 4 at (aq) (1g) (2.38)

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

0 = 2 eﬁ-ﬁ—éiMﬁOz(a) + 4 H*(aq)

mnt (ag) + 2H,

(16) (2.38)

The numbers in brackets (is) and (16) are their corres-<

current densitles.

ponding partial
kion of the manganess electrowinning &ell is
s6 as to minimige the production of manganese
jeve this the anodic current density is usually set

ac
between 970 and 1500 A/m?® (3).Under these conditions

1ikely that the manganese d

E‘q
(23
B
w

ioxide reaction 18 mass transfer i

g = 2 F kg By (2.37)
and .
(2.38)

The anodic current efficlency for the oxygen gvolution

will therefore be




Stephen and Vogt(19) have developed a mass transfer cor-
yelation for gas evolving electrodes,whicih was shown by
Bryson(14) to give limiting current density in the form

g By (1,0 (2.40)

Using the data from the Delta Manganese plant,the average
anodic current efficiency 18

o = 0,99

at g, = 0,2 and i, = 1000 A/m’

Then using this set of conditions

The equation modelling the anodic current effiol
is thus

sell voltage model is made up of three components,i.e.
+he sathodic potentisl,the anodic potential and the golu=
tion potentiml drop.These are regpeckively modelled by the
following thres eguations

it s




"G
The total cell voltage is thma:

V==B + By T

er {20) gives values for

gurlen and Valand (21) show
perature which ie given by

tgy = 71 % 10'0 @ exp ( -

where igq is the smchangs current demsity at unit oor
centration for the mEnganese deposition reactiol

vivas
prom studies on a leed mnode Nigol (22),e value for current
demsity on unit comesntration for the oxygen evolutien
reation as

ig

The hydrogen svolved at the cathods is assumed to be satuated
with water vepour and to strip some ammonia E£zom the
solution so that the gas 1saving the ~athode compartment

is in egquilibrivm with the gaseous ammonia speciss.The
losges are caloulated as follows

moles of H,0 lost fzom catholyte Yo

molaes of Hz @V@lvéd




i}

where Yo nole fraction of water

mole fraction of ammenia

H;

and Y3

gimilarly for the caloulation of the ammonia losses

moles of WH, lost from catholyte . ¥z ~  (2.51)

moles of Hz @V@lV@d

Prom the anolyte,as there is no ammonis species present
in the solution due to ths anolyte selution equilibria,
there are only water loswes to consider from the oxygen

volution resation. It has the same form as the previous

a
equations and is

noles of @2 avolvad 1 = £

where z, is the mole fraction of water in the anolyte

Prom steam tables (23) the following correlation was fitked
o the data (please see Appendix G)

yy = <1,267 + 0,00428 T (2.53)

for the range 310 € T < 320

This same eguation e used for %4.

For the ammonia eguilibrium it is asswmed that Henry's law
applies, thus vy, should be pzportibmel to Y,.Using data
from Perry(24),the proportionslity comstant is far lower i
than that calculated from plant dets.¥hm diffsrence is
most probably due to the reaction suggmsted by Gamall and
Stender as reported by Louis end Martin (8)
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ant extent,mo¥e

urs to any signifioc

1£ this reaction oec
solution,increasing

free ammonia will be available in
the amount of ammonia losses from the catholyte.The €
t which hest represents the ob=

uztion

used in this model is tha

served ammonia losses On the Delta plant, i.e.

(2.55)

2.7

fhe Feed composition is usually ¢
and pH ; i.e. the total manganese , total ammonia

in the solution and its pH.Using the egquilibrium ratlo
(2.4) and (2.6) and replacing Yj by Xj,
1 Xq 1 X4 and Xg

equaktions (2.2)
‘ the &ueous species concen
can be evaluated uging the metho
Xé is @@téﬂﬁiﬂ@d by the electrical neutral

trations x1,x2
d demonstr .ted in Bppendix
ity equation

2 Xq ¢t Ko + Kq * 2 Xy - 2 Xy = 0 (2.56) %,
tions are determined

Oonce the various gpecies concentra
ce is performed

for the feed solution,an overall mass balan
to evaluate the anodic species soncentrations and flows.
The total mMASS palance as well as component balances are
done to obtain the various aén@@ﬁtrationg.

i
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The overall mass balance i8 performed as follows l
§
i
|

Og Oy = Pg 2% * Fun P, " Po, * Puno, * M0

bt

¥ Ly g © U (2.57)
H,08 WH h
- whexre Py gtandg for the production rateg of the various g
somponents i and Ly for the losses of ammonia and water . j k

The squations £OY tha losses are given by (2.50), (2.51) 1 ;'ﬁ
(2.52) .The production rate eguations axe given | : B

o
kc;

and
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all in kg/s, where I is the total current through thé

cell in Amperes and I 1y

the Faradays' constant (96500 C s ').
(2.57) will give the anolyte discharge in flow
unite.To estimate the componaent concentrations,individual
mass balance eguations are written for total manganese,
1 sulphate.These results tugether
and the elec~-

Equation

total ammonia and tot=
with the equilibrium ratio equation (2,9)
trical neutrality egquation

zz.‘+%2+z3—226-—z7ro (2:62)

give the individual species connentrations,as shown in

Appendix B.

The most important veriable here is the anolyte pH,given
as a function of %,.To determine the equilibrium ratios
for the necessary cathodic and anodic chemical reactions

¢ necessary to determine the temperatures

of intersst,it wa
,which is sxplained in the

of the verious compartments
next chapter (2.8}).

¢ temperature is determined,the catholyte

Once the catholyt
ing the disphragm model and

conditions are determined us
the equilibrium ratio equations (2.2),(2.4)and (2.6) .The
diaphragm modsl equation (2.13) is used to caloulate Y,
and W, with ¥, “ o.The cathode kinetic model is then used
to determine the actual valne of YQ such that the hydrogen
ions migrating through the disphragm balance thosa used

to produce H, and to resct with MnNH,° " and WHy sccording
£o the equations (2.1)and (2.3)

o L IR 1.3
N, ¢ H == WH, (2.3)
IO M un2* + NH," (2.1)
‘{(;"




The concentration Ym is taken to be approximately egual
to Z., and thus the various species concentrations are
determined using equations (2.2),(2.4) and (2.6) and the
electrical neutrality eguation

= 0 (2.63)

as shown in Appendix B.

2.8 -

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

Qf bH Xj Hj v I/100 Qd by 2_) Hj + I Mj Hj q,g q1

The molar enthalples can be expressed as :
T
. =B 4 (o aT . H | 4 & o 2. ‘5‘

The temperature range of normal cell operation is relatively
cloee to 298K and since very littlgfis avallable for some

of the a “qn@aug gpecies,the molax enthalpies will be appro
ximated by

E T, 1 e g 3 2.66
Hj zAﬁﬁj + (T = 298) CpJ ( ) 4
The data used has basen compiled from referencaes (25),(26) ‘,j “w

and (27) and are listed in Table 5.




TABLE 5 - Molar Enthalpies of Formation and Molar Specific
Heats

{kJ/kmole .K)

Lt AH?(RJ/kmOla)x10"4 c;

Comyrit

H,0 (aq) ~25,58 78

st (aq) ~22,05 184

5" lag) 0,00 0
e, (aq) 13,26 117
wrare 2 (aq) -30,08° 1518
WH (ag) -8,03 =34

50, (aq) -90,92

180, (ag) -88,87
H,0 (gl =24,18
Mo (s) 0,00
MO, (8 =52,01
¥R, (9) =4,60
0, {g) 0,00
H. (g) 0,00 34
2

¢ - Values egtimated from data for Mn*

The ensrgy removed py the cooling coils is
Qe ® U A, AT = 4184 QQ(TQ = T1)
whare

ar = T2 o T

1n Ty = T4




n term due to losses to the sur-
a and other factors guch
vess this can

d4 is the enexgy correctio
curacies in the dat
f mixing.As a first g
he electrical ensergy input.

roundings, inac
as neglecting heats ©
’ be estimated at about 5% of t

Ta and T, to be evalualed for
a given Q, hand 1if T, is to be con-~ »
trolled at some required level,it will determine the values -
of Qg and T, for a given T1.The catholyte temperature

depends on Ta'Tf and the enargy transfer mechanisms in
ig found however,that the following
tely models this variable

The energy balance permits
and T,.0n the other

the diaphragms.It
empirical relation adequa

(2.69)

7, =0,7Tg + 0,37,

'ypical energy balance calculations are presented in

3

ppendix C
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3. RESULTS AND CASE STUDIES

3.1 = Typical Results = Discussion

A typical set of results using the model is shown on Table 6
below.By varying the input conditions it is found that a
feed temperature of 39°c and a cathodic current density of
585 A/m? maximizes the current efficiency for manganese

recovery.

TABLE 6 - Typical Model Regults

otml Current = 56000 A j Cell Voltaye = 6,52 ¥
- s56a/m? 1 i, = 1000A/w i B 0.990 ; E, = =0,702
= 30,05 m*/hr ; 9q = 18kJ/s 1 Tq = 292 K ; Ty = 30

i
Q

i

Q

ert FPaed Catholyte

Plowrate (m® /8) 0,000552 -
density (kg/m®) 1185 1165
Famperature (°C) 39,0 40,0
Total Mn (kg/m®) 32,16 -

Total Wiy (kg/m*) 28,57 -
bE, 6,88 7,60

wn?* (kmole/m?) 0,534 0,131
w#,” (kmole/n’) 1,611 1,785

ol

i, 2 (kmole/n®) 0,051 0,077 -

¥H3 (kmole/m?) 0,018 0,1
§042a (kmole/m* ) 1,391 1,0
80, (kmole/m’) -

H,0 (kmole/m?) 54,951 =

i

3 3

o
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of rasuits, & typical Mass and Enexgy

paged on this set

palance calculation i® shown in Appsnéices B and C res=

pectively.A catholyte pH of 7,6 maximizes the efficiency

prior to the manganese hydroxide pr@@ipitation;This would
(e

cacur at a pH of 7,64. .




3.2 - Case 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 - T@@,Eﬁfggt,@f F@éd,Flowiat@ anFractiQnal C@;:Sﬁ?

Bfficiency

Figure 14 demonstrates the effect of altering the feed
flowrate,using the values presented on Table 7.The curve
is fairly steep ,which suggests that it may be profitable
to exercise a high degree of control of this variable ,
particularly as the formation of Mn(OH), at higher f£low-

rates could result in extremely poor performance.

PABLE 7 - Practional Current Efficiency versus Feed

Feed Flowrate

Fractional current

Efficiency . (m? /s) x 10°
* 0,425 4,00

0,530 4,40

0,575 4,60

0,610 - 4,80
. 640 5,00
1665 5,20
0,690 5,40
710 5,60
y,725 5,80
6,00
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