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ABSTRACT

A steady-state model of an exi elec plant is

presented. The model concerns the fiow circuit of the electrolyte, in-
cludes the leaching of ore, the purification of the electrolyte, and the
process of electroplating in the tells. The model uses simple costs of
the operation to provide & financial basis for comparison of performance.
In this respect it is possible to examine cptimisation of tne complete
production procedure. The modsl is implemented on & computer and is for-
matted to permit ease of use and understanding by those invelved with

actual production.
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1 INTRODUCTION

South Africa is one of the foremost producers of manganese metal in the
Zree world. Vast deposits of mangancse ore are found in the Republisn,
especially in the Western Cape. There are various ways of refining the
ore tu extract the metal, but the one method wnich gives perhaps the
purest product is electrolytic winaing. In this method, an electrolyte
solution containing the metal is fed to an electrochemical cell through
which a current is passing. The product at the cathode is very pure
mangeness metal. Harris, Meyer and Auerswald (1977) give a discussion
of the process at the Dalta Manganese plant in Nelspruit, South Africa.
It is this selfsame plant that is modelled in this dissertation.

To obtain the electrolyte it is
the relevant acid. The electrolyte is normally & sulphate solution, ale
though Tewis, Beaife and Swinkels (1976) report manganese electrowinning

7 to leach the ore with

using & chloride solution. In the electrochemical cell the reaction at
the snode results in oxygen evolntien, leaving behind hydrogen ions to
associste with the anions in selution. The acdd that is used in the leach
is therefore segenerated in the cells. The electrolyte solution thus
flows in a closed circult from the leach tanks to the cell house and bick
’vain, with some steps in between for the purification of the solutfon.
4 simplified flow diagram of the solution circuit is presented in
Figure 1 on page 3 showing the areas of majox interest. Ideally then,
there should be no need for fresh acid, although in practice acid gets
lost in the purifying steps. Ammonium sulphate is also added to the
electrolyue solution. It does not become directly involved with any of
the reactlons but has some important functions: it buffers the
electrolyte solution in the pH rangs 6-8, it increases the conductivity
of the solution in the cells, it aids in the leaching of the manganese
in the leach tanks, and it helps reduce the precipitation of manganese
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hydroxide in the cells. There is ro net procsss comsumption or production

of ammonium sulphate although thers eve losses throughout the ciremit.

Tite manganese ore is first calecined to reduce the manganese from its
1'1110‘2 form to Mnd so that it can be leached. After the reduction the
manganese is mostly present as MnO with some additional l'1:1203 The reduced
ore contains approximataly 54% w/w of manganess, o fair amount of irem
(fecrous), and trans amounts of elements such as covalt, nickel etc. The
remainder of the ove is & gangue of silicates. The metal impurities are
also leached into the solation and have a large deleterious effect on the
performance in the cells and the quelicy of the metal product. These im-
purities must therefsre be removed from the solutjon. The leach is kept
at a pli in the range 6-7. At lower pHs very wuch moze iron is leached.
The ferrous ioms in solution are oxidised to the ferric form by sparging
air through the tanks. Aluminium sul-hate iz added to remove silica which
co-precipitates with hydrated ferric c-ide. A settling tank is then used
to separaie the precipitats. and the reridue gangue from the solution.
The underflow is semt to a belt filter to recover the electrolyte it
contains. Inefficient washing and the ensuing entrapment of solution in
the filter cake is the cause of the major losses of acid, ammonium

sulphate end manganese suiphate in the system.

Introduction 2




CoS,MnS

Solution Circuit Diagrem.




The impurities still present are cobalt, nickel, zinc and other similar
species. Their concentrations are small, the total being less than 50
ppm, but they have & strong influence en the cells. Cobelt in particular
has the most harmful effoct and in the analysis of this dissertation will
be considered as representative of all such species. The solution is
pumped from the belt filter to the cobalt purification step. Ammonium
sulphide is introduced into the solution. It reacts with the metal ioms
te form insoluble metal sulphides which are then separated in large set-
tling tanks. Most of the metal sulphides consist of MnS, s: this is an-
other area where manganese is lost. From the sulphide precipitation

settling tanks the overflow is sesnt to the cells.

Previous workers who ctudied the process have concentrated on separate
ereas. Bijsterveld (1983) examined the kinetics of the sulphide precipi-
tation reactions, and identified the major species and complexes in the
solution. He found that the precipitation reactions were sutocatalysed,
and proceeded rapidly within minutes.

Jones {1983} studied the leach reactions with respect to their kinetics,
He too found that the reactions were completed within minutes.

Rodrigues (1983) attempted to model the performance of the cells. He de-
veloped a kinetic model of the cathode perf: and exp lly

determined the solution equilibria of the more importamt species in the
cell hovgse. He also extended the work done by Bryson and Lawrence (1980)
on the mass transfer in the membrane of a chlor-alkali cell to the par-
ticular case in question. This information was then fitted together into
the framework formulated by Brysem (1981) to form a model of the
electrowinning cells. Unfortunately he did not complete the varlous mass
balences in the cell successfully, and therefore did not have a workable

model.
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The scope of this work is to establish the important mass balences in the
plant, and to implement them togsther with the applicable kinetics and
che solution equilibris into 2 model of the emtirc plant, This allows one
o obtain & bettex idea of the interrelationships of the process, and to

optimise overall performance instead of the performance of each section.

The model is designed to follow the stesdy-state behaviour of the plant.
As +he actusl plant, like most other fiow processes in the world, has
surge and storsge tanks that enable the process toc be controlled, the
plant may never actually be opersting at a steady state. However the
tanks are of a finite size so that over a period of time the average plant
operating conditions will comstitute & steady state. It is also expected
that the deviation at any point in time from steady state will not be
significant.

Many i and have been made to achieve this model.
The plant will therefors not be exactly described. However the model is
sufficiently sccurate to give insight into the verious processss, and to
be usefal in the operation of the plant. Specific approximations are
discussed in the relevant chapters, while a few moxe genexral approaches
are presented below.

The three main process functions of leach, sulphide precipitation, and
cell hosse are each examined in separate chapters. There is also a chapter
on the way they interrelate via the overall mass balance. In the business
world any comparison of alternatives must include finemcial consider-
ations, so there is a chapter on the costs involved in the operation. A
chapter on the optimisation of the process by examination of the operating

variables is included.
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Some aspects of the plast do mot grestly sffect the mass balances or the
kinetics and ere not included as processes im the medel. These include
losses af watey vapour and ammonis through evaporation and stripping in
open pipes and tanks; crystallisation of salts like mengenese sulphate
and amponium sulphate; costs of pumping; the reduction of the iron cop~
centration in the leach with aeration snd aluminiww sulphate; use of re~
agants for pH control and other similar functioms. S8ince these factors
do influence the profitability of the operation they are included in an
empirical way in the costing. Mostly they are taken tao be €ixed costs,
or to vary linearly with the factoxs that iafluence them. They are dis-
cussed in greater detail in the chapter on costs, However, these costs
are small in comparison to the cost of power and the cost of manganese
ore and do not have as large an effect on the profitability of the gper-
ation.

As the ammonia and the sulphate ia the sointion are nat coms. F
produced in any of the reactions, their levels arge assumed to be constant
throughout the circuit. Provided it is ensured, via the plamt cperatorn,
that there ave meke-up streams of smmovia and sulphate to acovunt for
losses of these species in the ceke of the f£ilter press, and other sundry
losses, then this assumption is valid. These make-up streams must be in-
cluded in the eperating cost of the plans,

The loss of wangsnese in erystallifsed salts is not wodelled. The input
of manganese is in the ore, the output is the plated manganese and the
losses are the Mu8 4n the precipitation section, the production of
manganese dioxide in the cells and the loss of manganese in the solution
trapped in tre laach filter cake. The subseguent treatment of the Mn8
with acid to vetrieve the mangapnese is not modelled and )l the MpS is

assumed lost for the purposes of a mass balance over the precipitation
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section. The addition on the plant of this recovered manganese to the
leach tenks is smell and will affect the ore feed rate, but only to an
insignificant degres.

It is also assumed that all the sulphide added as ammonium sulphide in
the precipitation section is precipitated out es metal sulphides. Tests
done by Bijsterveld (1983) on the plant electrolyte subsequent to the
sulphide precipitation show very low levels of sulphur in solution, so
‘this assumption is accurate.

The production of hydrogen in the cells ultimstely ceuses s loss of water
but this is small end together with evapozation losses is covered by any
othur water addition, or if needs be a meke-up stresm. The production of
ofygen in the cells is covered by this same water loss plus the oxygen

that arrives in ths manganese ore.

An energy balance on the plant is not sttempted as the energy losses from
the pipes and tamks ate lazge. Temperaturss for the model are taken to
be typical values from the plant.

The pHs of the solutions enterimg the precipitation tank and the cell
house are controlled to the desired values by the addition of ammonium
hydroxide or concentrated sulphuric acid. As the flow rate in the plant,
which leads to the leach tanks, is kept constant the pH in the leach is
controlled by the addition xate of the ore. The higher the rate the higher
the pH.

The culmination of this dissertation 1s a computer progrem, includirg all
the and ies, that 1y describes the function-
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ing of the manganese electrowinning plant. The program structure has been
designed to facilitate change and extension by other users. The codes for
distinet sections are written separately in subroutines. This permits
them to be changed essily at ane place only. To aid in the undurstanding
of the logic flew & large amount of commentary is included between program
lines. This dissertation alss acts as a manual to which reference cas be
made. It provides grester deteil to the manipulative steps giving rise
to the forms of the equations used. Sections in the program refer directly
to the relevant sectlons in the dissextation. The naming of variables
in the dissertation may mppear clumsy at times, this is because the exect
ssme names are used 4s appear in the program. This results in greater
comprehension when referring to the program listings.

A Flow chart of the model logic is presemted in Figure 2 om page 9. It
shows the steps in the procedure for calcul+ting the complete model.
Caleulating the model in the order shown results in the eliminstion of
any loaps in the mass balance procadure. This is mainly a result of the
way the lesch is controlied on the plant and is more fully discussed in
Section 2.3. The flow charts for esch subroutine are presented in the
appropriate chapters,

A listing of the computer program, in the BASIC languags used by the
Hewlett-Packard HP-87 P is in A ix N at the rear of
this dissertation. Copies of the program in the FORTRAN 77 langunage are
ales available.
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Call Sulphide

Call Cell House
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Figure 2. Model Flowchaxt
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2 MANGANESE LEACH SECTION

2.1 Manganese Leach Introduction

Jones (1983) has investigated the kinetics of the leach reactions involved
and has shown experimentally that the rates of reaction are high in com-
parison to the residence times involved on the plant (=5 hrs). This per~
mits one to use equilibrium and mass balance considerations only in
calculating the leach. The tank itself is assumed to behave as an ideal
CSTR.

The manganese ore comes from a calciner and consists mostly of MnO with
& small amount of Mn,0,, together w’ih the gangue and the impurities. The
ore is added to the ecid as it enters the leach vank. The manganese oxide
in the ore reacts with the acid to form manganese sulphate and weter, and
hence decreases the strength of the acid, Therefore the greater the
manganese concentration im solution the lower the acidity, or the greatex
the pH. As the regenerated acid from the cell house is pumped back to
the manganese leach at & constant rate, the pi in the leach tank can be
controlled through the addition rate of manganese ore, The higher the
addition rete the higher the leach pH.

There is another leach tank in series with the first and its purpose is
o contzol the amount of iron which is also leached. Air is sparged
through this tamk and aluminium sulphate is added. The Fe2' ioms are
oxidised to Feo' which then drop out of solution With the aluminium
sulphate. This process does not uffect the manganese concentration di-
rectly unless the pH in the tank falls to a low value that reduces the

Manganese Teach Section 10

-




efficiency of the iron removal ¢. :isally., This process is therefore
not modelled.

The leach conditions are calculated for the conditions in the second
(£inal) tank. Settling tanks then concentrate the gangue and the pre-
cipitates which are sent to a belt filter and xemoved. Some of the sol-
ution which contains manganese is alsc lost here and this is the point
of major less of all chemicals in the ecircuit.

The leach efficiency is the fraction of total manganese added that ends
up in solution. Nearly all the HnD gets leached. At the lower end of the
oH range (6.0 - 7.2) the Hn,0; disproportionates into MnO and Hn0,. The
former leaches while the latter does mot. Hemce the leach efficiency in-
creases with lower pH and asymptotes toward a value determined by the
emount of Mn0, produced by the complet of the Mo,0,.
At a higher pH the efficiency is lower since only the MmO is leached.

However & high pH means more manganese is in solution so the leach pil is
also one of the process variables that can bs optimised. An squation has
beon f£itted to plant and experimental deta to give the leach efficiency
as a function of the leach pH. It is presented in Appendix A.

To determine the leach one makes use of a mess balance across the leach
tank to give the total concentrations of substances, and then one uses
the solution equilibria to calculste the individual species. There is &

24

precipitation reacticn between the Ma“  ion and water to give mangsnese

hydroxide and dons. hydroxide is not scluble and covers

thy surface of the ore preventing further leaching. This reaction re=
presents a maximun limit on the concentration of manganese for 4 given
pH. The calculated on is to the

maximom equilibrivn velue allowed. If this is exceeded then the caleu~
lation must be repeated for some other desired point of operstion, usually

Manganese Leach Section 11
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a lower leach pH. If on the plant one attempts to cbtain an operating
PH occurring at a manganese comcentration greater than the equilibrium
alloved, by incressing the flowrate of ore, then the extra manganese that
is added avvs not leach but is removed In the filter end the leach effi-
eiency gppesr: to drop suddenly.

The regenerated acid returning from the cell house contains sulphuric
acid, sulphate, manganese and ammonje with insignificant impurities. In
the tanks the iron and sluminium sulphate are neglected since they are
removed in the balt filter anyway, and the impurities of the cobalt type
are neglected since they exe preseat in small concentrations (* 50 ppm).

Tt must be noted that to celculate the solution equilibria only three
degrees of freadom are evailable. Of the four quantitiss in the precipir
tation tanks, which inclade the tutal concentrations in kmole/m® of
manganese (MAN,), sulphate (SULPH,) and ammonia (AMN,), as well as the
pH, only three may be specified and the remaining value cen be calenlated.
The specified quantities are &MYy, SULPK, and pH. Hemce kuowing the
total concentrations of mangdnese, sulphate, pH and the equilibrinm
equations, the species in solution may be calculated, and hence the
mangenese concentration is known. The species pressnt inm the leach are
the same as those identified by Bijstarveld (1983) in the sulphide section
and axe:

24 val + - 2o
™Y, MusO,, 807, Ny, NK,SOZ, N, NuNHJ', MuNH,SO,

The manganese-ammonia complexes have been restricted to the simple form
with only one sssociated ammonis molecule. Tilak, Rajagopalan and Reddy
(1962) zeport this to be the most likely association for pis below 8.
Above this one finds increasing substitution of the water molecules sur=

Yanganese Leach Section 12
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roundine the hydrated molecule by ammonia, but the siwple complex may be
used to represent the trends of these imteractions.

To scive the solution equilibrium one reg.. s reaction equilibrium
equetions and individual component balance equations, as set out in the
following section.

2.2 Leach Equilibrium

The important equations for the solution equilibria are as follows:

Note: Writing tin, NH, otc implies concentration in kuole/m’ thereof.

AMNT = NK“ + N'ﬁ3 + I‘IXXNH3 + NH“SO“ + HnNﬂSSGQ
(4mm component balance) 2.1

SUL!’H,r = MsxSOb + 50“ + NH“SDA (Sulph component belance) 2.2

2¥n + Zl'lan'l3 + NI'(A = 250[' + NHASOA
(Electronsntrality, ¥=0) 2.3

0 = 24, g2 s
S0, /(M x $0,) = K, 0 + 5027 2 Mns0,) 2.4
NH /G o« W) = K @& i, = 2.5
4 P = K 3 = N, :
Manganese Leach Section 13
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NS0,/ (NH, x 80,) = K (N, + 507 = NSO 2.6
_ 2+ N 24

MoN,/ (o % NH) = K, n*F 4 Ny = g 2.7

1"IX|NI-I‘,_}SDI‘/(Mx\NH3 x 504) = X

24 2-
' (t'inl“{l{‘,‘x +SOA uMnN‘HaSOA) 2.8

tma m = 207P¥ 2.9

The &bove equilibrium equations are based on equilibrium ratios which use

and not activitdes. The only values available are equi-
librium constants, which are based on activities, so it is necessary to
convert these o ratios using activity coefficlemts. The equilibrius

constants are caleulated as £ of P from standar
thermodynamic date in Appendix 4. The method of Morris (1983) is used
te obtain the activity coefficients, The method is based on the
Debye-Huckel equation with some modifications that tailor it for strong
electrolytes. The method is detailed in Appendix B, The activity coeffi-
cilents of hydrogen and all uncharged species are taken te be unity, while
those for charged species are calculated. It is necessary to know the
concentrations of the species to calculate the activity coefficlents
hence an iterative procedure is adopted. Initial values of the coeffi-
clents are taken, the solution equilibria calculaved and then new values
of the coefficients found. The entire process is then repeated until

convergence is reached.

T - equations using equilinrium constants have the same foym as those
us . ratios except that the concentrations have activity coefficients
pre~nultiplied into them. An example of this is shown in Appendix B.

Mangaenese Leach Section 14
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In solving the eight equations 2.1-2.8 in eight unknowns fox the solution
equilibria en fterative procedure is again adopted. A flow sheet showing
the procedure is presented in Figure 3 on page 16. The two spacies in-
volving fxee zwmonia are minor species and have initial concentrations
of zero. This leaves six equations in six unknowns which are solved. The
two minor specles can then be caiculsted and the total concentrations of
ammonis and sulphete are adjusted as well as the eguation of
electroneutrality. The six major equations are solved Again and the
pracess is repeated until convergence is attained. Tnis algorithm works
well if the pH is mot too high. At a high pH (> 7.5) the AnNH§+ and
FaNi, SO0, species start to become major species and the algorithm fails.
The deteiled equations and algorithu for the leach solution equilibrium
are presented in Appendix C.

Once 81l the concestrations have been found the Hn>' concentration is

compared to the wmaximum equilibrium concentration. This is found from:
Mneq = H2/Kaneq 2.10

Kuneq is the solubility produst ratie found from the activity coefficients
and the solubility product constant, which is presented in Appendix 4.
If Ma > Mneq then the chosen pi is too high and the model must be restarted
with different values for the variables.

Manganese Leach Section 15
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2.3 Ore Feed te Leach :

The are feed rste that is rvequired to give the chosen pi for a given ; []
flowrate and concentration of solution car. be calculcted from: i

pr = (Mmexit - Min) x 0+ Mnlost 2.11
Leff x Mfrac

where:

Fr = Ore feed rate. (kg/hr) |
Mnexit = Total Mo cone. in leach. (kg/m") |
Main = Total Mn conc. cell exit. {kg/m?) ‘
Mnlost = Soluble Mn lost in filter cake. (kg/hr) |
Q = Total solution flowrate. {m? /hr) ‘
Leff = Leach efficiemcy. H

Mfrac Total Mn fraction in ore. !

This may only be done once Mnin is known, i.e. anly when the cell house
has been calculated. The fact that the ore feed rate is calculated to
give the chosen leach pH instead of specifying the feed rate and calcu-
lating the pH means that the overall mass balance on the plant need only ;
be done once. Noxmally tlis would heve to be calenlated in an iterative
way which could then have comvergencae stability problems, and would also
require much more computation time. It is fortumate for the medel that
the plant operates in this fashion as it has greatly simplified the cal-

L
culation, {
i
|
i
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3 SULPHIDE PRECIPITATION SECTION

3.1 Suiphide Introduction

The method used to purify tho solution at this point !5 precipitation.
The impurities are rescted with ammonium sulpbide to form metel sulphides
which are insoluble and are vemoved in the settling tanks. Most of the
cobalt and other impurities are knocked out i this way.

Bijsterveld (1983) studied the kinetics of the precipitation and found
that the precipitation is auto-catalysed by the presence of metal
sulphides. Once started the reactions proceed rapidly to completion
within minutes. As the residence time on the plant is much greater than
this (= 2 hrs), the reaction may be assumed to go all the way to squi~
librium, Bijcterveld also found that the the concentrations of sulphide
species in sclution after precipitation were minute, meaning that essen-
tially all the sulphide was precipitated. Furthermors, since the concen-
traticn of cobalt is low {* 15 ppm) it is also assumed that the molar
amount of MnS that is formed is equal to the molar amount of sulphide
edded.

e solution comes from the leach containing manganese, sulphate and am-
monia in water. Ammonium sulphide and a recycle stream from the undexflow
of the sulphide precipitation settling tanks, which contains metal
sulphides, is added to the pipe just after the leach section. When the
solatien reaches the sulphide settling tanks the reaction is complete.

Sulphide Precipitation Section 18

-




It must be noted that, as in the leach, to csleulate the solution
equilibria only three degrees of freedom are available. i.e. of the three

in the tanks MAN;, SULPH, AMM,, end the pH
only theee may be specified and the remaining value can be calculated.
The specified quantities are MANT, SULPHT, and pH. It must be noted that
the total ammonia concentration has been changed by the addition of

anmonium sulphide. Also the 1 species ons are dif-

ferent to those in the leach because the pH and the temperatures are
different.  Hence knowing the total concentrations of manganese,
sulphete, pH and the aquilibrium equations, the species in solution may
be caleulated. According to Bijsterveld (1983) the species presemt are:

24 2- & - 24
™, 4SO, 80,7, N, NH,SO,, Ny, MNH) , MnNH,SO,

together with the cobalt species, which are found once the above have been
caleulated, and the hydrogen ion concentration which is defined to be 10
to the powsr of the negative pH. The ammonia complexes are discussed im
Section 2,1.

To solve the solution equilibriun one requizes reaction equilibrium
equations and individual compoment balsnce equations, as set out in the
following sections.

3.2 Sulphide Equilibrium

There are thus eight unknowns and eight eguatdons as follows:

Note: Writing Mn, NH, ete implies concentration in kmole/m® thereof.

Sulphide Precipitation Section 19




AN, = Mn o+ NSO, + Moy {¥n component Salance) 3.1
SULBH, = MnSO, + SO, + NH,SO0, (Sulph component balance) 3.2

2Mn + MoNH, + N, = 280, + NH,S50,
(Blectroneutrality, Li#0) 3.3

- 24 2-
MnS0,/(Mn » §0,) = K (" + 5027 = nS0,) 3.4

= i+ = o+,
LEWICEN SRR [CHES AR ) 3.5

- i+ 2- 2
W50,/ 0, x §0,) = K, oufy + 80} = wH,807) 3.6
- 2, w 2+
Mo,/ (n  NH,) = K, [CRUER VIR ) 3.7

2

2+ -
(l"h.:Nl'l3 +504 .MnNHSS()‘) 3.8

HnNH S0,/ (HaNH, x B0,) = Kg

and H = 107P¥ 3.8

As in Section 2.2 it is necessary to find the equilib:ium ratios from the
egquilibrium » The is identical to that followed in the
leach, except that the equations of solution equilibrium are manipnlated

Sulphide Precipitation Sectien 20
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differently. This is due to the change in the variables held constant
according to the degzees of freedom aveilable. The detailed equations
and algorithm used to calculate the sulphide section are presented in
Appendix D. A flowchart of the proceduze is given in Figure 4 on page
22,

Sulphide Precipitstion Section 21
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3.3 Sulphide lmpurities

Once the manganese species have heen found it is possible to calculate
the cobalt species. Since their concentrations are small they do not af-
fect the concentrations of the major species. It is shown in Appendix D
that provided both MnS and CoS are precipitating then the following
equation holds:

whers Ksc and Ksm are the solubility product comstants that are obtained

as i of in A, and Co and Mn are the concen~

24

teations of Co®t and MnZ* respectively. Hence it is possible to find the

Go?t and then the ions of the following speciest

24
€080, CoNHZ', ColHy80,

The equilibrium equations are:

.- - 2+ 2-
oS0,/ (8o % 50,) = K (60"" + 807" = Cos0,) 3.1
2+ . 24
CoNHy/(Co % NE) = K, (6™ + NH, = GoNH) 3.12
CoNH S0,/ (GoNHy x §0,) = Ky (CoB0, + NHy = OoNH,S0,)  3.13
sulphide Precipitation Section 23




3.3 Sulphide Impurities

Once the manganese species have been found it is possible to calculate
the cobalt species. Since their concentrations are small they do not af-
fect the comcentrations of the mejor species. It is shown in Appendix D
that provided both MnS and CoS are precipitating then the following
equation holds:

Co _ Ese 3.10

where Esc and Ksm are the sclubility product constants that are obtained

as fi of in A, aud Co and Mn are the concen=

trations of Co?¥ and Mn?* respectively. Hence it is possible to find the
0" concentration and then the concentrations of the follewing speciest

24
G080, Colfily”, CoMil

The equilibrium equations are:

- 2+ 2-
Ce80,/(Co x 50,) = Kg (Co™" + 50,7 = Co80,) 3.11
= 2+ - 2+,
GoNH,/(Co x NHg) = K, (Co™ + Ny 2 CoNHZ™) 3.12

CONHSSOA/(CDNHS x 86, = 1(8 (Cr)Sl'J4 * Nﬂa = CONHSSOA) 3.13
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Again the above equations are in terms of equilibrium ratios which have
been obtained from the constants by multiplying in the activity coeffi-

clents.

Once these cobalt species have beem found the total cobalt comcentration
is then the sum of all of them, and the precipitation section has been
calenlated. The details of this section are presented in Appendix D.
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4 CELL HOUSE SECTION

4.1 Cell House Introduction

The cell house is the mos

st dnportant operation for it is here that the

actual function of the plant is fulfilled. The manganese that has been

leached and purified is now electzo-plated into the product that is seld
o obtain the revenue for the plamt. Apart from the cost of the ore in
the leach section, the cell house is the most costly section of the plart

to run. This is due to the great deal of power required to carry out the

electrowinning. This cost of power is sbout fifty times more than any

other opersting cost.
electro-plating cells,

The cell house consists of a number of

in parallel to the flow of solution, and in a

combination of parallel and series to the flow of current.

Each cell block i

2 h and anodes. The cath-

odes slip down into wooden supports which hold the membranes, and so

separate the cathode compartments from the anode compartments. Bach

cathode is allowed to plate manganese for approximately 24~48 hours after

which it is removed from its box and & new cashode is slipped in. The

entire cell block gets draimed and cleaned about omce every three weeks.

After this period of time the membranes have started to become blinded

by the deposition of mangamese hydroxide.

The five major potential

el h 1 1 that may occux in the

cells, and their standaxd electrochemical potentials given by Weast

(1976), are as follows:

Cell House Section

25



Reagtion Potential

w?t e 20T 2 m -1.020v 41
4207 = 0.000v 4.2
2Wy0 + 2e” = M, + 20H ~0.828v 4.3

"
w2
=
©

0, + 4" + 40 +1.229v b

wno, + 4+ 207 = 20 + M0 +1.208v 4.5

The first thres will occur on the cathode as reduction reactions and the
last twe will occur on the anode as oxidation rsacticns. It is mot com-
pletely clear which of the two rsactions 4.2 aad 4.3 actually teker place
in the cathode. In definite acidic sclutions veaction 4.2 occurs only,
but &t higher pHs the semond reaction gains in importance, Bockris
(1954:241) estirates that the relative importance of the twe raactions
changes in the pH range 8-0 which includes the operating pH of the plant.
This estimate however is bssed on purely thermodynamic grounds. Vetter
{1967) states.that kinetic considerations are importamt and that the metal
on the cathode influences the hydrogen evolution greatly. Bryson in an
sarly unpublished modelling exercise included both reactions in a kinetie
study, and found that the model was insensitive to even an oxder of meg-
nitude change in the psarameter related to reaction 4.3. For these ressons
Rodrigues (1983) excluded reaction 4.3 from his kinetic stuay of the hy-

drogen evolution.

Cell House Section 26
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Thetefore one is left with only the first two reactions occurring on the
cathode. Of course any metal impurity more noble than manganese will plate
out ally to and must be el from

the electrolyte solution, This is why so much emphasis is placed on the
purification of the solution, especially in the case of cobalt.

The Mn0, that is produced st the anode is nat only a waste of manganese,
but it comes out of the volution, falls to the bottom of the cell and
blocks up the pipes and fittings. It is therefore desirable to reduce this
as much as possible. This reaction is mass-transfer limited so that the
higher the current density on the anode the more oxygen will be produced
and the less Mn0,. Typically on the plant the current demsity is kept at
1000 amps/m® and the production of oxygen accounts for 99% of the current.

4.2 Electro-piating Cell

As is shown schematically in Figure 5 on page 29 each electro-plating cell
consists of the following sections:

1. & feed stream which flows into a cathode compartmemt.

2. A cathode compartment containing the cathode onto which the mangenese
i3 plated out. Hydrogen gas is also prodaced at the cathode; this is
the major cause of inefficient current usage. The hydrogen bubbles
off from the cathode and is released into the atmosphere. This bub-
bling action ensures that the golution in the cathode compartment is
woll mixed, and hence may be considered an idesl CSTR. The hydregen
gas is saturated with water vapour and ammonia gas, so small gquantli~

Cell House odecuion 27

. - WP PPN BN . -

9

i
i
i

W




ties of these species are lost, These losses are importamt for the

operation of the cell but have a very small cost value.

A diaphragm, separating the cathode compartment from the anode com=
partment, through which the solution flows from cathode to anode.
This diaphragm acts to sepaxate the solution in the cathode from that
in the anode, and in particuler to reduce the flux of hydrogen ions
that diffuse back into the cathode and which then cause the current
inefficiency. The diaphragm is not ion salective but works physically
to block ion migration into the . athode against the flow of solution.

The anode compartment containing the anode that produces the oxygen
which is the primary co-product of the manganese. Some M0, is also
produced in the anode as an inefficiency. Under normal cperating

conditions thu amount is not large, aand usually drops to the

bottom of the cell and is removed during routine cel. i iintepance.

The axygen strips out water vepour from the anode o~ . tment, but
ot ammonia since there is no aqueous N, in the snode owing to the

low oH.

&n exit stream that is then pumped back to the leach. Flow througk
the cell is maintained by gravity with the feed coming from constant
head tanks.

Cell House Section 28

-



Feed

Cathode Compartment

Membrane

Anade Compartment

L~

Figure 5. Schematic Diagram of Cell Geometry.

Cell House Section

- ad o e ™k g,

MOz

Exit

S .



b

9k

Rodrigues (1983) has examined the kinetics and squilibris occur-. g in
the cell and has modelled these processes on the assumpl.om .hat the

following species only are present:

LS E 2+
%", S0, M, H', NHj, oM

This is not consistent with the rest of the plant. However as the

equations used have been fitted to this the inconsist i

can be svoided. It would be possible to change all the eguations to be
consistent but this would mean that new fitting parameters in the
equations would heve tec be found.

4 flowchart of the procedure followed in caleulating the cell hovse is
given in Figure 6 on page 31. The procerure is examined in greater detail
in the following sections.
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4.3 Feed Stream

The equilibrium of species in the feed stream meeds to be explicitly
caloulated since the concentrations of the free ammonis species are im=
portant for the hydrogen-ien balance in the cell. It also gives an idea
of the concentrations to be expected inside the cell based on the new

assumption about the species present.

There are two equilibrium » which with the

el lity and the balance

enable one to calculate -he concentrations of the species in the feed,
provided the total manganese and sulphate concentrations, and the pH of
the feed are known. These equations are:

MAN, = Mo o HoNH (Mn conponent balance) 46
NH, ¢ MAN; = 2SULPH (electroneutrality, ¥ = 0) 4.7
(8 NN,/ (M0 x NE,) = Ke n?t + mxz B MnNH§+ + 1) 4.8

= ozt
NHA/(HKNHS} = Ka (NH3+H -N'HA‘)

In this case the X values are still equilibriwm ratios, but Rodrigues
(1983) has determined these experimentally on the basis of concentrations
and has fitted these to temperature, o it is not necessary to find ae-
tivity coefficients. The K values are presented in Appendix A. The al-
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gorithm for calculating the equilibrium species is presented in Appendix
E.

4.4 Anode Cempartment

Given particular values for current efficiencies and the losses of ammonia
and water in the cathode and anode it is possible to perform & mass bal-
ance over the complete cell to find the flowrate and total concentrations
of menganese, ammonia and sulphate in the exit stream. A mass balanca
envelope for this is shown in Figure 7 on page 35. As the evoiution of
oxygen in the anode results in good mixing of the solution, it may be
sssumed that the anode compartment behaves like a CSTR. This implies that
the solution in the ancde compartment has the same compesition as the exit
streem. Hence knowing the exit stream, conditions at the anode may be
calculated. The anode solution is regenerated acia it a low pH (< 1) aad
contains the following species:

24 A b 0 -
wa®t, Ny, B, s0]”, uso)
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There is no aqueous N, present and the K’ concentration is significant.

To calculate the individnal concentrations the following equations are

used:

SULPHT = SOA + HSD“
2Mn + NHA +H = 2504 + HSOA

(B = SOA)/HSOA = Kh

Again, Rodrigues has modelled the
it is in A

(tn component balance)
(Am component balance)
(Sulph ccmponent balance)
(electroneutrality)

O
@mso; = K+ 8050)

4.12

4.14

squilibrivm ratio Kh as a function of

A, The td.

used in this section are presented in Appendix ¥.
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Cathode Compartment

Membrane
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Figure 7. Anode Mass Balance Envelope.
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4.5 Diaphragm

To calculate the cathode compartment conditions it is important to know
the molar fluxes of species across the membrane. Bryson and Lawrence
(1980) have developed an equation that may be used for this purpose. It
is not necessary to calculate the sulphate flux as the sulphate concen-
tration is not used in the cathode. As it is observed in practice that
the manganese concentratiom in the cathede equals that in the anode it
is also not to know the flux.

The assumption is also msde that mo bisulphate fon is present in the
membrane, in other words it is assumed that these ions dissociate at the
surface of the membrane on the anods side. The bisulphate fon only exists
at low pis and would readily dissociate as the pH in the membrane in-
creasas towards the cathode. The two important fluxes are thus H' and
M. Tue flux equation for the two species is presented in Appendix G.
The derivation is not given end may be found in the paper of Bryson and
Lavrence (1980), or in the dissertation of Rodrigues (1983). The menip-
wlation of the equation into a useable form is given. The flux of hydrogen
is from the anode to the cathode. The flux of ammomia is from the cathods
to the anode, and the result of this is a higher concentration of amwonia
in the cathode than in the anods.

The membrane is made of polypropylene with a 2x2 twilled Dutch weave.
Cook (1978) has studied this membranc and reports an average thickness
of 1.37 mm and a void fraction of 0.67. He obtained the latter value fxom
the mass per unit area of the membrane, the thickness and the m .xial
density. He reports values for the sbove of 415 g/m* and 0.91 g/em®. The
total area per cell bath depends on the number of cathodes per bath as
well as the dimensions of the wooden supports and the level of the
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electrolyte in the cathode. The value used is presented with the other
process constants in Appendix J.

4.6 Cathode Compartment

Using the diaphragm equation “ - <he ammonia gives the total concentration
of ammonia in the ecathode partment. The total concentration of
manganese is known to be the same as in the anode so it is now possible
to caleulate the equilibrium conventratuons as a function of pH. The
species present are the same as in the fsed stresm. As the pH is in the
region 6-8, the actual hydrogen ion concentration is small and may be

d in the el lity equation end in the hydrogen dion bal~
ance over the cathode compsrtment. The equatiems used to caler’ate the
equilibria ares

AN, = Mo + MONE, (4n component balance) 4.15
B = NE, o+ N + Mol \bam component balance)  4.16
MAN, + NE, = 280, (electroneutrelity, He0)  4.17
(8 x MaNH,)/(Ha x Ni) = Ko et + NI{Z 25"+ nnmig*) 4.18
NH,/(H x NE,) = Ka o, + K = Ngh 419
4 3 5 sy :
Cell House Section 37
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Including:

H= 108 4.20
A mass belance on the hydrogen ion around the cathode compartment is
performed. A mass balance envelope for this is shown in Figure § on page
41. The important point to note is that there is no free ammonia species
present in the anode. Therefore all the .ree ammonia species that are
pre “he foed stream, less the amount of NH, that gets stripped by
- | as at the cathode, must react with hydrogen ionr before they

i zcmpartment. The assumption, similar to that in Section

oaad .tk this reaction occurs at the surface of the membrane on

cathode s.d-, i.e. no free ampsnia species exist in the membrane.

145 reaction vedotes the net hydzogen flux to the cathode compartment.
s
comzenvration in tuc feed, the met flux of hydrogen into the cathode
:1 the amount of hydrogen that is evolved at the

steady-sta:~ conditions, and neglecting the actual hydroges ion

compartment must:

cakhole.

Rodrigues {198%) made an error in this section when he assumed that %he
reduction In Flax dis caused by the flow, through the membrane to the
anode, of all th: free ammonia species in the cathode compartment. As
the pH inside the cathode compartment is greater than the pH of the feed
stream, the equ.libria of the reactjons betyeen the free ammonia species
and +he ammonjum ion specie. in solution change, resulting in a much
greatey concentration of free ammonia species in the cathode compartment.
Therefore as the feed stream enters the cathode compartment with its
higher pH, hydrogaa iens are r.leased into the solution. This is an extra
source of hydrogen doms that lcdrigues did not take into account. The
correct way to account for these processes is an described in the previous
paragraph. -
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Rodrigues has modelled the kinetics of the current efficiemcy in the
cathode compartment as a of the local ies and has i

the following equation:

§, = L/(1+ClxJlxJ2xJ%xH/Ma) 4.21 i
i
Where: !
Ji = 14 {(C2x CoT/Mn) 4.22 ;
J2 = 1+ exp(12300/Tc-40. +53) #.23 ;
:
J3 = 1-1.213107% *(1,30) + 1.278x107% X(1,-550)% 426 :
I
And where: i
|
€1 = 4 constant i
62 = A constant I
Te = Temperature °c
I, = Current Demsity  amps/m?
H = Hydrogen {on conc. kmole/m’
Mn = Mangenese conc.  kmole/m’ ;
Go, = Total Co conme, kole/m? :

The number of moles of hydrogen evolved may also be calculated from the
current efficiency and the total current if hydrogen gas is the only cther
product at the cathode. Using the above equation, the current efficiency 1

is & function of pH (Mn is & function of pH via the equilibzia). It is )
then possible to find the particular pH in the cathode compartment that
balances the amount of hydrogen evolution, via the current efficiency
equation and the total current, with the net flux of hydrogen into the
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compartment. An algorithm for doing this based on a Newton-Raphson scheme
is implemented and is presented in Appendis H.
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4.7 Complete Cell

To advance to this point in the model it has been necessary to take values
for the current efficiencies and water and ammonia losses. This was done
to calculate the mass balance over the cell and to then obtain the anode
conditions. It is mow possible to calculate these values from the newly

found details of the cathede and anode.

‘The new cathode current efficiency is calculated from the amount of hy-
drogen gas evoived with the following equation using the Faraday constant.

. = 1 - BixMprod 4.25

where BB = 9.65%107/1 s/kaole

Hprod is the production rate of hydrogen gas and is in kmole of hydrogen

atoms per second.

The new anode cutzent offici is from the
by Rodrigues (1983):

By = 1- 1.58an/[IB}! 4.26

where I, is 1000 emps/m® cn the plant.

The losses of waver and ammonia from the catholyte and the anolyte are

by that the hyd and cxygen that are evolved axe
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saturated with the appropriate species. In the anode there are is no free
ammoda, so:

(moles H,0 lost)/(moles 0, evolved) = g /(1-g ) 4,27

In the cathode both ammonis and water vapour are lost in the hydrogen as
it evelves, so the equations axe:

(noles R0 lost)/(moles K, svolved) = y /(i-y -y 4,28
(nales i, lost)/(soles M, evolved) = y /(i-y,-y) 4.29
wheza the y, and g, are the mole fractions in the evolving gases fot water

vapour(w) and amwonia(n). Rodrigues (1983) has fitted the following
squation from steam tables for the water vapaur.

Y, = ~1.267 + 0.00428 x T 4.30

The same equation is used for . For the ammonia equilibrium, it is
assumed that Henry's Law applies. Thus the mola fraction of ammonia in
the gas is 1 to the

of the ammonia in the sol-
ution. The proportionslity comstant is calculavsd in Appendix K, using
data from Ferry and Chilton (1973). The equation becomes:

v, = 0.0367 x [NHy + NH,] 4,91
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Thus new values for the losses of water and ammonia are found. The emtire
caleulation is then repeated with the new values in an iterative manner :
until the the valuss used equsl those calculated, and convergence oceurs. i

At this point all equations are satisfied. : 4

In the calculations of the cell house it is also necessary to know the
densities of the solutions ir Che feed stream, the ancde compartment and
the cathode compartment. These values have been meesured on the plant and
are 1185, 1160 and 1165 kg/m* respectively. They are taken to be con- H

stents, i.e. of or i
In this way all the important opes o cell house are detarmined. ,
The concentration of Mn%* in the . apartment must now be compared L
with the max!mum sllowed by the hydron. . precipitation reaction. The ;
equation used is: i h
e
i
Mreq = H?/Kmn 4.32 i
|
i
where Kmn is the solubility produst ratic presented in Appendix A. T€ Mn H
> Mneq then mangapise hydroxide presipitation will occur, end conditions |
caleulated by the model are incorrect. The model must be rerun with :
different varisbles. i
4.8 Cell Voitage f
i
The cell voltage is th.e sum of five components, namely: !
N H
|
,
ot
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1. The potential between the anode and the anode electrolyte, which
consists of the the standard electrochemical potential plus the
overpotential for the reaction. N

2. The ohmic potential drun across the amode electrolyte from the anode

to the membrane.

3. The ohmic potentisl drop across the membrene from the ancde side to
the cathode side.

4. The ochmic potentisl drop across the cathode solution from the membrane
to the cathode. '

5. The potential between the cathode electrolyte and the cathode. This
ists of the ol ical potential plus the overpo-

tential.

4.8,1 Cathodic and Anodic Potentials ia

The to.al alectrode potentials dre the sum of thesa equilibrium values
and the over] als, The el hemical potential drops are gilven
by

JU ; ex. . G
E, = E] + RTL{I/{C, » 13V/F 4.33 2
4 |
| :
i where E; are the standard electrochemical potentials given in Section iy
| 4.3, 1, are the current demsities and C, is the concentration of the :

i

charged reacting specle, i.e. H' at the amode and Mn®® at the cathode.
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Nicol (1976) gives a value for the exchange curremt density for oxygen

evolution on a lead anode of:

= 10712 amps/n® 4.34

Hurlen and Valsnd (1964) show that the exchange current density for the

cathode is a of and 1s given by:
1% = 7.1610" % T x exp(-63400/RT)  »nps/n® 4,35

The ohmic potential drop acrtoss the membrane has proved too difficult to
be modelled. The value measured on the plant varies between 1.0~1.5 volts.
In the model it is taken to be 1 volt. The absolute cell voltage value
is not very important as it is mainly used for comperisons between dif-
ferent operating points.

4.8.2 Ohmic Potential Drops

The ohmic equation is:
Vom (L x IR 4.36

The average distances between the cathode and membrane, Lc, and the mem~

brane and anode, L, on the plant are about ax10°2 o,
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Tozawa, Sasaki and Umetsu (1982) presemt the following aquation giving
the slectrical conductance (whos/m) of an electrolyte containing

sulphuric acid, as a function of the hydrogen ion concentration,

L (17.6 x H) + 34,7 4.37
Karelov, ich, and Gry {1980) present &n
by zeg giving the electrical conductance

{mhos/m) of an ammonium sulphate electrolyte.
Ko = =400 - 0.28xNH, + 10.19xNH, + 4.03xMn +2,27x(T-273) 4.38

The eguation was developed for zinc and copper, ©ut assuming thet
manganess behaves similarly to zinc enables one to use it. The variables
in the above are the fons of NH,, NK, and ¥a*, emd
the temperature in °K.
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5 OVERALL PLANT BALANCE

The complete plant modsl may now be calculated. To do this values for
certain operating variables must be chosen. It is by the judicious choice
of these variables that the overall process may be optimised. These var-
iables are the following:

1. Fiowrate of solution. Assumed constant throughout plant.

2. Total current supplied to the cell house.

3. Concentration of sulphate. Assumed constant throughout plant.

rs

Concentration of ammonia.

5. Leach pH, in the zange 6.0-7.2 .

6. Sulphide section pH, in the ranga 6.0-7.2 .

7. Cell house feed pH, in range 6.0-8.0

8. Ammonium sulphide addition rate in sulphide section.

The model uses the concentrations of sulphate and ammonie species to

calculate the solution eguilibria in the various sections. These two

are, unfortunately, not easy to visualise, and are not
normally use; on the piant. The people who operate the plant prefer to
think in terms of the total sulphate in kg/m®,
and the total manganese concentration in the leach, in kg/m®, end wonld
therefore like to specify these values. Unforturately they arxe direct

outputs of the model, and one would therefore be trying to specify the
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outputs and calculate the inputs. This is not how a true model should
work. A compromise can be made howwer. From specifications of the con-
centrations in kg/m? of ammoniun sulphate and manganese in the leach, it
is possible to estimate the concentrarions of ammonia and sulphate species
in solmtion, Using these estimated values as given values the actual

of and

sulphate can be calculated.
These values will not be too far from the specified values. Therefore the
model has baen chenged to accommodate this: instead of points 3 and &
above being specified, the concentrations of ammonium sulphate end
manganese in the leach ave specified in kg/m’.

The pif values in the sulphide section snd the cell feed are not properly
independent as they are mostly decided by the leach pH. Thersfore values
are chosen to be those experienced on the plant relative to the leach pH.
The temperatures in the plant are difficult to control to absolute values
and for the model plant values are used. It has been shown by Rodrigmes
{1983) that the optimum temperature in the cell house for the cathode
curzent efficiency is 39°C.

A standazd set of operating variables is used to give a referencs oper~
ating state to which comparison may be made. This set of variables has
been chosen to mimic the operating conditions on the plant as far as
possible, to make this sat as more 1, and potentisl

mprovements mote relevant. The set of operating variables is given in
Appendix J.

There are also severa’ comstants in the various equations used whose
~alues may be varied so that the model results compare to the actual op-
erating data. These include diffusion coefficients for the hydrogen and

doms, in the describing the kinetics of

verious processes as well as the equilibrium consteuts and ratios. Once
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they have been determined tc give the closest agreement to the plant they
must not be changed. The values used “or the comstants are also given

in Appendix J.

The procedure then followed in calculating the model is as follows: first
the leach sextion is soived. The oxe feed rate can only be determired once
the cell house return stream is known, but this is not required for the
leach vonditions. The sulphide precipitation seciion is then calculated
and the Jevel >f impurities found (CoT). The impurity level prior to the
sulphide section is not known and hence the efficiency of the precipi-
tation is not knowa. This is not attempted as the Co level is of impor-
tance only in the eil house where it influences the kinetics of the

plating. The cell house section is then calculated to find the production

rates of and waste , and the ions in the cell
house return stream to the leach. The leach efficiency is then calcmlated
and hence the ore feed rate cap be found, allowing for the loss of
manganese in the solution emtva.ped in the leach filter cake. The amount
of this loss is prop: 1 to th of the in the
solutior.

In order to understand the procedurs more fully, reference may be made
to the logic flow diagram in Figure 2 on page 9. Thus all valnes have
been found that have bearing on the profitsbility of the plant.
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€ COSTING

The following operating costs have been modelled to obtain & reasonable

total opersting cost and hence net operating profit:

i. The cost of ore. The manganaso ore is bought from an outside source
and is then treated on the plant before being used. One can then find
a cost per ton of ore that reflsccs this. The cost of the ore is the

biggest cost of the operation.

2. Cost of power. The current ured to plate the manganese carries a power
cost. This can be estimated by calculating the volt drops across the
cathode, caithode solution, diaphragm, anode solution and the anode.
The total volt drop together with the current gives a power that can
be costed at so many cents per kilowatt hour. The cost of power is
the second biggest cost and is of the order of the cost of the ore.
The eqovations for estimating the volt drops may be examined in Section
4.8.1.

3. Cost of make-up ammonia. Ammonia is lost in the cathode compartment
and in the solution lost in the leach filter cske. All ammonia lost
must be made up. Some is accounted for in the streass of ammonium
hydroxide that ere used in pH control. Estimating the loss in the
solution in the filter cske to be proportional to the ammnia con-
centration and adding in the cathode loss gives a value that may be

costed at current selling nrices of ammonia.
4. Gost of make-up sulphate. oulphate is also lost in the filter cake.

This ioss is estimated in the same way as the ammonia lost in the
filter cake,
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The revenue for the plant comes from the sale of the plated manganese. A
value for this per ton of mangsnese can be found from the London Metals
Brchange. The net profit can be calculated from the revenue minus the sum
of 811 costs. Thir gives uaits of R/hr. It 4s also possible to divide this
value by the production rate of manganese to give R/ton of mangenese
produced. This is more a measure of the efficiency ot production. The

values used in the costing of the plant are given im Appendix I.

The net profit value obteined is used us the objective function in the
optimisation routine. It must be emphasised that this value iz mseful only
for & comparison between two $ituations as to which of them is "better”
than the other. It can not be used in an absolute sense at all as there
is much costing information thet is ignored, such as fixed costs, interest

costs and labour costs etc.
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7 OPTIMISATION

7.1 introduction

An optimisation problem can be thought of as the maximising or minimising
of some value, called the objective function, which is & function of some
variables, by judicious choice of those variables. In this model the ob-

jective fusction is tu be meximised and is either the nmet profit, or the

profit per unit as in Section 6.

The varisbles are, in general, those listed in Section 5. As an
optimisation problem gets more difficult with an increase in the mumber

of veriables, it is desirable to reduce this number as much as possible.

d from equilibrinm and

The addition rate of sulphide,
mass balance considerations, need only be enough for the precipitation
of the impurities and therefore need not be very much. Actually, more
than this is required for kinetic reasons. As the model is not based on
kinetic considerations in this area it is unsble to make relevant pred-
ictions about this particalar variable. Thexefore the ammonium sulphide
addition rate is taken as the actusl rate on the plant and is held con-
stant.

Although there is pH control on the solutioas in the sulphide tanks and
on the solution flowing into the cell house, the ps in these two ares
are fot truly independent veriebles. The values are largely determined
by the pH in the leach tank, the pH control can only fine tune the valse.
For instance it would be impossible to have a pH in the leach of 7.2 and
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one in the cell house feed stream of 6.0 without massive amounts of acid
being added. It is observed on the plant that the pH in the sulphide tenk
is about 0.35 units higher than that in the leach tank. This is mostly
due to the temperature difference betwsen the leach and the sulphide
sestion which affects the equilibria. The pl in the feed stream is
normelly slightly lower than in the sulphide tank as S0, is added to plate

manganese in the desired crystalline form.

For these reasons the pH in the leach is kept as an independent varisble
and the pHs in the sulphide tank and the feed stresm are allowed to vary
linearly with this pH as follows:

PH, = pH, +0.35 7.1

P = pH_ - 0.02 7.2

The total number of independent variebles is thus reduced from eight to

f£ive, consequently zeducing the difficulty of the optimisation problem.

Two approaches to the optimisation problem are tried. The first, discussed
in Section 7.2, considers the model as a "black box" with several inputs,
the variables, and one outp't, the chjective function. No information
about the structure of the model is used, but the effect of ail varisbles

is The second h, discussed im Section 7.3, uses in-
formatinn about the structure of the model to conrcentrate on a few vari-
ables and their affect on & particular section of the model only.
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7.2 Overall Model Optimisation

The problem is increasad in Aifficulty since most of the varishles that
affect the system are ionstrained t. lie within specific ranges and may
not vary outside those vanges. Should en optimum point lie on one of these
boundaries, finding #¢ with a numeriz algorithm is not easy.

The copstraints that occur include that on the leach pH. Should it go
too high, the algorithm calculating the leach equilibria fajls. Another
real limit in the leach occuzs when the calculated

exceeds the equilibrium value. This is similaxr to a process in the cathode
where the solubility producty for Mn(()ﬂ)z can be exceeded, resulting in
precipitetion which clogs up the diaphragm. None of these constraints are
constant or independent, they are all functions of the other varisbles
and may not be violated.

Most efficient optimisation algorithms make use of derivative informatiom
about the objective fuaction to aid im finding the optimum point. Sinco
enalytic derivatives sre not available from the model, the mext best class
of optimisation algorithm uses numerical estimates of the slopes. Most
optimisation routines in this class can only work with unconstrained re-
gions. To handlie the constraint it is possibla to return & zexo funstion
evalustion for those points beyond it. This results in a very
{1l-conditioned shave for the cbjective function with an effective infi-
aite slope at the constrrint. It is impossible to smooth the curve at this
point since the position of the constraint canm only be found by trial and
error, and if ome is beyoud this point it 4s not known how far one is from
it. Hence should the optimum point lie close to or on the constraint then
‘the routine may calculate very large slopes which will send it completely
out of the region, and the routine will fail. This is true of the methed
of Powell (1964) and the quasi Newton-Raphson method which were tried.
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A method that appears to work on a limited scale is the Simplex method
of Nelder and Mead (1965). The metkod does not use any slope information
at all. This makes it very inefficient for "nice" problems, but has the
advantage here in that it cannot get confused by spurious slopes. The
method sppears to work when applied to two varisbles at a time, but has
trouble dealing with large mumbers of variables. The algorithm is taken
straight from Nelder and Mead (1965) and is not presented as a better
algorithm was obtained.

When applied to three or more variables the Simplex r-utine does not
converge to the same optimum when started from diffurent initial

simplexes. It converges when striking a instead of

along the constraint to & better point. A variation of the Simplex rou-
tine, called the Complex algorithm developed by Box (1965) for constrained
optimisation problems was then applied. This method consistently finds
the seme optimum point from diffsreat initial configurations, and is
therefore recommended. A FORTRAN 77 program listing of this algorithm is
presented in Appendix L.

The approach in this section consisted of obtaining the objertive function
value for a stamdard set of varisbles. This standard set represents the
actual plant operating conditions as closely &s possible, and is tahled
in ix 3. The value is then compared to those

btai irom the op i routine for various limits on the explicit

varishble constraints. For instence in one case the flow rate may be ~i-
lowed to vary within ten percent of the standard value, and in ano hoc
case it may be allowed to only vary by a meximum of five percent.
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Various combinstions of varisbles and explicit limits are tried. In some
cases some of the varisbles are held constant to see the affect on the
others. In this way it possible to obtain an idea of the semsitivity of
the uodel to the various parameters.

s there are two potential objective function velues, mamely in wits of
R/hr or R/ten
Optimising the first value is akin to meking as much money as possible
without caring ahout the efficiency of the operstion. This would be de-
sirable, for instance, where the qsmand for the product exceeded the
supply and there was no shortags of ore. Optimising the second value is
usefol when ecomomic competition is stromg and one wishes to minimise

the above is followed for both.

costs and produce as efficiently &s possible.

7.3 Cell House Optimisation

Instead of examining the model in its entirety one can use results from
the model to identify ereas of importance. From the costs involved it is
clear that the two major factoxrs imvolved are the leach efficiency and
the current efficiency on the cathode. The leach efficiency is primarily
a function of the pH as discussed in Section 2.1. The current efficiency
only will be discussed here.

The pH in the cathode compartment varies so as to ba:ance the hydrogen
evolved with the net hydrogen flux as discussed in Section 4.6. An in~-
crease in the net flux causes the concentration of hydrogen ions to in-
cresse, lowering the pH, which results in an increase of hydrogen
evolution and the cell reaches a steady state at e lowsr. and more inef-
ficient, pH. A reduction in the net flux means the ncentration
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gets reduced and the rate of hydrogen evolution is also reduced, hence

more manganese is plated.

The easiest way to control the hydrogen flux through the membrane is to
vary the flowrate through the membrane. An increase in the flowrate de-
creases the hydrogen flux and vice versa. (Note that the direction cf flux
is counter to that of the flow.) Tt is therefore obvious that a high
flowrate through the membrane is desirable. Unfortunately as the pK in
the cathode compartment rises to effact the above strategy it reaches the
point of hydroxide precip: , which blinds the membrane and

has a disastrous effect on the cell One can say

that the optimum flowrate lies on the constraint of mangavese hydroxide

. This also

the maximum pH at which the

cell may operate.

The question that now requires examination is what is the best manganese
concentration in the c~12. The kimetics of plating, and hence the hydrogen

evolution rate, is on the The pH at
which manganese hydroxide Eorms is also dependent on the manganese con-
centration. Is it best to have & low manganese concentration and a high
optimum pH, or a high manganese concentration eod s low optimum pH? One
can analyse the kinetic equation governing thw uathode subject to the
constraint that we have the onset of manganese v .roxide precipitatiom.
This gives us the following two equations:

§, = 1/(1+CLx (1+C2/Mn) x H/Mn) 7.3
where
= +
H = K' concentration
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2+

Ma = Mn® concentration
C1,62 = constants
and
Ron = H%*/Mo 7.4

which is the equilibrium equation for the reaction:

1 + 28,0 = Hn(ow),, + 26

using the equilibrium retio.

Substitute equation 7.4 into 7.3 to get an equation for current efficiemcy
as a of Taking the derivative with re-

spect to Mn and putting equal to zero ome can solva for the Mn values.
Thers aze two solutions of Mn. One is negative and of no practical use,
the other has:

w32 < o

This implies & maximva ag Mn tends to infinity. It is therefore shown that
it is best to have a high menganese concentration Snside the cells. In
practice there are other comstraimts on this svch as ita quality of the
metal produced etc, The above analysis has ignoved the - .’ect of a higher

elsewh in the prucess, such it the losses in
the £ilter cake, and the effect on the conduckivitier -f the solutions.
It should therefors be checked using the whole model.
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8 RESULTS AND DISCUSSION

8.1 Introduction

The first thing that must bs xealis~” about the model is that it is a
steady-state model. This implies that it can only make statements abeut
the average performsnce of the plant. It cannot predict the intermediate
unsteady conditions in the plant immedistely after a chenge, only the
final stesdy state. Hence from a control point of view it could be used
to determine the set points that would then be used in a control strategy.
The model is also, in & sense, ique: levels of in the

plant can be achieved by various sets of variables. In answer to the
question "The plam is operating badly, what must I do?", the madel can't
give an answer. The snswer must be found elsewhers, then it can be checked
using the model.

The model can be used to identify which of the operating variables the
plant is most semsit've to. These varisbles would most probably require
the most control. 4 qualitative help to comtrolling the plant could alse
be obtained in situations where it is unclear huw the plant will react.
Using the model to predict the ontcome of & change will help in either
preventing or encouraging such change as the cese may be. The model has
therefore been designed so that these problems can be quickly and easily
solved once they arise.

The model's most importent value, however, lies in being able to predict
normal steady-state operation at & particular set of operating variables,

and to compare this ion with the at a set of
variables. A comparison of this nature could provide informetion on
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whether it ir worth t.yimg to improve a section at a particular cost.

Conversely, the amount of effoxt .orth to improve

given the imp may be This sest of semsi-
tivity analysis is exemined with greater detail in the following sectioms
on Optimisation.

When deriving a model it is useal 1y have some kind of comparison between
predicted values and corresponding measured values, in order to see how
sccurate the mode] is. Many comperisons of this type have been made in
the development of the model and they have been concerned with the par-
ticular sections involred. With respect to the model &s a whole there are
some paramsters, tabled in Appendix J, together with some equilibrium
const:ants, in Appendix A, that have been fitted to give a close agreement
between the model and the experimental, or plant, values. Unfortunately
to test these fitted parameters, and hence the model, it is necessary to
have experimental values at sowe different conditions to compare with what
the model would predict for that situation. These experimental values
are not avallable. As a pilot plant is not available for such tests it
would entail changing the operation of the fnll scale plant for a period
of time. This is obviously impractical, and the model, as & whole, is
therefore untested, aven though its parts may be well founded.

8.2 General Model Results

There are number of aspects to the model that can provide insight into
the functioning of the plant, especially wien contrasted with the normal
intuitive operating philosophy about the plant.
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whether it is worth trying to irprove a section at a particular cost.

Conversely, the amount of effor worth to improve

given the expected improvement may be determined. This sort of semsi-
tivity analysis is examined with grester detail in the following sections
on Optimisation.

When deriving a model it is usual to have some kind of comparison between
predicted values and corresponding measured values, in order to see how
accuzate the model is. Many comparisons of this type have been made in
the development of the model and they have been concerned with the par-
ticular sections involved. With respect to the model as a whole there are
some parameters, tabled in Appendix J, together with scme equilibrium
constants, in Appendix A, that have been fitted to give a close agreement
between the model and the experimental or plant, values. Unfortvuately
to test these fitted parameters, and hence the model, it is necessary to
have experimental values at some different conditions to compare with what
the model would predict for that situation. These experimental values
are not available. As a pilot plant is not available for such tests it
would entail changing the operation of the fnll scale plant for a period
of time. This is obviously impractical, and the model, as a whole, is

therefore untested, even though its parts may be well founded.

8.2 General Model Results

There are mumber of aspects to the model that can provide imsight iato
the functioning of the plant, espacially when contrasted with the normal
intuitive operating philosophy about the plant.
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A great deal of effort is expended on the plant in maintaining a constant
strip. The strip is defined as the difference in total manganese concen-
tration between the cell house feed stream and the cathode compartment.

It is believed that this must be maintained at a constant value for cor-

rect operation. From the point of view of the model, the strip has no
physical effect by itself. It does reflect the rate of production of
manganese but only in its relation to the flowrate. It is the comcen-
trations in the cathode compartment that are far more important, and it
is conceivable to have two situations with the samo manganese concen~
trations, but with differing flowrates and strips heving the same pro-

duction rates and current efficiencies.

A typical graph of the leach efficiency ys the leach pH from plant data
shows the leach efficiency decreasing graduslly as the pH increases up

to a particular value. Above this value the leach efficiency decreases

suddenly and rapidly as the pH increases. This curve is easily explaimed
as the result of two different processes dominating im two regions. As

discussed in Section 2.1 the gently sloping section om the left of the o
curve in caused by the disproportionation of Mn,0, into MnO which can
leach, and Mn0, which does not lesch. The sudden steep drop of the leach
afficiency occurs when the desized operating pH of the leech is too high. i
As more manganese ore is added to react with the solution to increases the
PH to this point, the in solation hes the equilibrium o

maximum with respect to the d ion r i

The manganese in the ore is uneble to leach into solution and the leach

efficiency appears to drop suddenly.

The follcwing point imdicates that the solution equilibria used in the
model accurately indicate the trends of the species in solution. It is
cbserved on the plant that the solution emexges from the final leach tank
at a pH of about §.55 at & temperature of about 50°C. It them cools dawn
to about 44°C at a pH of 6.9 in the sulphide tenks. Although this stream

=
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does have ammonium hydroxide added to it for pH control, much of the
difference is due to the temperature change. This was confirmed by meas-
uring the pH of a sample of solution from the cathode compartment at
40°C and then at 20°C after it cooled down. The pH increased b an amount
that corresponds to a drop in the hydrogen ion concentration to a fourth
of its initial value. On heating the solution back up to 40°C the pH
increased again. The solution chemistry used in the model predicts this
phenomenon merely from the temperature dependance of the equilibrium
constants used.

The cell voltages predicted by the model are compared with those measured
on the plant, and are found to agree fairly well except for the volt drop
over the membrane. Under the standard set of plant operating variables
the predicted cathode potential, anode potential, cathode compartment
volt drop and anode compartment. volt drop of 1.60v, 2.22v, 0.48v and C.66v
compare favoursbly with the corresponding values, measured by the author,
of 1.6v, 2.0v, 0.45v and 0.55v respectively. The average volt drop across
the membrane is 1v. The model is unable to predict this on the simple
basis of an average solution conductivity in the membrane.

The volt drops on the plant were measured with a Luggin capillary filled
with saturated KC1 solution, a multimeter and 2 calomel electrode. It was

necessary to add or the lectrode potential associa%ed

with the calomel electrode from the measured values. They are not very
accurate as the capillary had to be inserted into the compartments con-
cerned and moved about from electrode to membrane. The lack of space
between the wooden frames that support the two compartments made it dif~
ficult to know where the tip of the capillary was.

To complement the voltage measurements, samples from the cathode and the

anode compartments were taken and their conductivities measured. These
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values agreed within 5% with the values calculated for the sample cundi-

tions using the i it presented in Section 4.8,2, These
values are not presented as the sample temperature in the laboravory was
not the same as on the plant and therefore the measured conductivities

are not applicable.

The costs that ar- included in the model are intended to reflect the ex-
penses and profit of the production only. Overhzads such as wages, in-
terest on capital, and costs of departments such as marketing and sales
are mot included. Other costs which are not included but which do relate
to production are cost of maintenance and cost of pumping. For these
reasons the profit value returned by the model means nothing by itself.
Its only use is as & means of comparison between different plant operating

conditions. Even then the absolute difference is &ll that may have mean-

ing. d in change are irrelevant since the

base value may be very different.

8.3 Single Variable Optimisation

The model mskes 2 clear statement that the greater the flow rate in the
cell, the higher the pH in the cathode compartment, and the better the
cathode curzemt efficiency, Rodrigues (1983) has already raised this
point, but it bears repetition for emphasis. A greater flow through the
mewbrane reduces the back migration of hydrogen dons. As hydrogen is
stripped from the cathode the pH i s the
stripping rate until it equals the net hydrogen flux again. This balance

is described in more detail in Section 4.6. A lower stripping rate in
effect means 4 better current efficiency. The limiting fector in reising
the flowrate is that eventually the pH increases to the point where pre-

cipitation of mangsmese hydroxide occuzs.
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As there is a great deal of variation in the values found from the 1it-
erature for the solubility product coustant describing the reaction
producing manganese hydroxide, it was decided to fit this value within
the range of the literature values. The value chosen together with the
standard set of operating varisbles results in a predicted operation just
within the limit set by this reaction. This has been done to mimic the
procedure on the plant. There the major control variable in the cell house
is the flowrate to each cell. The flowrate is usuc'ly held as high as
possible, with the maximum value being determined by the omnset of
manganese hydroxide precipitation. The plant operator does kaep a margin
of safety, but this doss not affect the argument.

This operation close to a physical limit has some interesting results for
the effect of changing one varisble ot a time only. (The results of
chenging more then one variable similtanecusly are examined in Section
8.4 below.) Keepiog the remaining varisbles at their values set out in
Appendix J, one gets:

1. The behaviour of the flowrate (Q) in the model is described above.
Its best valne is high, and is constrained by the precipitation in
the cells.

2. The concentration of ammonivm sulphate (AMSLPH) in the solution also
follows this trend. Its best value is & meximum value and is com-
strained by the same prec: ion If the

goes above this limit then more manganess in the cell is complexed
with the ammonia and is not available for plating. This reduces the
current efficiency which causes more hydiogen to be evolved. The pH
then rises more than the Mn®® falls and

of manganese hydroxide occurs.
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The pH in the leach tank (PHLCH), and hence the pHs in the sulphide
tanks (PHSUL) and the cell house feed stream (PHF) which are linked
to it, follows the same trend. It has an optimum maximum value whirh
is determined by the precipitation of manganese hydreside. The reason
for this is not clear as the pH has a subtle effect via the re-
lationship between manganese and ammonia upon which it has a large
influence.

The manganese concentration in the leach (MANGAN) determines the

concentration in the cathode compartment provided the flowrate is
constant. Therefore, as examined in Section 7.3, the higher the
manganese concentration in the plant, and hence in the cathode com-
partment, the bettar. Of course other constraints not taken into ace
count here may exist which limit the concentza*ion. A surprising
result from the model is that the manganese concentration must be
greater than some minimun value to prevent manganese bydroxide for-
mation. 4s described above with respect to the effect of anmoniua
sulphate, & low Mn®” concentxation results in a pH increase to cause

the precipitation.

5. The total current (I) has two effects. It must be greater than some
lover limit or else precipitation occurs in the cells. A lewer current
produces less manganese which results in & higher manganese level in
the cells and precipitation occurs. At this lower limit the plent will
be running most efficlently. An incresse in current zeduces the ef-
ficiency, but the rate of This in-

crease is greater than the decrease in efficiency and the plant will
make more money at the higher current.

The only varisbles that can be changed individually on the plant to im=

prove are : the

or incressing the curremt. It must be stated however that in practice
variations in the other variables can be tolerated as a result of the
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wargin of safety kept by the plant operator. This anslysis holds when
there is no safety mergin at all. Hence the five varisbles involved in
the analysis are at their respective limits in the stendard set of vari-
sbles listed in Appendix J.

The limits on the variables are mot comsicnt. They depend on the values
of the other variables. Hence by changing the variables simultaneously,
the Limits on the individual variables are chenged, permitting the changes

to occur beyond the previous limits.

8.4 Multi-Variable Optimisation

The results of the optimisation runs are tabled at the end of this sec-
tion. Optimisation by choice of five variables is presented in Table 1,
by choice of four variables in Table 2, by choice of three variables in
Tsble 3 and by choice of two varisbles in Table 4. The variables used
in the optimisation are the five variables isolated in Section 7.1. The
pH used is that in the final leach tank, although it must be remembersd
that for the purposes of the optimisation runs the pHs in the sulphide
tanks and the call house feed stream are determined by the leach pH from
the equations 7.1 and 7.2.

In each table the separate combinations of varigbles are grouped together
and the group numbered. Within each group the results of optimising the
objective function with units of R/hr eze listed first, and then the re-
sults of the objective function with units R/ten. These latter values also
kave a "t" written after them. 4 "c" after a variable in a table indicates
that it was held constant, an "2" after a varisble indicates that it lies
on the lower limit of its explicit range and a "u" indicates that it lies
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on the upper limit of its range. Some runs were repeated with different
explicit limits to check trends.

The explicit limits refezred to here are mot of the same type as those
referzed to in Section 8.3, Those are real limits imposed by the model
and are only defined for clanges in one particular verishble at & time.
The explicit iimits mentiomed in this section are arbitrary comstrainmts
on the range of values that the variables sre allowed to take.

4 detailed output of the model for the standard set of operating veriables
end paremeters is presented in Table 5. The standard objective function
values taken from this table are 3081.35 R/kr and 1035.55 R/ton. These

values are the bases for the comparisons of the plant's performance.

The analysis of the optamisation exerciss siarts by looking at the case
where 811 five variables were allowed to vary by 10% on either side of
their standard velues. This is group 1 in Table 1 at the end of this
chapter. In the cese of the first objective function, abbreviated F., in
(R/hr) it can be seen that the flowrate Q, the current I and the manganese
concentration in the leach are all at their upper limits. The smmonium
suiphate conrcentration stands at its lower limit, while the pH in the
leach, and hence in the sulphide tanks and the cell house feed stream,
is higher than its stendard value. The F. value is 3592.06 which is better
than the normal value of 3081.35. This situation is contri -*ed by that
which arises when using the second objective functiom (R/ton). Hexe the
flowrate and the manganese concentzation ace still at their upper limits,
but the current is at its lower limit. The sulphate

is also at its lower limit and the pH is lower than normal. The F. value
is 1053.03 compared to 1035.55.
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The two other groups in Tabli  rix for differing limits of the varisbles
show similer trends, as do ti ~ombinations of four variables, with PHLCH
or 1 held constant, in Table 2, excast for group 1 in Table 2. Here the
oH is fixed so that the sulphate i to a model

limit to increase pexformance.

To see the relationship between the flowrate, the ammonium sulphate con-
centration end the pH, several rras were done with current, I, and
manganese concentration, MANGAN, held constant. These runs are presented
in group 1 of Table 3. Again for both objective functions the £lowrate
increased to its explicit limit. The sulphate de-

creased to its lower limit. The pH i to a model i limit.

These results show mo change in behaviour from those for the full five
varigble optimisation. The remainder of runs in Table 3 agres with re-

sults as found.

To obtain a better idea of the relationships between the varisbles, they
were taken two at a time for the most interesting cases and the results

are listed in Table 4 and discussed below:

1. Ia group 1 for Q ys AMSLPH the flowrate increased to its upper limit
whilst the sulphate for both ob-
Jective functions. The values for AMSLPH are mot at their lower ex-
plicit limits and therefore indicate that the values are at a maximum
real limit defined by the model. The effect of the higher flowrate

is to lower the maximum (and best) concentration when compared to the

standard set of varisbles. The net result is a batter operating con-
dition.

g

In group 2, AMSLPH is varied sgainst MANGAN. The results are similar
to those in group 1 and MANGAN behaves in e similar fashion to Q in
the above paragrsph. In this case the model-determined limit on AMSLPH
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is above its standard value. In groups 1 and 2 therefore the ammonium
sulphate concentration is not as importsnt as the flowrate or the

manganese concentration.

In group 3, Q is veried against MANGAN. Here the manganese concen-
tration is more important than the flowrate since the manganese goes i
to its upper limit and it is left to the flawrate to be subjected to

the model-determined limit.

In group 4, AMSLPE is varied against the leach pH. For both of the
objective the sulphate i o
its lower explicit 1imit and the pH i to a model

limit. This indicates that the ammonium sulphate concentiation has

a greater effect on the performance than the pH,

MANGAN is varied against leach pH in group 5. As expected the
manganese increases to itz upper limit and the pH is model-determined
to a value greater than the standard value.

Group 6 presents Q ys I. For the f£irst objective function the current
increased to its limit and for the second the current denreased to
its limit. In both cases the flowrate was model-determined although 1
the limiting value for the flowrate in the first case was greater than i
in the second. This indicates that the total currenmt is more important
than the flowrate. The two variables where then allowed to vary to
~ greater degree when optimising the second objective function. A true
optimum point was found, i.e. it does not lie on an explicit limit.
The maximum however was very shallow, having the same value to six
significant figures as the comstrained optimum.

E 7. In group 7, I is varied against AMBLPH. The current stands at its h
& vpper limit for the first F. and at its lower limit for the second :
b4 F.. In the first case the model determined limit for the ammonium
? sulphate concentration was slightly higher than the standard value.
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In the second case this limit was driven downwards by the curremt,

with a resulting low sulphate jon. The benefits
of & low current out-weigh thos. & high smmonium sulphate concen-
tration.

The case of the second objective function (R/ton) in point 6 above is
interesting in that it is the only case where at least one of the vari-
sbies is not at an explicit limit. The values for the flowrate and the
current are at model-determined limits within their permitted ranges.
This implies that the relationship between these two variables does have
a true optimum point that is within the range of feasible cparation, The
relationships betwees the otner variables all indicate that the best

conditions lie far away from the standard one. Such conditiens in practice

will extra and net coversd by the model
and therefore the model may break down. Therefore these variables must
be artificially constrained. This is the reason for the introduction of
the explicit limits. In these cases the model is indicating dirvections
that may be fruitfully pursued, but it is not clear exactly how far one
mey proceed in each direction. In the particular case of the flowrate vs
the total current for most efficient operation, a best point does exist,

although its position still depends on the values of the other varisbles.

Examining the above results enables one to determine the order of impor-
tance of the variables with respect to their influences on the objective
function. Iu decreasing order they are : MANGAN, I, Q, AMSLPH and pH.
This says that where a beneficial change in one variable can only occur
at the sxpense of a non-beneficial change for some other variable, then
the change that causes the better operation will occur to the variable
of higher order. An example of this is point 3 where the manganese con-
centration must be explicitly restrained, and the maximum value of the
flowrate is by the The has a
higher order than the flowrate.
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The ranking slso gives the order of semsitivity of the plant to each
varisble. For instance the plant will heve & grester reaction to a &
change in the menganese concentration tham it will to & 5% chenge in the

sulphate |

o To understand more clearly the differing effects of the variables in ro- ;
lation to the two objective functioms, the two zums in group 1 of Table :
4 are presented in grester detail in Tables 6 and 7. It is easy to see
; why high flowrates and manganese concentrations bemefit both of the ob-
jective functions. A high flowrate incresses the curvent efficiency and

hence improves the second ¥.. It also means a grester production rate of

manganese, which benefits the first F.. The manganese has such a large

, . effect on the efficiency of the process that this effect mst be included
N in the first F.. Of course there is a difference inside the cell. The

’ optimum point ‘or the second F. (R/ton) has A higher manganese concen~ |

i traticn and & lower strip than the optimum point for the first F. (R/hr).

’ The current differs greatly betwsen the two. It is high to boost pro- P
; M duction and hence revemue for the first F.. It is low when aptimising the
[ second F., This may be strange at first sight since Rouiigues (1983) has
. already shown that the optimum current density in the cells is 550
amps/m®. The current density at 46800 amps is lower than this (= 513
< amps/m*) and is therafore not as efficient as it could be. The overriding o

P effect is again the mangansse concentration. The low current strips less

manganese from the cells and a higher concentration results. This has a

very posivive affect on the cell house performance. However, even if this

effect is removed by restricting the manganese concentration in the cells

to be less than 13 kg/m® say, the current still drops to its lower ex-
. . plicit limit,
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The leach pH is of lesser order than any of the other variables, and hence
although its optimun value alwsys tends higher, the maximum limit is al-
ways determined by the other varisbles.

This leaves the sulphate for discussion. Although
this value is always tending higher to improve the operation, the move-
ments of the other variables tend to drive down the maximum value that
the ammonium concentration can take, This implies that the secondary ef-
fect of the ammonium sulphate through its influence on the other species
is more lmportant than its direct effect in the conductivity of the sol-
ution. The corresponding high leach pH that is usually associated with a

low i ulphat: also implies thsai its effect on the

equilibria is more important than its effect on the leach efficiency.

8.5 Conclusions

The model appears to predict the behaviouzr of the plant well without any
obvicus contradictions. Its predictions in many cases agree with standard
plant operating procedure, but the model also highlights some aspects
which were not realised previously. It has some important suggestions to
make with respect to the plant operating variables:

1. A high manganese concentration is desirable. The improvement in the
cell house out-weighs any increase in loss of manganess din
crystallised salts, or in the belt filter residue. Constraints on this
variable such as the quality of manganese produced and the possibility
of flaking of the metal from the cathodes could be more closely ex~
gmined in ordur to eliminate them.
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The flowrate should be as high as can be tolerated. This variable is
the most easily controlled of the variables, and as the model predicts
a fair sepsitivity to it, strict control of this variable must be
maintained.

Depending on whether maximum performance or efficiency of operaticn
is desired, two distinct set points can be suggested for the the total
current. For maximum performance the current must be kept high, and
for maximum efficiency and reduced costs of operation the current must

be low.

The om sulphate
in chmic potential drop through the solution is not as important as

must be kept low. The increase
its effect on the menganese complexes.

The pR in the leach tank must be kept as high as possible, the level
being determined by the other varisbles. A low leach pH and hence good

leach efficiency is not as impoxtant as the effect the pH hes on the

cell house.
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No 0 I AMSEPH  MANGAN  PHIGH ¥ Value
oi/hr  emps kg/m’ kg/m* R/hz, R/Ten L
n 176.0(a) 57200(u) 112.5(F) 34.10(u) 6.787  3592.06 !
176.0(u) 46800(R) 112.5(8) 34.10(=) 6.5867  1053.03(t)
. i
2) 168.0(u) 54600(u)  118.8(%) 32.53(u) 6.659 3344.79 ;
3 192.0(u) 42452 100.0(8) 37.20(R) 6.4821  1058.28(t) :
Tsble 1. Optimisation withk Jive Variables
No  Q I AMSLPH  MANGAN  PHLCH  F Value :
n'/hr  amps kg/m? keg/o® R/bz, R/Ton :
1) 176.0(s) 57200(u) 128.0  34.10(w) 6.55(c) 3506.07 i
176.0(s) 46802(8)  115.7 34.09(a) 6.55(c)  1052.80(t) |
176.0(w) 45527 112.5(2) 34.10(u) 6.55(c)  1053.84(t) i
2) 176.0(u) 52000(c) 112.5(2) 34.10(u) 6.6921  3429.27
176.0(u) 52000(e) 112.5(8) 34.10(u) 6.6922 1047.73(t)
Table 2. Optimisation with Four Variables J
No  Q 1 ANSLPH ~ MANGAN  PHIGH  F Value
n?/hr aups ke/m® kg/m® R/hr, R/Ton ¢
i
1) 176.0(u) 52000(c) 112.5(8) 31(e) 6.6231 3279.72 5
168.0(u) 52000(c) 118.8(2) 31(e) 6.5888  3185.42 !
2y 176.0(u) 52000(c) 112.5(u) 31(e) 6.6232  1042.81() |
168.0(u) 52000(c) 118.8(2) 31(e) 6.5888  1039.54(t) &
|
3) 160(c)  52000(c) 100.0(2) 37.20(uw) 6.9538  3512.63 ;
160(c)  52000(c) 100.0(2) 37.20(w) 6.9538  1048.55(t) !
160(c)  52000(c) 112.5(4) 34.10(u) 6.7897  1043,31(t) :
4) 176.0¢u) 52000(c) 124.% 34.10(u) 6.55(c)  3370.35 H
176.0(x) 52000(c) 124.9 36.10(u) 6.55(c)  1046.70(t) :
Table 3. Optimisation with Three Variables :
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Ne Q I AMSLPH ~ MANGAN  PHLCH F Value .
w'/hr amps kg/m? kg/m® R/br, R/Ton
1) 192.0(u) 52000(c) 110.3 31(c) 6.55(c)  3395.00
176.0(a) 52000(c)  118.0 31(c) 6.55(c)  3252.55
192.0(u) 52000(c) 110.3 31(c) 6.55(c)  1047.20(t} ; [
176.0(a) 52000(c) 118.0 31(c) 6.55(c)  1042.36(%)

2) 160(c)  52000(c) 133.5 34.10(u) 6.55(c)  3207.63
160(e)  52000(c) 129.5 32.55(u) 6.55(c) 3146.88

160(c)  52000(c) 133.5 34.10(u) 6.55(c)  1040.92(t)
160(c)  52000(c) 129.5 32.55(a) 6.55(c)  1038.43(t)

3 175.8 52000(c) 125(e)  34.10(u) 6.55(c) 3368.48
168.0(u) 52000(c) 125(c)  32.55(u) 6.55(c) 3229.16
175.8 52000(c) 125(c)  34.10(u) 6.55(c)  1046.64(t)
168.0(u) 52000(c) 125(c)  32.55(u) 6.55(c)  1041.69(t)

4) 160(e) 52000(c) 100.0{%) 31(e) 6.8740 3216.37
160(c) 52000(c)  112.5(%) 3i(¢) 6.7175 3148.07 '
160(c) 52000(¢)  100.0(2) 31(c) 6.8740 1038.20(t) '
160(c) 52000(c) 112.5(8) 31(e) 6.7175 1037.02(t)

5) 160(c) 52000(c) 125.0(c) 34.10(u) 6.6496 3250.88

|
160(c} 52000(c) 125(c) 34.10(u)  6.6495 1041.98(t)

i

i

8) 162.3 57200{u) 125(c) 31(e) 6.55(c) 3199.85

147.1 46638 125(c) 31(e) 6.55(c) 1038.8%(L})

147.7 46804(2)  125(c) 31(c) 6.55(c)  1038.89(t) 1
7 160(c) 57200(n) 125.8 31{c) 6.55(c) 3169.79

160(c) 46800(L)  118.9 31(c) £.55(c)  1044.43(t)

Table 4. Optimisation with Two Verisbles
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PROCESS VARIABLES.

1. TEMP. OF CATHODE COMPARTMENT (C)
2, PH OF CELLHOUSE FEED

3. FLOWRATE (m3/hr)

4. TOTAL CURRENT (amps)

5. NO OF CELLS

6. PH OF LEACH TANKS

7. PH OF SULPHIDE TANKS

8. TEMP. OF LEAGH (C)

9. TEMP. OF SULPHIDE. TANKS (G)

10. AMMONTUM-SULPHATE IN LEACH. (/1)
11. DESIRED MN IN LEAGH. (g/1)

12. AMMONTUM-SULPHIDE ADD. (1/min}

LEACH SECTION.

MANGANESE 31.06
AMMONTIA 1.934 kmole/m3
SULPHATE 1,510 kmole/m3
AM-SULPHATE 124.9 g/l

Ic EFFIC = 0.865

SULPHIDE SECTICN.

MANGANESE 30,80 g/1

COBALT = 1.004 ppm

CELLROUSE.

0§ ouT 12.02 g/t

AGID OUT 30.95 g/l

CUR. EFF. 0.681

PH CATHODE 8.209

M Safety €.000

BROD MN 2975.56 kg/he

GELL VOLTAGE =  6.08 volts

COSTS.

PROFIT = 3081.35 Rfbr 1035.55
AMMONIA  COST 16.41 R/hr 5.51
SULPHATE COST 52,93 R/hr 17.59
MANGAN ~COST =  795.12 R/hz 267.22
PWER  COST = 518.14 R/br 174.13
REVENUE = 4463.34 R/hr

R/ton

R/ton
R/ton
R/ton
R/ton

Table 5. Model Qutput: Standard Variable Set

Results and Discussion
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&/l

kmole/m3

kmole/m3
1

8/l
pp0

8/t
8/l

kg/br
volts

R/hr

Rihr
R/br
R/hx
R/he
R/hr

PROCESS VARIABLES.
1. TENP. OF CATHODE CONPARTMENT (C)
2. PH OF CELLHOUSE FEED
3. FLOWRATE (m3/hr)
4. TOTAL CURRENT (umps)
5. NO OF CBLLS
6. PH OF LEACH TANKS
7. PH OF SULPHIDE TANKS
8. TEMP. OF LEACH (G)
9. TEMP. OF SULPHIDE. TANKS (C)
10. AMMONIUM-SULPHATE IN LEACH. (8/1)
11. DESIRED MN IN IEACH. (g/1)
12. AMMONIUM-SULPHIDE 4DD. (1lfmin)
LEACH SEGTION.

34,86

1,740

1.472

110.7
LoH EFFIC =  0.855
ULPHIDE SECTION
MANGANESE 34.63
COBALT = 1.286
CELLHOUSE.
MN OUT 14.78
ACID OUT 31.07
QUR. EFF. 0.719
PH CATHODE 8.125
MN SAFETY G.000
PROD MN 3457.22
CELL VOLTAGE =  6.23
COSTS.
PROFIT = 3592.06
AMMONTA COST =  15.82
SULPHATE COST 56.11
MANGAN COST =  937.72
POWER  COST =  584.11
REVENUE = 5185.82

I
v
=2
o

1039.00

4,58
16.23
271.24
168.96

R/ton

R/ton
R/ton
R/ton
Rjton

Table 6. Model Output: First Objective Function Optimun Point

Results and Discussion
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PROCESS VARIABLES.

1, TEMP. OF CATHODE COMPARTMENT (C)

2. PH OF CELLHOUSE FEED

3. FLOWRATE (m3/hr)

4. TOTAL CURRENT (amps)

5. NO OF CELLS

6. PH OF LEACH TANKS

7. PH OF SULPHIDE TANKS

8. TEMP. OF LEACH (C)

9. TEMP. OF SULPHIDE. TANKS (C)

10. AMMONTUM-SULPHATE IN LEACH. (g/1)

11. DESIRED MN IN LEACH. (g/1)

12. AMMONTUM~SULPHIDE ADD. (1/min)

LEACH SECTION.

MANGANESE 34,36 g/1

AMMONIA 1.740 kmole/m3

SULPHATE 1,472 kmole/m3

AM-SULPHATE 111.9 g/1

. LCH EFFIC = 0.863

SULPHIDE SECTION.

MANGANESE 34.13 g/l

COBALT = 1.109 ppm

CELIHOUSE.

MN OUT 16.76 g/l

ACID OUT 27.65 g/t

CUR. EFF. 0.766

PH CATHODE 8.078

MN SAFETY 6.000

PROD MN 3013.84 kg/hr

CELL VOLTAGE = 6.00 volts

COSTS.

PROFIT = 3173.66 R/hr 1053.03 R/ton
AMMONIA COST =  14.52 R/hx 4.82 R{tom
SULPHATE GOST =  $6.11 R/hr 18.62 R/ton
MANGAN ~COST = 816,03 R/hr 270.76 R/ton
POWER  COST = 460.45 R/hr 152,78 R/ton
REVENUE = 4520.76 R/hr

Table 7. Model Output: Second Objective Function Uptimum Point

Results and Discussion
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APPENDIX A THERMODYNAMIC DATA

A.1 Equilibrium Corstants

Equilibrium constants, whete possible, have been obtained from the lit-
erature for the reactions concerned. There is a great deal of confusion
in the literature comcerming equilibrium constants, and many authors
publish values that are not true equilibrium constamts, but include ac-
tivity coefficients. Martell sad Smith (1976,1982) in particulex report
Log K values at different ionic strengths. In some cases the variation
between dilute solutions and concentrated solutions mey be # units. Since
the definition of the equilibrium comstant X is

K = exp(AG®/RT) A1

it may not vary with concentration. The reported variations must reflect
the changes in activity coefficients. Assuming that these reported values
are equilibrium ratios typified in equation B.3, one may proceed as fol-
lows, As i d and

very dilute solutions,
non-idealivies decresse and solutions become more ideal. Therefore it may
be assumad that the activity fficient h one. In

in very dilute solutions the equilibrium ratio may be tsken to have the
same numerical vslue as the equilibrium constant.

To estimate the equilibrium constants at various temperatures from values
at a known temparatures, the integrated form of the Glbbs-Helmholtz
e2quation, with AH assumed constant, is used.

nRy/K) = (T, - YT x B /R a2
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The data values and resulting expressions that were weed in the model are

presented below.

1o 4 502 = tso,
Logk = 2.26, 25%, I.Strength = 0.0
Logk = 0.60, 25°C, I.5. = 2.0

AHr = 2.1 kecal/mole, 25°C, 1.§. = 0; Martell and Smith (1982)
8H_ = 3.37 keslfmole, 25°C; Nair and Nancollas (1959)

3
K, = exp(5.204 + 2100(1/298 - 1/T)/1.987) 4.3
2. 1" ¢ Ny = N
Togk 4.254, 25°C, 1.5. = 0.0
Togk 9.40, 25°C, I.5. = 1.0
Logk = 9.45, 25°%, I.5. =2.0
M= -12.45 kcal/mole, 25°C, 1.8. =0
AH_ = -13.51 keai/mole, 25°C, 1.8, = 3; Martell and Smith (1576)
K, = exp(21.29 - 13000(1/298 - 1/T)/1.887) Ak

+ 2 -
3. N, + 07" = NH S0,
Logk = 0.94, 25°C, I.8. = 0; Martell and Smith (1982}
Houever Oblad (1975) reports values that Bijsterveld used to £it the

equation:

R, = 10(L-05 + 0.0053(x - 273)) s
4 N E Rt

Logk = 1.00, 20°C, I.5. = 2; Martell and Smith (1976)

No value at dilute concentrations could be found.
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No data tor temperature extrapolation could be found.

2+, a2
5. MI.\NI'{3 + "Db = MnNHSSOA
No data could be found, so the equilibrium constant is taken to be the

same as for the seaction in 1 above.

A7

2

o

+ 2-
" + 50,7 = Co80,

Logk = 2.34, 25%, 1.5. =0

Log& = 0.23, 25°C, I.5. =3

A8 = 1.4 kcalfmole, 25°C, I.S. = O; Martell and Smith (1982)
AR

= 1.74 keal/mole, 25°C, I.8. = 0; Nair ard Mancollas (1959)

K, = exp(5.388 + 1400(1/298 - 1/T)/1.987) A8

7. Go% 4 NH, * CoNE}"
logk = 2.i0, 30°C, L.§. =2
Logk = 1.89, 20°C, I.§. = 0; Martell and Smith (1976)
But from Bjerrum (1957) one obtains the following comstant and
equation:
K = 104 at 25°¢

K7 - m(Z 017 + 0.005(298 - T))

=

COSOA + NHS E CONHSSDA-
No data conld be found for this complex ro the equilibrium constant
is taken to be the same 85 for the reaction in 6 above.
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g = ¥ 5.10
9. oS & ua*t 4 877

Jogk = -10.5, 25°C, 1.5. = 0; Martell and Smith (1976)

8, = 6200 cal/mole; Newnov, Ryzhenko and Knodekovsky (1974)

Ksm = exp(-24.177 + 62000(1/298 - 1/T,/1.957) 411

10.008 = go?t + 8%

AHz = 16900 cal/mole; Naumov et al (1874}
The equilibrinm conrtunt for this reaction at 25°C is Ffitted +~ agree

with the level of cobalt concentrstion on the plant.

Bijuterveld (1983) calculated the permissible range to be frou i1) 16
o 3x10"1 . The value vsed is:

X = 1.ax10718

Ksc = exp(-36.746 -+ 16900(1/298 - 1/T)/1.987) 4.12

10* 4+ 21,0 = ym(om), + 28"
M, = 25930 cal/mele
46, = 20174 cal/mole; caleulated from data in Perry and
Chilton (1973), and Garrels and Christ (1965).
This gives Ko = 1.59x10” 2

The actual value used at 298°K is changed to agree with the Logk value
given in Pourbaix (1974).

Kmaeq = 4.9x10°1® x exp(25930(1/298 - 1/T)/1.987) A.13
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A.2 Equilibrium Ratlos

The following ratios have been fitted by Rodrigues (1983) to experimental
data for the tempersture range 295-330 K.

Lol 2 w8 e mom2t 4 6

Ke = exp(~34.57 + 0.051xT) 4.1
F oot
2. NI +H = N,
Ka = exp(40.32 - 0.064xT) 4.15
L a P,
3. HSOj = W' + 50
Kh = exp{8.333 - 0.0294xT) 4.16

4. 1+ 2m,0 = Maco), + 2"

Rodrigues used the expression found by Jomes (1983) which best fisted
Jones's data.

Kan = exp(~66.00 + 0.1025xT) a.17
This equation does mot £it the plant dats, possibly because Rodrigues
never tried it for pHs above 7.8. Above this pHl the ratia of Mn/MaSQ,

changes dramatically, Rodrigues, however, did not account for the pres-
ence of NaSO,. The equation used which best fitted the data is:
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Kan = exp(-67.15 + 0.1025xT) +.18 '

A.3 Leach Efficiency

Very little explicit data is available for en accurate ided of the way
the leach efficiency varies with the leach pH. The €ollowing equation is
fitted to plant data and is very approximate, but it does decrease with
the pH as experienced on the plant:

Leff = 0.8 + 0.0727xpH - 0.00953xpH? 4,19
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APPENDIX B ACTIVITY COEFFICIENTS

A useful and general result from thermodynamics holds that for a reaction
6t equilibrium of the following type:

oue may write the equation:
R o= agxa/(axa,) 5.1

where K is defined by equation A.l1. Using activity coefficients and con-
centrations instead of activities, one may write:

K = ¥yoqxdc, /(3 cx¥ye)) 3.2
and hence obtain:
K = cgxo, /(e ney) 5.3

This new variable k' is known as the equilibrium ratio to distinguish it
from K the equilibrium comstant, It includes the information on the ac-
tivity coefficlents, and permits ome to solva for the concentrations.
The K values ave obtainable from thermodynamic deta, and hence what is
required are the activity coefficlentr.

Neutral species in solution ate generally close to ideality, i.e. their
activity cosfficients sre close to unity, and sre therefore tekem to be
unity in this A common in el is

to take the hydrogen ion concentration to be ten to the power of the
negative pH. This also implies that the aciivity coefficient of the hy-
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drogen ion equals ome. Hemce the ouly species that one need examins are

the charged species.

Note: The of a pure in its state is one, e.g.
W,0, Ma(OH), .. The method of Morris (1983) to calculate activity coef-
ficlents in strong eleckrolytes is as follows:

2
= o.8ndc, B4
» <o,
sy, = a2 s mpady B.5
i 3 3
inwhich A = Ao - BJ 5.6
3= 1 .7
B = Box(a/ho)t® B.8
whers &0 = Nommal solvent constant. (a®/knoleyt
4 = Modified solvent constant. (w? /kuole)
B0 = Normal solvent constant, (0 /knote)/ang
B = Modified solvent constant. (n? /kmole)?/ang
o, = Canc. of charged species J. kmole/m?
¢ = Conc. of uncharged species k. Kmole/u®
2; = Unit charge of species §.
v = e ion diameter p . Angstroms.

W = Selution ionic strength.
¥, = Activity coefficient of species j.

B = Empiricel dielectric constant. {m® /km:zle)i

and for sulphate soluticns B = 0.3 Morris {1983).
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The following two expressions give Ao and Bo for water as functions of
temperature. They have been fitted to deta from Memov, Bates, Hamer and
Acres as reported by Kortum {1965). The "goodness” of £it can be examimed
in Figaze 9 on page 93.

Bo = 0.4882 + 7.598x20 “Te + 2.948x1070Te? + 1,185x107%1c?  B.9
Bo = 0.3241 + 1.649x10""7c + 6.579x10""me? + 1.030x107%e?  B.10
where Te = T - 273.15

The fon size parameters that are used are given in Table 8 at the end of
this appendix.

Nolecule 2, Py bog. Reference
w2 2 6 1
manZ* 2 6 B
co?* 2 6 1
Gotiz* 2 6 #
3
N 1 3 1
50, z & 1
5% 2 5 1
w50, 1 “ 2

1 Barner and Scheverman (1978)
2 Oblad (1975)
st Estimated by comparison with cther complexes due ta lack of data.

Teble 8. Molecular Parameters.
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APPENDIX C LEACH EQUILIBRIUM

Given the equilibrium rstios, this algorithm uses two nested Iterative
loops to detzrmine the solution equilibris. The total numbar of variables,
including the concentrations of N, MnNH? and MNi;80,, 1s nine, 4s
these three species are minor, the algorithm starts by assuming their
concentrations are gero. This leaves six unknowns to be found. Negleeting
the terms for the above species in the equations deseribing the component
balances (2.1, 2.2) gives:

AMpt = Nﬂ" * NH!‘SOA ¢.1
SULPH = MnSCIQ + SOA + NHASOa c.2

The electroneutrality equation retains the terw for the manganese ammonig
cagplex, and this term tekes an initial value of zero. The pH is specified
and the hyd ion ien is known. The initial valuss
of AMM and SULPH are the specified values AMHT and SULPHT’ Typical values
for these specified constants are included in Appendix J.

Now substituting €.% into 2.6 gives:
50, = (AM/NH, - 1)/K, .3
and substituting 2.4 and ©.1 into 0.2 gives:

¥n = (SULPH - 50, - AMM  NH,)/K, G4
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therefore substituting C.4 into 2.3 gives:
80, = (~B + SQRT(B* ~ 4AC))/24 c.5
where A = KI
B o= 1 - K (NH, + MNHg - A¥in/2)

C = A}m-S'U‘L?H-NHA

It is now possible to solve equations C,3 and C.5 simultaneously fox 504

and NH,. This is done iteratively using the Newton-Raphson scheme. Sub-
tracting C.3 £rom 0.5 gives a function of NH, that will bave zern value
at the solution of the system,
The functicn is:

Eo= (-B + SQRT(B® - 4AC)/2A) - (MNM/NH, - 1)/Ky c.6
The derivative is:

£ = K /(28) + (-2K;B + 4A)/ (4AxDELTA) + AhM/(Ka(NH,')") c.7

where DELTA = SQRT(B? - 4AC).

Successively more sccurate values of NH, are found from an initial guess
atcording to:

,
Ml e = M g o- (887 c.8

Once the desived eccuracy in the ulue of N}lk has been obtained, the re-
maining concentrations are easily found: SDA from G.3, NHLED‘ from C.1,
VmSOA £rom C.2 and Mn from 2.4. These are the major species that are then
used to find the concentrations of the minor species: NI'IJ from 2.5,
Man*l3 from 2,7 end M.nN}!.,,SOA from 2.8,
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These minor concentrations are used to modify the the total component
concentrations that were used in the above equations, to account for the

presence of the minor specles. . r changes are
AN = AN - NHg - MONH, c.3
SULPH = SULPHy - MaNH,SO, ¢.10
and the new value of MiNH, in the electrn-neutrality equation 2.3.

The algorithm then branches back to the boginning and zepeats the above
procedure until the desired degree of accuracy is obtained. The two
nested loops are thus an inmer loop that does the Newton-Raphson iter
atjon, and & loop around this that converges to the correct concentrations
of the minor species. There is yet another loop outside these twa that
iterates for the activity coefficients. The .uitial coefficients are a
guess to obtain the equilibrium ratios from the equilibrium constants,
The solution equilibria is determined as sbove to give the concentrations.
The concentrations are used to find better values of the activity coef-
ficients as described in Appendix B, and the alsorithm repeats itself.

Once complete conversion has occurred to the desired tolerances the votal

may be d from:

N_ANT = Mn + MnSOA + MﬂNﬂa + HnNHSSOA .11
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APPENDIX D SULPHIDE EQUILIBRIUM

D.1 Electrolyte Species

The algorithm used here js similar to that used in Appendix C. The dif-
ferencas between the two methods lie in the equations that are used, and
the presence of the cobalt species. As the concentrations of the cobalt
speciec are very small (< 5 ppm), the assumption is made that they do not
influence the co.emirations of the uther species. The equations for the
electrolyte species are derived as follows: One has

MAN = ¥n + M.nsoh D.1
in the place of €.1, where MAN takes the initial value of MANT’ which is
the *otal concentratiot uf manganese in the leach less the amount of
sulpaide added as ammonijum sulphide., Modifying eguation C 11 with the
sulptide addition rate gives:

By = MANG yaen - QXL E 8.2
where QE is the flowrate of the smwonium sulphide addition, «nd the con-
centration of ammonium sulphide refers to this stream. Now substituting
D.1 dnte §.4 gives:

Mn = MAN/(L + leSOA) D.3
and substiiuting D.1 and 3.6 into 0.2 gives:

NH, = (SULPH - MAN + Mn - SDA)/(Ka"SDA) D.4

4

which, when substituted together with 3.6 inte 3.3 gives:
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80, = (-B + SQRT(B* - 4AC))/24 B.5

whers A = X,
3= 1« KS(MAN + Mn - SULPH + ZMnNﬂj)
C = MAN - Mn - SULPH

It is mow possible to solve equatdons D.3 and D.5 simultaneously for Ma
and SOA' The method used is successive substitution. An initial guess
for the value of the Mn concentration is taken. A valve for 80, is then
found from >quation D.5. This value is substituted into equation D.3 to
give & new viiue for M. This process is repested until the successive
values of M o 50, differ by less than an sppropriate anount. This in-
dicates that convergence has occus od.

Once the desirsd accuracy in the values of la and 50, has been obtained,
the yemaining concentrations are easily found: M.nSDA from D.1, NH/&SDA from
G.2 and NH, from 3.6. These are the major spocies that are then used to
find the concentrations of the minor species: NH3 from 3.5, MnNH3 from
3.7 and W3504 from 3.8

These minor concentrations are used to modify the the total component
concentrations, that were used in the shove equations, to eccount for the
presence of the minor species. The changes are

MAN =HANT-M11NH

5 ~MnNHS D.6

SULPH = SUL'PH'T - HnNH3504 D.7

and the new value of Mn.N'I'I3 in the electro-neutrality equation 3.3.
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The algorithm then follows the same procedure as that described in Ap-
pendix © concerning the leach equilibrium, with respect to the convergence
and the activity cocefficients.

D.2 Cobalt Species

The assumption made at the beginning of this appendix means that it is

not mecessary to nccount for effects of the cobalt concentrations on the

total or the ol Lity This
results in the cobalt concentrations being edsily found. Provide that both
2+

¥n®* and Co** have reached their solubility limits with respect to
sulphide(s®"), i.e. that thers is both MaS and Co8 bedng precipitated,
then one has:

Ksw = Mo x § o = a2t + 27y D.8

2 4 527y 0.9

Kse = Cox 8 (Co8 = Co
Note that the activities of the solid precipitates are taken to be unity
since thay are virtnally pure apd in their standard states.

Dividing D.9 by D.8 results in
Co/n = Kse/Ksm D.10

The cobalt ion is very similar to the manganese ion so the method pre-
dicting the activity cosfficients gives the same value for both Ma2* and
co?*. The activity cosfficient of the sulphide species appsers in both
the Ksc and the Ksm equilibrium ratios. Therefore it 1s not necessary to
use the equilibrium ratios in equation D.10, instead the equilibrivm
constants can be used.
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Once the Co’® concentration has beon found using equatdon D.10 the other
cobalt species can be found thus: CoSU, from equation 3.11, CoNH, from
equation 3,12 and (?ol\ﬂ'{:_}SUA from equation 3.13.
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APPENDIX E CELL FEED EQUILIBRIUM

The species and governing equations for this calculation are presented
in Section 4.3, The determination of the equilibria in the feed stream
of the cell house is an essier calculation than in the leach or in the
sulphide section because equilibrium ratios are evailable instead of
constants, and the number of species is smaller. In fact no iterative

procedures need be adopted at all.
Substituting equation 4.6 into 4.8 gives:

Moo= (H x MAND)/QNE, x (Ko + B/NH,)) Bl
The pH, and hence the hydrogen ion concentration, is known. The ammonium
ion concentration NHI‘ is found from equation 4.7, the manganese concen-

tration Mr is found from B.1, then MANHS is found from 4.6 and Nl'i3 is found
from 4.9,
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APPENDIX F CELL ANOLYTE EQUILIBRIUM

The species and governing equatioms for this calculation are presented

in Section 4.4. & new veaction is introduced at the low pH in tue anolyte.
It is the equilibrium batween sulphate and bi-sulphate. No free ammonia
species are present in solution because of the high acidity. The hydrogem
fon concemtration is significant and wust be included in the
electro-nentrality equation.
Substituting 4.10, 4.11 aad 4.12 into 4.13 and solving for 50, gives:
S0, = 2MAN £ M b AWM, - SULPHp F.l
Substituting F.1 back into 4.12 results in:

HSOA = ZSULP}LI - MANT - B~ AMHT F.2

Substituting F.1 and F.2 into 4.14 gives a quadratic in X which solves
ag

H o= (-U+ SQRT(U® + 4V))/2 F.3
where U = ZMANT + AMK’T - SULPHT + ¥h

v = (ZSULPHT - ZHANT - AH.MT) x Ko

Once H has been determine” from F.3 it is oasy to get S0, from F.1 and
HS0, £rom 4.12, since M and NH, ave obtained from equations 4.10 and 4.11
directly.
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APPENDIX G DIAPHRAGM FLUXES

G.1 General Equation

Bryson and Lawrence (1980) have developed an equation giving the flux of
2 species through the disphragn of a chlor-alkali cell. This equation may
be used for the similar situstion found in the manganese electrowimning
cell, Thers is very lirtle data availeble in the manganese case so the
interactive effect iucluded in the chlor-al.uli cell is dropped and the
interaction see’ * assumed zerc. The diffusion coefficients ave
determined Fror . Hence the mass flowrate of species j (kmolefs)
through the diapa: distance x from the catholyte can be expressed
as:

Wy = 00,00 - T 0 /R - o8 DS, () 6.1
where 5" = Average conductsace of the solution.  mhos/m
Q,, = Flcurate through membrane. n'fs
G, = Gonc, of species j at x in membrame.  keole/m’
I Cuxrrent. amps
F = Faraday's constant 96500. coul/mole
4, = Area of flow through wembrane. n*
Dj = Diffusion coeffi~lent species j. w?/s
R = Gas constant 8.314, J/ (mole.K)
T = Temperaturs. ° K
e = Voidage.
z 4 = Unit charge on species j.
4 = Thickness of wembrane, m
Appendix ¢ 103




i

;g

LT e

G.1 with

0,(0) = ¥y 5 Oy = 7y
results in the equation:
o= D02, - Yexp(-agd/eh)}/(L - explead/zd) 6.2
= R .
8y = (WFy/RTC) - (Q,/D))

G.2 Hydrogan Flux

has been found,

The hy fon in the enode
50 ¥, takes this valus. The pil in the cathode comperument is in the region
of & 5o the hydrogen don concentration, 3,, may be taken as zero. Bquation

.2 becomes:

W= e DY /lexploydied) - 1) 6.3

G.3 Ammonium Flux

In this case the in the fnode P bas been

d, but the L 1 in the cathode compartment not known
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and is mot imsignificant. From mass balance comsiderations around the ;
anode compartment it can be seen that the ammonium flux through the
diaphragn is in the opposite direction to the hydrogen flux, and is equal :
to the flux of ammonium out of the anode compartment in the exit stream;

this is a known velue. Therefore using Ya and wa, one can caleculate ZE.
This is the total concentration of ammonia and ammonium in the cathode
compartment, since the ammonis species are assumed to react with hydrogen
ions to form ammonium at the surface of the diaphragm (x=d). The equation
for the total ammonia concentration is then:
2, = Yexple,d/eh) + W lexplad/ed) - 1M/a D, 6.4
The f£lux Wa is:
= Qa ¥, .5 ;ﬁ
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|
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APPENDIX H CATHOLYTE DETERMINATION

H.1 Solutivn Chemistry

To caleulate conditions in the catholyte the following values are used:

1. The total menganese concentzation in the catholyte. This is the same
&s in the anolyte.

2. The total emmonia concentration waich is found from the flux
equations.

3. The flux of hydrogen ions into the cathode compartment threugh the
disphragm. This is also deterwined from the flun equations,

4. The £lux of free awmonia flowing imto the cathode compartment with
the feed stresm. This is obtained by multiplying the total free am-

monia concentration by the flowrate.

Taking the equations listed in Section 4.6 one may manipulste them to
give:

Substituting equations 4.18 and 4.19 into 4.16 results in:
Ay = Nix(1 4 1/ixKa + Kexia/H) K.l

Substituting 4.18 into 4.17, and then substituting H.1 into the resulting

equation produces:

MAN, = ln + NoxAML/ CH/Ke + 1/KaKe + n) H.2
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Letting XX = H/Rc and YY = 1/KaKc and & *sing for Ma in H.2 gives:
Ma = (- + SQRT(B® + 4HANIX(KK + Y¥))}/2 %3

where B = XK+ YY + ML, - NAN,

The Mn®¥ concentration is then explicitly found from equation H.3. The

other concentrations can be found as follows: MnNHa from 4.17, NHA from
4,318 and NH,‘ from 4,19 provided the pH is known.

H.2 pH Determination

The pH is determined by balancing the rate of hydrogen evolution, which
is deprndant on the pH, with the net rate of hydrogen flux onto the
cathode compartment. This idea is more fully examined in Section 4.6.

Equation H.3 has Mn as & function of the hydrogen ion concentration only.
Taking the derivative of this function results in the equation:

%‘" = [~1/Ke + 3{B* + 4MAN (XK + nv))‘* * DUM]/2 o4

where DU = 2B/Re + 4HAN/Kc

4 hydrogen ion balance is now performed over the cathode compartment,
noting that at steady state there can be no accumulation of hydrogen lons

in the comp With to the given in Section 4.6
one ob:eins:

Hnet = Wy - {Qpx(NHy ook MNHy o) - NHg oo Y H.5
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and for steady state there must be:
Hnat = Hprod .6

Hprod is the production Tate of hydrogen gas, and Hust and Hprod are im
kuolu/s per cell, They refer to individual atems or ions.

Now the current efficlency .o so rolated to the rate of hydrogem pro-

ductiou Hprod by:
g, = 1 - BBxprod H.?

where BB = 9.65x107/1  s/kmole

Hprod is tls rate of hydrogen production at the cathode and refers to
hydrogen atoms not molecules. Substituting H.7 inte &.21 and rearrenging

produces:
Hpred = [1 - AM{AA + (1 + CT/Mn)xH/Nn}}/BB H.8

whera CC = €2 x COT from 4.22

and A = 1/(C1xJ2x33) £rom 4,21

Tt s necessary to know how Hprod varies with the hydrogen ion concen~
tration. Equation H.8 actually shows Hprod as a function of H only since
the menganese comcentration Mn is & function of K only via equation H.3.
Teking the dezivative of H.B with respect to H gives:

Hpzod o pax((1 + OO/Mn)x(Mn ~ BE) Ma? + H/Max(1 - 0O/Mn)}/DUM

N %)
where DUM = BBx{AA + (1 + CUC/Mn)xH/Mn}?
and g'—}'g“ is obtained from equation H.4.
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Taking equation H.6 ind writing both tezms on the seme side gives a
function of pi that must have zero value when the left hand side of H.6
equals the left. This function is then used in the Newton-Raphson to find
the cstholyte pH. The furction is:

F(pH) = Hprod - Fnet B.16

Hflux is not influenced by the conditions in the catholyte, therefore from
equation K.5 it c.n be ceen that Hnet is not a function of the pH in the

. catholyte. It is a corstant as far as conditions in the cathode compart-

ment are concerned. The derivative of equation H.5 is then:

. . _ dprod  di
F'(pH) & X ol .11 i
now & = 107PK X.12
a “log oE i
50 o = ~laloxe §.13 /
. The Newton-Raphson scheme becomes: '
Y
4 - .
3 PHy,y = pHy - (FEIN/F G, H.13
A suitable initial guess is taken to start the iteration, which continues i
g until the values for the pH couverge to the chosen tolerance. The final H
i value is then taken as the pH of the catholyte. This value enables all i
the concentrations In the cathode compartment to be calculated; Mu from
. H.3 and then the other speciss from equation. 4.15 to 4.20. The cathode i
current efficiency is then calchlated from equation 4.21. Note the dis- i
) cussion in Section 4.7, this value meed not be exactly the same as the ;
. value alreedy used.
B \
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APPENDIX | COSTING

The costs that are used in the model to obtain a finencial value that can
be used for comparisons include

1. Aomonia as N}-i5 at R9€ per ton.
2. Sulphate as sulphuric ecid at R92 per ton of concentrated acid.

3. Manganese im the reduced ore from the calainer, costed at a raie of

R216 pes ton of pure mangamese.

4. Power, which is costed at 2 cents per kilowztt houx.

The revenue for the plant is obtained from the sale of the electrolytic
manganese on the world market. A representative cost of R1500 per tom of

mangenese is taken.

{ A profit value is obtsined by subtracting the four costs from the revenus.
This gives units of R/hr. If this value is agein divided by the appro-
priate menganese production rate, & profit value in units of R/ton Mn is
obtained. In arriving at the ahove two velues no fixed costs, or varisble
costs not directly related to the production, are used as the informtion
is not available.
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APPENDIX J MODEL VARIABLES AND PARAMETERS

Apart from the equilibrium constants and ratios which are dealt with in

Appendix A, there are two kinds of numbers that are important in the
model. The first kind are values such as floyrates, total concentrations,

areas and temperatures. They are the model variables that may be changed
at will by the user, even though it may be impossible to do the same on
the plant. The second kind are the model parameters. These values have
been chosen to achieve agreement between the mode’ and the plant, and may
not be changed, They include various diffusion constants. Typical vari~
ables are tabled in Table 10, and the parameters are tabled in Table 9,

N bolow.
i
|
-
[ ;
| Parameter Newe Value Units
. H" Diffusion HDIER 1.16x10"2 wt/s
, NH: Diffusion ADIFF 6.10x20710 @2y
K, Evolution const. CONST 2.70x10°
Inpurity Effect const. coNsTZ 1850 :
| |
T ] Table 9, Model Parameters.
N
| '
i
| :
{
N
‘; Appendix J 11 !

- - S Ma e R L 2. 5 ¥ A i




Variable Name Value Units
Flovrate QFEED 160 w® /b
Ammonium sulphate conc. ANSLPH 125 kg/m®
Manganese conc. MANGAN 31 kg/w®
Ann-Sulphide addition NH625Q 4.2 1/min
Gurzent 1 52000 amps
PH Cell Faed PHF 6.88

pH Leach Tank PHLCH 6.55

PH Sulphide Tank PHSUL 6.90

Temp. of Cathalyte 253 40 on
Temp. of Leach TOLCH 51 °c
Temp. of Sulphide TOSUL a4 °c
No. of Gells GELLNO 82

Cathode Area CAREA 91.2 m?
Diaphragm Area DAREA 88.4 n?
Diaphragn Thickness DTHICK 1.37x10"% m
Diaphragn Voidage voID 0.67

Teble 10. Model Variables.
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APPENDIX K AMMONIA GAS-LIQUID EQUILIBRIUM

The hydrogen gas evolving at the cathode is teken to be saturated with
ammonia gas. If the assumption is made that Henry's Lew applies then tha
following equation is applicsble: '

v, = Ry x [Total amonis conc.] K.1

Perry end Chilton (1973) give values of partial pressure for emmonia in

air at 40°C above solutions of ammonia in water. Table 11 below was drawn b
up from this data. It shows values of X, &t varicus concentrations from
N which an average velue is calculated.

l\ The Henry's Law constant is thus:
b |
’ Ky = 0.0367 w/kmole
w/100w Wi, PL Pi/760 Ky :
kmole/m?  mmifg,40°C n*flarole i

1.2 0.656 18.3 0.024 0.0366

. 1.6 0.871 26.1 0.032 0.0367 |
. 2.0 1.08 30.0 0.039 0.0361 ‘
2.5 1.35 37.6 0.049 0.0363 !
i 5.0 1,61 45,0 0.059 0.0366 |
: 4.0 2.13 60.8 0.080 0.0376 !

Table 11. Henxy's Law Comstent for Ammonia.
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APPENDIX L PROGRAM LISTING OF COMPLEX ALGORITHM

THIS PROGRAM APPLIES THE SIMPLEX METHOD OF NELDER AND MEAD
(COMPUTER J. {1965) VOL.7,P.308) T0O A USER DEFINED OBJECTIVE
FUNCTION OF NVAR NUMBER OF VARTABLES.

THE FUNGTION SUBPROGRAY !UST HAVE THE FOLLOWING FORM:

FUNCTION OBJECT(NVAR ,X,NFEVAL)
IMPLICIT REALY8 (A-%

INTEGER NV4R,NFEVAL

DIMENSION X¢10)
NFEVAL=NFEVAL+1

IF (NFEVAL,GT.200j STOP
OBJECT= FUNCTION OF X'S
RETURN

END

IMPLICIT REAL#S (4-%)

REAL*4 GGUBFS

INTEGER I,J,I1,J3,K,M,H,L,NVAR, NPOINT, NFEVAL

DIMENSION X(15,15),FVALUE(15),XPOINT(15),XCENT(15),XREFL(15)

C,XEXPA(15) ,XCONTR(15) ,UPPER(15) , LOVER(15) ,V{15)

NFEVAZ=1
THE FOLLOYING CONSTANT IS THE REFLECTION COEFFICIENT

A=1.1D0
THE NUMBER OF VARIABLES IS NVAR, AND THE NUMBER OF POINTS
I8 NPCINT.

NVAR=5

k=5

DSEED=2

NPOINT=NVAR+14K

LOWER({1)=.90D00

UPPER(1)=1.10D0

LOWER(2)=,90D0

UPPER(2)=1.10D0

“OWER(3}=. 5000

LPER(3)=1.,10D0

LOJER (4)=0.90D0

UPER(4)=1.10D0

LOWLR(5 =0, 90D0

UPPER(5)=1.10D0
THE ALGORITUM REQUIRES NVARF1+K INITIAL POINTS, IN TRE SHAPE OF
A SIMPLEX TO START. THE VARIABLES ARE SCALED AND THE INITIAL
POINTS ARE GENERATED WITHIN STEP OF THE PDINT ALL X'S=1 IN
THE DIREGTIONS OF THE MAJOR AXES, CONVERGENCE MAY BE AFFECTED
BY THE ORIENTATION OF THE INITIAL SIMPLEX.
THE NVAR+L POINTS ARE STORED ROW BY ROW IN THE POSITION MATRIX.

DO 15 J=1,NVAR

X(1,7)=1

GONTINUE

DO 25 I=2,NPOINT
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45
C CHECK FOR CONVERGENCE, STOP IF DIFFERENCE BETWEEN LOWRST AND HIGHEST
C FUNCTION EVALUATIONS DIFFER BY LESS THAN 0,001

IF (DABS (FVALUE (X)-FVALUE (L)) .LT.1D~3) THEN

DO 47 I=1,NVAR

V(I)=X(H,I)*V(I)

CONTINUE

47

DO 20 J=1
(1, J)'*LLWER(T)+GGUBFS(DSEED)*(UPP‘ER(J) LOWER(T))
GONTINUE

CONTINUE

DO 40 I=1,NPOINT

DO 30 J=1,NVAR

XPOINT(J)=X(1,J)

CONTINUE

FVABUE (T)=0BJECT (NVAR, XPOINT, NFEVAL)

COUNT=1

IF (FVALUE(I).LT.10) THEN

IF (COUNT.GT.30) THEN

WRITE (2,%) 'CENTROID OF REMAINING FOINTS IS NOT FEASIBLE.'
STOP

END IF

COUNT=COUNT+1

DO 85 J3=1,NVAR

RCENT(IT)=0

M=I-1
DO 34 L. M

RCENT (J3)=XCENT(JJ)4X (11,37)
ONTINUE

XCENT(JT)=XCENT(J3)/ (1-1)
CONTINUE
DO 37 JJ=1,NVAR
X(I,J3)=(XCENT (JT)+X(1,33))/2
XPOINT (35)=R(I,JJ)

T

FVALUE (1)=0BJECT (NVAR,XPOINT ,NFEVAL)
GO TO 32

END IF
CONTINUE

THIS IS THE STARTING POINT OF THE ITERATION PRCEDURE. THE MAXIMUM
AND MINIMUM FUNCTION VALUES ARE FOUND TOGETHER WITH THEIR CORRE-
SPONDING POINTS IN THE POSITION MATRIX.

H=1
FMAX=FVALUE (1)
FHMIN=FVALUE(1)
DO 45 I=1,NPOINT
iF (FVALUB (1).LT,FMIN) THEN
FHIN=FVALUE(T)
=1

ELSE IF (FVALUE(I).GT.FMAX) THEN
'ALUE (I}
H=1
END IF
CONTINUE
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WRITE (1,7) CK(H,J),V(JT), J=1,NVAR} FVALUEGH)

WRITE (1,7° {K(H,J), J=1,NVAR),FVALUE(H)

FORMAT( (1X,F12.6, 10X, F12.6))

STOP

END IF

C THE CENTROID OF THE NVAR FOINTS EXCLUDING THE FOINT OF LOWEST
C VALUE IS THEN FOUND.

¥ (1 m: 1) xcsm<a)~xclam<.r)+xu I
50 CONT
XCBNT(J)*XCENT(J) / (NPOINT-1)
60 CONTIN
¢ THE REFLECTION OF THE LOWEST FOINT ABOUT THE CENTROID AND ITS
© VALUE IS FOUND.
D0 70 Je1,NVAR
XPOINT(J)=KCENT (J)% (1+A) -X (L, Iy*4
IF (XPOINT(J).LT.LOWER(J)) XPOINT(J)=LOWER(J)+1D-9
IF (XPDINT(J).GT,UPPER(J)) XPOINT(J)=UPEER(J)-1D-9
70 CONTINUE
@ WRITE (2,%) 'R'
FREFL=0BJECT(NVAR, XEOINT,NFEVAL)
72 IP (FREFL.LT.10) THEN
D0 75 JJ=1,NVAR
c CHANGE XCENT(JJ) TO X(L,3J)
XPOINT (33)=(KPOINT(JJ)+XCENT (3)) /2
XPOINT(JJ)=(2*XPOINT(JT)+X(L,J3)) /3

75

4 WRITE (2,*) 'RX'
FREFL=0BJECT (NVAR, XPOINT,NFEVAL)
60 0 72
END IF

G IF THE REFLECTION IS BETTER THAN THE wo}zsr POINT BY A SIGNIFICANT
G DEGREE THEN REPTACE IT WITH THE REFLECT:
IF ((FREFL-FVALUE(L)).GT. {0, OlDo*(FVALUE(H) -FVALUE(L)))) THEN
DO 140 J=1,NVAR
X(L,)=XPOINT(J)
140 GONTINUE

END IF
€ SINCE THE REFLECTION POINT IS NOT GOOD WE FIND A CONTRACTION POINT
G IN THE DIRECTION OF THE CENTROID POINT,
145 DO 150 J
XPOINT (. (X(L JY)HXCENT(I)) /2
150  CONTINUE
c WRITE (2,-} ‘G’
FCONTR=0BJECT (NVAR , XPOINT ,NFEVAD)
152 IF (FCONTR.LT.10) THEN
DO 155 JJ=1,NVAR
C GHANGE YCENT(JJ) TO (L,J7)
[ XPOINT(J)=(XPOINT (JTYHXCENT (3"
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155
c

¢ IF

XPOINT (JJ)=(XPOINT(JT)+X(L,33))/2

CONTINUE

WRITE (2,%) 'C

FCONTR=OEJ'ECT(NVAR,XPOINT,NFEVAL)

GO TO 152

END IF

THE CONTRACTION IS STILL WORSE THAN THE WORST POINT WE CONTRACT

¢ THE ENTIRE SIMPLEX CLOSER TO THE BEST POINT AND REPEAT THE ITERATION.

160
¢
162

164
c

170

IF ( (FCONTR FVALUE (L)) .LE. (1D-2% (FVALUE (H) ~FVALUR(L)))) THEN

X(I, J)=(x<1 .T)+X(!{ ez
EPOINT (F7=X (1,J)

CONTINUE

WRITE (2,%) '8’

FVALUE (1)=0BIEGT (NVAR, XPOINT, NFEVAL)
IF (FVADUE(I). L. 10) THEN

DO 164 JJ=1,

X(1,30)=0xct, JJ)+X(H 31))/2
XPOINT(31)=K(1,37)

CGONTINUE

WRITE (2,%) 'BX’

‘FVALUE (1)=0BJECT (NVAR, XPOINT, NFEVAL)
GOTO 162

END IF

CONTINUR

GOTO 42

ND IF

€ ELSE IF THE CONTRACTION I$ BETTER THAN THE WORST PQINT THEN REPLACE

¢ Ir

WITH THE CONTRACTION POINT AND REPEAT THE ITERATION.
DO 190 J=1,NVAR
X(L, J)"XPUINT(J)

190 CONTINUER
FYALUE (L)=FCONTR
60 10 42
END
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APPENDIX M BASIC LISTING OF THE MODEL

THIS PROGRAM MODELS THE PERFORMANCE OF 'fHE SOLUTION CIRCULT OF A
MANGANESE ELECTROWINNING PLANT. IT INCLUDES A SUBROUTINE THAT AP-

=
=3
3
@
&

PROXIMATES THE COSTS INVOLVED IN THE GPERATION TO ESTABLISH A
10040 BASIS OF COMPARISON FOR THE PLANT.
10050 '
10060 1
16070 ! SECTION LOCATION TABLE:
10080
10090 ! SECTION: LIKE NO:
10106 e
10110 !
10120 1 INTRODUCTION & LINE NUMBERING ..
10130 { MAJOR VARIABLES, UNYTS, MOLAR MA .
10140 1 CONTRCYL OF DATA RETRIEVAL/SELECTION .
10150 | SUBROUTINES TO CHANGE VARIABLES ...
10160 ! GONTROL OF CALCULATION SUBROUTINES
10170 ! DATA STORAGE, PROGRAM END ......
10180 { CELLHOUSE SUBROUTINE Cevaan
10190 { SULPHIDE SUBROUTINE ......
10200 1 LEACH SUBROUTINE ..
10210 ! GOSTS SUBROUTINE ...
10220 1 LEACK EFFIGIENCY SUBROUTINE .......
10230 | EQUILTERIUM CONSTANTS SUBROUTINE .... .
10240 ! EQUILIBRIUM RATIOS SUBROUSINE .......
10250 ! ACTIVITY CO-EFFICIENTS SUBROUTINE . Cireen
10260 t SEACH PRINT SUBROUTINE «.ovuvvrvrrerecrsn
10270 ! SULPHIDE PRINT SUBROUTINE . .
10280 1 VARIABLES PRINT SUBROUTINE .
10250 { CELIHOUSE PRINT SUBROUTINE .
10300 1 € "3 PRINT SUSROUTINE .......
10310 1
10320 I
10330 | THE »_LLOWING LIST SETS OUT THE NANES A<D UNITS OF THE VARIABLES
10340 { ENCOUNTERED AT THE BEGINNING OF THE PROSRAM.
10350 H
10360 ! VARIABLES RELATED TO COMPLETE PLAWT.
10370 ' = TOTAL SOLUTION FLOWELIE IN PLANT m3/he
10380 1 TOTAL AMM. CONC. IN »OLUTION kmole/m3
10390 t TOTAL SULPEATE CONG " SOLUTTON kmole/m3
10400 ' T LEACH kg/hr
10410 1 kg/he
10420 ' TOTAL MN DIOXIDE P "eITION kg/hr
10430 1 = TOTAL NH3 LOSS FRL - .% VELLS kg/hx
10440 { VARIABLES RELATED T0 GELL HOUSE
10450 ! EFFC = CATHODE CURRENT Ei i3
10460 ! EFFG = INITIAL VALUE CAl J°?. EFF.
10470 t TEMPERATURE OF CB: . A% FEED c
10480 1 PH OF CELL HOUSE 7. if:
10490 ! NO OF CELLS IN CEtiL S {EE
10500 t = CATHODE PLATE ARE: m2
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10510
10520
10530
10540
10550
10560
10570
10580
10590
10600
10610
10620
10630
10640
10650
10660
10670
10680
10690
10700
10710
10720
10730
10740
10750
10760
10770
10780
10790
1080¢
10810
10820
10830
10840
10850
10860
10870
10880
10890
10900
10910
10920
12010
12020
12030
12040
12050
12060
12070
12080
12c70
12100
12120
12130

| DAREA = DIAPHRAGM AREA nZ
! VOID = VOIDAGE OF MEMBRANE
t DIHICK = THICKNESS OF DIAPHRAGH n
! AMMCEX = TOTAL AMM, GON. CELL HCSE EXIT kmole/m3
1 VOLT = VOLT DROP PER CELL volts
1r = TOTAL GURRENT SUPPLIED TO GELLS amps
| PARAMETERS OF THE CELL HOUSE
{BDIFF = PARAVETER- K+ DIFF. CO-EFF. w2/s
t ADIFF mz/s
¢ CONST . TION
| CONSTZ = CONSTANT IN IMPURETY EFFECT EQUATION
{ VARIADLES OF THE LEAGH TANKS.
! PHECH = . IN LEACH EXIT
1 TKIGE = TEMPERATURE IN LEACH TANKS x
* VARIABLES OF THE SULPHIDE PRECIP. TANKS.
© NH42S = ADD. RATE OF (NHG)2S IN SULPHIDE PRECIP. kmole/hs
! TRSUL [ENPERATURE IN SULPHIDE PREGIP. TANKS Kk
! PHSUL = PH IN SULPHIDE PRECIP. TANKS
! OTHER PARAMETERS INCLUDE THE EQUILIBRIUM GONSTANTS AND RATIOS.
| THESE AFFECT THE SOLUTION EQUILIBRIA, AND ARR PRESENTED IN THE
| SUBROUTINES KRATIO AND KCONSTANT.
1
! MOLAR MASSES USED IN MODEL.
t = 54.938
I N = 18.039
t 04 = 96.000
t Go = 58.933
'K = 1.008
10 = 15.999
1 NHGOH = 35.046
1 N3 = 17.031
1 HSO0% = 97.068
1 H2804 = 98.076
1 NH4SO4 = 114,099
t (m-mzsa/. = 132.138
1 Mn = 86.936
! nn(c.x)z = 88.952
| E: = 18.015
1 HZ = 2.016
1oz = 31,998
t NH42S = 68,142
t
CLEAR
PRINTER IS 704

DISP "DO YOU WISH TO RUN THE STANDARD SET OF OPERATING CONDITIONS,”"
DISP “OR THE SET LAST US) SED?"

DISP "ENTER S/L"

CONDITIONS :

INPUT X§

IF X§ <> "S" AND X§ <> "L" THEN GDTO com)rrmus

IF X$="8" THEN ASSIGN# 1 T0 "NEWS-Dj

IF ¥$="L" THEN ASSIGN# 1 TO "NEWL- DATA"

READ# 1 ; EFFG,TCC,PHF,QFEED,,HDIFF ,ADIFF ,CELINO,CAREA, DAREA
READ# 1 ; CONST,CONST2,DTRICK,VOID, PHLCH,TCLCK, AMMSULPHATE , MANGAN
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12140
12150
12160
12170
12180
12190
12200
12210
12220
12230
12240
12250
12252
12254
12260
12270
12280
12290
12300
12310
12320
12330
12340
12350
12360
12370
12380
12380
12400
12410
12420
12430
12400
12450
12460
12470
12480
12490
12500
12510
12520
12530
12540
12550
12560
12570
12580
12590
12600
12610
12620

12630 O

12640
12650

READ# 1 3 NH425Q,TCSUL,PHSUL

CLEAR

DISP "DO YOU WisH T CHANGE THE FITTED PARAMETERS TO THE MODEL?"
DISP "NOTE: THIS $§ WID ONLY PR DONE IN THE PHYSICAL NATURE OF THE"

DI SP "CELL
DI8]

HOUSE IS CHANGED.

DISP MENTER Y TO CHANGE, OR 'END LINE' TO GONTINUE."

INPUT

X§
IF X§="Y" THEN GOSUB PARAMETERS

SCREEN:

a

PAGESTZI 24
LEAR

DISP "PROCESS VARIAwLES.”™

DISP

DISP USING
IMAGE "1.
DISP USING
IMAGE “2.
DISP UE™NG
TMAGE "3.
DISP USING
TMAGE 4.
DISP USING
IMAGE "5.
DISP USING
TMAGE "'6.
DISP USING
TMAGE %/
DISP usmr
IMAGE "8,
DISP USING
IMAGE "9.
DISP USING
IMAGE “10.
DISP USING
IMAGE "31.
DISP USING
THAGE "12,
DISP

12270

TEMP. OF ('ATHODE COMPARTMENT (c¢)

12290 3 PEF

PE OF CELU{OUSE FEED
12310 ; QFEED
FLWRATE (m3/hz}
12330 ;

TOLAL CURRENT (amps)
12350 ; CELINO

NO OF CRLLS

12370 ; PHLCH

PE OF LEAUE TARKS
12390 ; PHSUL

PH OF SULPHIDE TANKS
12410 ; TCLCH

TEMP. OF LEACK (C)
12430 ; TCSUL

TEMP. OF SULPHIOE. TANKS (C)
12450 ; AMMSULPEATE

AMMONIA-SULPHATE IN LEACH. (g/1)

12470 ; MANGAN

DESIRED MN IN LEACH. (g/")
12490 ; NHA25Q
AMMONIUM-SULPHIDE ADD. (1/min)

= ",DDD.D

*,0D. 00D

= ",DDOD.D

= ", DDDDDD

= " ppD

= ",DD.ID

*,0D. 0D

",DDD.D
= ",DDD.D
= ".DhDD.D
= ",BDD.D

= %,0D.DDD

DISP "TO CHANGE THE VALUE OF ANY OF m ABOVE VARTABLES, ENTER ITS NO."
DISP "TO SEE THE LIST AGAIN, ENTER '
DISP “TQ CONTINUE WITH MDDEL, PRESS 'END LINE'."

CHANGE :
INPUT X

3
IF X$="A" THEN GOTO SCREEN
IF %$="" THEN GOTO INITIAL
TF LEN (X$)>2 THEN GOTO CHANGE
IF LEN (X$)=1 THEN GOTO ONE
IF X$[1,11<"1" OR X$[1,1]>"2" THEN GOTO CHANGE
IF X§{2,2]<"0" OR X${2,2]>"9" THEN GOTO CHANGE
GOTO VALUE

NE:
IF X$<"1" OR X§>"9" THEN GOTO GHANGE
VALUE :
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12660
12670
12680

690

12700
12710
i2720
12722
12726
12728
12730
12740
12750
12760
12770
12780
12790
12800
12810
12820
12830
12840
12850
12860
12870
12880
12890
12900
12910
12920
12930
12940
12950
12960
12970
12980
12990
13000
13010
13020
13030
13040
13050
13050
13076
13080
16100
16110
16120
16130
186140

X=VAL (X§)
IF X>12 THEN GOTO GHAM &
PAGESIZE 16
ON X GOSUB

12
16200, 16300, 16400, 16500, 16600,17500,17800,17600,17700, 17900, 18000, 18100

GOTO SCREEN

PARAMETERS :

CLEAR

DISP "MODEL PARAMETERS."

DIsp USING 12728 ; EFFG

IMAGE " INITIAL CURRENT EFFICIENCY = ",D.DD

[

DISP USING 12740 ; CAREA
IMAGE "“2. CATHODE AREA (m2) = *,DDD.DR
DISP USING 12760 ; DAREA
IHAGE "3. DIAPHRAGH AREA (m2) = ",DDD.DD
DISF USING 12780 ; DTHICK
IMAGE "4. DIAPHRAGM THICKNESS (m) = ",MD.DDE

DISP USING 12600 ; VOID
IMAGE "5. DIAPHRAGM VOIDAGE = ".D.DD
DISP USING 12820 ; HDIFF

IMAGE "6. H DIFF. CO-EFF. (m2/s) = ",MD.DDDE

DISP USING 12840 ; ADIFF

IMAGE "7. N4 DIFF. CO-EFF. (m2/s) = ",MD.DDDE

DISP USING 12860 ; CONST

IMAGE "8. CONSTANT FOR CUR. EFF. = ",MD.DDE

DISP USING 12880 : GONSTZ

IMAGE "9. CONST2 FOR IMP. EFFECT. = ", DDCUD

DISP

DISP "0 CHANGE THE VALUE OF ANY OF THE ABOVE VARIABLES, ENTER ITS No."

DISP “TO SEE THE LIST AGAIN, ENTER 'A'.

DISP ™10 CONTINUE WITH MODEL, PRESS 'END LINE'."
CHANGE? :

INPUT X§

IF X¢="A" THEN GOTO FARAMETERS

IF X$="" THEN

IF IEN (X$)>2 THEN GOTO CHANGE2

IF LEN (X$)=1 THEN GOTO ONE2

IF %§[1,1]<"1" OR X§{1,1]>"2" THEN GOTO CHANGEZ
IF ¥§[2,2]<"0" OR %${2,2]>"9" THEN GOTO CHANGEZ
GOTO VALUEZ2

ONE2:

IF X§<"1" OR X$>"9" THEN GOTO GHANGE2

VALUE2:

X=VAL (X$)

IF X>$ THEN GOTO CHANGE2

ON X GOSUE 16100,16700,16800,16900,17008,17100,17200,17300, 17400

GOTO PARAMETERS

CLEAR

DISP "INITIAL VALUE OF CATHODE CURRENT EFFICIENCY."

DISP "THIS IS JUST A VALUE USED T0 START THE CELLHCUSE ROUTINE."

DISP "IT MUST ALWAYS BE GREATER THAN THE EXPECTED CURRENT EFFICIENCY."
DISP "THERE IS NC REAL ADVANTAGE TO BE HAD BY CHANGING THIS VALUE."

16150 DISP “OLD CURRENT EFF. = " EF¥G

16160 DISP "ENTER NEW CATHODE CURR. EFF."

16170 INPUT EFFGS§
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16175
16180
16190
16200
16210
16220
16230
16240
16250
16260
16279
16300
16310
16320
16330
16340
16350
16360

16410
. 16420
16430
16440
16450
16460
16470
18500
16510
16520
16530
16540

.- 16550
16560 RETURN
16600 CLEAR

16610
16620
16630
16640
16650
16660

16700
- 16718
) 16720
16730
16740
16750
16760
16770
16806
g 16810
16820
16830

IF EFFG$="" THEN RETURN
EFFG=VAL (EFFGS$)
RETURN
CLEAR
DISP "CELL HOUSE CATHODE COMPARTMENT TEMP . (c)"
DISP "OLD TEMP = ";TCC
DISP "ENTER NEW TEMP."
INPUT TGCS
IF TCO$="" THEN RETURN
TCC=VAL (TCC§)
RETURN
CLEAR
DISP "GELL HOUSE m:n STREAM pH"
DISP “"OLD PK =
DIsP "ENTER NEW PK"
INPUT PHFS
IF PHP$="" THEN RETURN
PHF=VAL (PHF$}
TURN

16370 RE'
16400 CLEAR

DISP "TOTAL FLOWRATE OF SOLUTION THROUGH PLANT (m3/hr)"
DISP "OLD FLOWRATE = “;QFEED

DISP “ENTER NEW FLOWRATE"

INPUT QFEEDS

IF QFEED$="" THEN RETURN

QFEED=VAL (QFEED$)

RETURN

CIEAR

DISP "TOTAL CURRENT SUPPLIKD IN CBLL HOUSE (amps)"
DISP "OLD CURRENT =

INPUT 1§

IF I§="" THEN RETURN

T=VAL (I§)

DISP "NUMBER OF CELLS IN CELL HOUSE"
DISP "OID NUMBER = ";GELLN

DISP “ENTER NEW NUMBER"

INPUT GEXINOS

IF CELINO§="" THEN RETURN
CELINO=VAL (CELLNO$)

16670 RETURN

CLEAR

DISP "CATHODE AREA (m2)"
DISP “OLD AREA = “;CAREA
DISF "ENTER NEW AREA"
INPUT CAREAS

IF CAREA$="" THEN RETURN
CAREA=VAL (CAREA$)
RETURN

CLEAR

DISP "DIAPHRAGH AREA w2)" .
DISP "OLD AREA = “;DAREA
DISh "ENTER NEV 4REA"
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16840
16850
16860
16870
16900
16216
16920
16930
16540
16950
16960
16970
17000
17010
17020
17030
17040
17050
17060

INPUT DAREAS
IF DAREA$="" THEN RETURN
DAREA=VAL (DAREA$)
RETURN
CLEAR
DISP "DIAPHRAGM THICKNESS (m)"
DISP “OLD THICKNESS = ";DTHICK
DISP "ENTER NEW THICKNESS"
INPUT DTHICK$
IF DTHICKR$="" THEN RETURN
DTHICK=VAL (DTHIGKS)
RETURN
CLEAR
DISP "DIAPHRAGH vomAGE. RATIO OF EMPTY SPACE TO TOTAL SPACE."
DISP "OLD VOIDAGE =
DISP "ENTER NEW VOIDAGE"
INPUT VOID$
IF VOID§="" THEN RETURN
VOID=VAL (VOID$)

TURN

1707C RE

17100
1714r
17120
17130
17140
171s0
17160
17176
17180
17183
17186
17196
17200
17230
17220
17230
17240
17250
17260
17270
17280
17283
17286
17290
17300
17310
17320
17330
17340
17350
17360
17370
17373
17376

CLEAR

DISP "H+ ION DIFFUSION PARAMETER. (m2/s)"

DISP "THIS VALUE HAS BEEN FITTED TO PRODUCE THE BEST AGREEMENT BETWEEN"
DISP "IHE MODEL AND THE PLANT. IT SHOULD NOT BB CHANGED UNLESS SOME-"
DISP “THING FUNDAMANTAL m THE PROCESS, SUCH AS A DIAPHRAGH CHARAC-"
DISP “TERISTIC, IS CHANGEI

DISP "OLD DIFF CO-EFF = K ,I-mIFF

DISP “ENTER NEW CO-EFF"

INPUT HDIFFS

IF HDIFF$="" THEN RETURN

HDIFF=VAL (HDIFF$)

RETURN

CLEAR

DISP "NH4+ TON DIFFUSION PARAMETER. (m2/s)”

DISP "THIS VALUE HAS BEEN FITTED TO PRODUCE THE BEST AGREEMENT BETWEEN"
DISP "THE MODEL AND THE PLANT. IT SHOULD NOT BE CHANGED UNLESS SOME-"
DISP "'mms FUNDAMENTAL IN THE PROCESS, SUCH AS A DIAPHRAGM CHARAC-"
DISP "TERISTIC, IS CHANGED."

DISP "OLD DIFF CO-EFF = ";ADIFP

DISP “ENTER NEW CO-EFP"

INPUT ADIFF$

IF ADIFF$="" THEN RE

ADIFF=VAL (ADIFF$)

RETURN

CLEAR

DISP "TifE CONSTANT IN THE CURRENT EFFTCIENCY EQUATION™

DISP "IT HAS BEEN FITTED TO OBTAIN THE BEST FIT BTWEEN THE MODEL AND "
DISP "THE PLANT. IT SHOULD NOT BE CHANGED."

DISP "STANDARD VALUE IS 0.9587"

DISP "OLD CONSTANT = ";CONST

DISP "ENTER NEW CONSTANT"

INPUT GONST$

IF CONST$="" THEN RETURN

CONST=VAL (GONST$)
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17380 RETURN
17400 CLEAR
17410 DISP "“THE CONSTANT IN THE IMPURITY EFFECT FACTOR."

17420 DISP "IT HAS BEEN FITTED TO OBTAIN THE BEST FIT BIVEEN THE HODEL AND "

17430 DISP "THE PLANT. IT SHOULD NOT BE GHANGED."
17435 ISP "STANDARD VALUE IS 1850."
17440 DISP "OLD CONSTANT = “';CONST2
17450 DISP "ENTER NEW CONSTANT"
17460 INPUT CONSTZ§

17470 IF CONST24="" THEN RETURN
17480 CONST2=VAL (CONST2$)

17490 RETURN

17500 CLEAR

17510 DISP "pH IN LEACH TA“KS "
17520 DISP "OLD pH =

17330 DISP "ENTER NEV P}!"

17540 INPUT PHLCHS

17550 IF PHLCH$="" THEN RETURN

17560 PHLCE=VAL (PHLCH$)

17570 RETURN

17600 CLEAR

17610 DISP "TEMPERATURE IN LEACH TANRS IN CENTIGRADE."
17620 DISP "OLD TEMP = ";TCLCH

17630 DISP "ENTER NEW TEMP"

17640 INPUT TCLCR§

17650 IF TCLCH$="" THEN RETURN

17660 TCLOH=VAL (TCLCH$)

17670 RETURN

17700 CLEAR

17710 DISP "TEMPERATURE IN SULPHIDE TANKS IN CENTIGRAL.
17720 DISP "OID TEMP = ";TCSI

17730 DISP "ENTER NEW TEMP"

17740 INPUT TCSUL$

17750 IF TCSUL$="" THEN RETURN

17760 TCSUL=VAL (TCSUL$)

17770 RETURN

17800 CLEAR

17810 DISP "pH IN SULPKIDE TANKS."
17820 DISP “OID pH = ";PHSUL

17830 DISP "ENTER NEW PH"

17840 INPUT PHSUL$

17850 IF PHSUL§="" THEN RE'

17860 PHSUL=VAL (PHSUL$)

17870 RETURN

17900 CLEAR

17910 DISP "TOTAL AMMONIUM- SULPHATE CONC. IN LEACH. (g/1)"
17920 BISP "OLD CONC. = "3 AMMSULPHA

17930 DISP “ENTER MW CONG."

17940 INPUT AMMSULPHATES

17950 IF AMMSULPHATE$="" THEN RE’

17960 AMMSULPHATE=VAL (AMMSULPHATES)

17970 RETURN

18000 GLEAR

18010 DISP “DESIRED MANGANESE CONC. TN LEACH SOLUTION. (g/1)."
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18020 DISP "OLD CONG. = “;MANGAN

18030 DISP "ENTER NEW CONG."

18040 TNPUT MANGAN§

18050 IF MANGAN$="" THEN RETURN

18060 MANGAN=VAL (HANGANS)

18070 RETURN

18100 CLEAR

18110 DISP "ADDITION OF 20% AMMONIUM -SULPHIDE (1/min}."
18120 DISP "OLD RATE. 25Q

18130 DISP "ENTER NEW RATE. e

18140 INPUT NH425Q8

18150 IF NH42SQ4="" THEN RETURN

18160 NHA2SQ=VAL (NH428Q$)

18170 RETURN

20000

20010

20020 INTTIAL:

20025 1 OBTAIN THE MOLAR FLOWRATE OF NH42S. ASSUME §
20030 NHA2S=NH62SQH60%.2/68.142

G. =1, AND 20% BY MASS.

20034 1 AS THE MODEL USES SULPHATE AND AMMONIA AS INPUTS INDIVIDUALLY, AND
20035 t NOT AMMONIUM-SULPHATE, WE FIND VALUES OF THE FORMER THAT WILL GIVE,
20036 | ULTIMATELY, AN APPROXIMATELY CORRECT AMMSULPHATE VALUE.

20040 AMMONIA=AMMSULPHATE/132.138%2%1.,022

20050 SULPHATI /54,938 PHATE/132.138
2006C TKLCH=TCLCH+273.15

20079 TKSUL=ICSUL+273.15

20080 ! INITIAL ACTIVITY CO-EFFICIENT VALUES.
20090 PAGESIZE 16

20100 CLEAR

20110
20120
20130
20140
20150 GNH4SO04=.65
20160 G52=.2
20170 GMNNH3=,25
20180 25
20190
20200

20210 ! CALL LEAGH SUBRCUTINE. INPUT TKLCH,PHLCH,AMMONIA,SULPHATE AND

206220 l OUTPUT MANL.
20230 DISI
20240 DISP YCALCULATING LEACH..."
20256  GOSUB PVARIABLES
20276 GOSUB LEACH
20280 AMMSUL=( (NH4L-NH4SO4L)/2HNH4S04L)*132. 142
20290  GOSUB LPRINT
!

20350

20360 ! CALL SULPHIDE SUBROVIINE. INPUT MANL, SULPHATE, TKSUL, PHSUL,
20370 ! NHA42S. OUTPUT COBS, MANS, AMMS.

20380 DISP

20390 DISP "CALCULATING SULPHIDE..."
20440  GOSUB SULPHIDE
20450 MANSM=MANS¥54.,938
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20460
20520
20530
20540
20550
20600
20610
20620
20630
20710
20720
20730
20740
20796
20800
20830
20840
20845
20880
20890
20910
20920
20930
20940
20950
20960
20970
20980
20990
21000
21010
21020
21030
21040
21060
21070
21075
21076
21080
21090
21100
21110
21120
22000
22010
22020
22030
22040
22050
22060
22070
22080
22090
22100

GOSUB SPRINT
! CALL CELL SUBROUTINE. INPUT MANS, SULPHATE, COBS. QUTPUT MANCEX,
! AMMCEX.
DISP
DISP “GALCULATING CELL HOUSE...”
GOSUB CELLHOUSE
MANAM=MANCEX*54, 938
ACID=( (HA-HS04A) / 2-HHS04A)#98.076
GOSUB CPRINT
! CALL COSTS SUBROUTINE.
1

DISP
DISP "GALCULATING COSTS..."
GOSUB COST
GOSUB PERINT

DISP
FINISH:
TIME2=TIME
DISP "FINISHED"
TIMEABS=TIME2-TIMBEL
DISP USING 20920 ; TIMEABS
IMAGE "TIME FOR CALCULATION =",MDDDD.D," secs.”
BEEP 60,50
DIsP
DISP USING 20960
IMAGE "TO STORE THE CURRENT DATA SET AS THE STANDARD SET ENTER 's',"
DISP USING 20980
IMAGE "ELSE PRESS 'ENDLINE' TO STORE AS THE SET LAST USED."
INPUT X$
IF X$ <> "s" THEN GOTD LAST
ASSIGN# 2 TO 'NEWS-DATA"
PRINTY# 2 ; EFFG,TCC,PHF,QFEED, I,HDIFF,ADIFF,CELINO,CAREA,DAREA
PRINT# 2 ; CONST,CONST2,DTHICK,VOID, PHLGH, TCLCH, AMMSULPHATE , MANGAN
PRINT# 2 ; NH42SQ,TCSUL,PHSUL
BEEP 50,60
END
TAST:
ASSIGN# 2 TO "NEWL~-DATA"
PRINT# 2 ; EFFG,TCC,PHF,QFEED,I,HDIFF,ADIFF,CELINO,CAREA, DAREA
PRINT# 2 ; CONST,GONST2,DTHICK,VOID,PHLCH,TCLCH, AMMSULPEATE , MANGAN
PRINTY# 2 ; NH&25Q,TCSUL, PHSUL
BEEP 40,60
END

1

1
CELLHOUSE:
THIS SUBROUTINE CALCULATES THE CELL HOUSE SECTION OF TIE PLANT.
! IT USES THE FEED CONCENTRATIONS OF MN, SULPHATE AND COBALT AND
! THE FEED FLOWRATE, TOGETHER WITH THE TEMPERATURE (%) AND THE
! CURRENT (amps) SUPPLIED TO THE CELLS TO CALCULATE THE OPERATION
1 OF THE CELLS
1
1
!

SET THE CATHODE CURRENT EFFICIENCY TO THE INITIAL VALUE, AND THE

ANODE CURRENT EFFICIENCY TO 0.99, AS WELL AS ZERO A DUMMY VARTABLE.
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22116 EFFG=EFFG
22120 EFFA=.99
22130 EFFD=EFFG
22140 THE DENSITIES OF SOLUTION (kg/m3) IN THE FEED, CATHODE, ANODE.
22150 85

22160
22170 DENA=1160

22180 ! INITIALISE THE LOSSES OF NH3 IN CATHODE, H20 IN CATHODE AND ANODE.
22190 NH3CL=0

22200 ¥200L=0

; 22210 H20AL=0

‘ 22220 | GET THE IMPURITY LEVEL (kmole/m3), FEED FLOWRATE PER CELL (m3/s),
22230 | FEED TEMPERATURE (k), GURRENT DENSITY (amps/m3), EQUIVALENT CUR-
22240 1 RENT (mole/s), MASS OF MN IN FEED (kg/m3).

22250 IMP=COBS

22260 QF=QFEED/3600/GELLNO

22270 TC=TGC+273. 1!

22275 TF=TC-1
22280
22290
22300
[N 22310 WM‘MNP*SA 938
22320 SULPHF=SULPHATE
22330 { CALL THE SUBROUTINE THAT CALCULATES THE EQUILIBRIUM RATIOS AS
22340 ! FUNCTIONS OF TEMPERATURE.

22350 TEMPR=TF

. 22360 GOSUB KRATIO

22370 1 CALCULATE THE EGUILIBRIUM COMPOSITION OF THE FEED STREAM. FOR THE
22380 1 EQUATIONS SEE SECTION 4.3.

22390 HF=10¥*(-PHF)

22400 NH4F=2%*(SULPHF~MNF)

22410 MNZF=NNF/ (NHAF* (KMNNH3/HF+1/NE4F) )

.- 22420 MNNHSF=HNF-UNZF

22430 NHSFeNH4F/ (RANMPHF)

22440 AMMF=NH4F4NH3FHINNHIF

22450 SO4F=SULPHF

22460 H20} NE' L93B¥MN2F-18. 71, [3F~-17.031*NH3F ~96 . 06*S04F
22470 H20F=H20F/18.015

22480 ! START OF LOOP 70 CALCULATE THE ANODE COMPARTMENT FROM MASS BALANCE
22490 | AND EQUILIBRIA, GIVEN VALUES OF CURRENT EFFICIENCIRS, WATER AND
22500 1 AMMONIA LOSSES.

22510 FOR ICOUNT=1 TO 100

22520 | CALCULATE MN AND OTHER PRODUCTION RATES FER GELL (kg/s).

. 22530 MNPR=.054938*EFFCTEQV/2

22540 H2PR=. Q02016+ (1-EFFCY*IEQV/2
i 22550 02PR=.031998*FFFA*TEQV/2
22560 MOPR=.086936%(1-EFFA)*IEQV/2
F e 22570 1 PERFORM A MN AND AMMONTA NASS BALANCE OVER ENTIRE CELL.

22580 1 Q4 = FLOWRATE OF SOLUTION EXITING EACH CELL (m3/8)
22550 1 MNANM = MASS OF MN JN ANODE COMPARTMENT (kg/m3)
22600 | AMMAN = TOTAL GONC. OF AMMONIA IN ANODE COMPARTMENT (xmole/m3)
22610 1 TA = TEMPERATURE IN ANODE GOMPARTME ®)

22620 QA={QF*DENF-MNPR-HZPR~02PR-] MOPR-HZDCL-HZOAL-NHBCL) /DENA
22630 MNANM=(MNFM*QF -MNPR-MOPR¥*54,938/86.936) /QA
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22640
22650
22660
22670
22680
22690
22700
22710
22720
22730
22740
22750
22760
22770
22780
22790
22800
22810
22820
22830
228640
22850
22860
22870
22880
22890
22900
22810
22920
22930
22940
22950
22360
22970
22980
22990
23000
23010
23020
23030
23040
23050
23060
23070
23080
23090
23100
23119
23120
23130
23140
23150
23160
23170

AMMAN=(AMMP*QF-NH3CT/17.031)/Q4
TA=TF+3.5
! CALL THE SUBROUTINE TO CALCULATE THE EQUILIBRIUM RATIOS AT THE
! ANODE TEMPERATURE.
TEMPR=TA
GOSUB KRATIO
! CALCULATE THE EQUILIBRIUM COMPOSITION OF THE ANCDE COMPARTMENT.
| FOR THE EQUATIONS SEE SECTION 4.4.
SULPHA=QF*SO4F/QA
MN2A=NNANM/ 54,938
NH&A=AMMAN
U=2#MN2A+NHAA ~SULPHA+KE 04
V=(2%SULPHA - 2#MN2A -NH4A) *KS04
HA=(-U+SQR (UFU+4%V))/2
SO4A=2*NN2ZAHIA+NH4A-SULPHA
HSO4A=SULPHA-S04A
H20A=DENA-54 , 935*MN2A~1. 008*HA~ 18, 039*NHAA=96 . 06+504A-07 , 068#HS04A
HzoA—Hzm/m 015
= GATHODE COMPARTMENT TEMPERATURE ()
x mc = TOTAL MN CONG. IN CATHODE GOWP. (kmole/m3)

MNC=MNANM/S4. 938
| CAICULATE MOLAR DIFFUSION RATES THROUGH MEMBRANE, FROM MASS BALANGE
1 AROUND THE ANODE SECTION. KHOLE/S
2ZH20=QA*H20A+H20AL/ 18 . O1S+EFFA¥IEQV/ 2000+ 1 ~EFFA) *IEQV/ 1000
ZUN=QAWHN2A+(1-EFFA Y*TEQV/2000
ZAMM=CANHLA
! DETERMINE THE TOTAL AMY UONC. IN THE CATHODE, AND THE H+ ION BACK
! DIFFUSION FROM MEMBRANE TRANSPORT MODEL.
t SEE SECTION 4.5 FOR THE EQUATIONS.
! THE AVERAGE MEMBRANE CONGUGTIVITY IS TAKEN TO BE 4 (mhos/m).
J6A=T96500/ (8. 314¥14#TC) ~ZH2018 . 015/ (1000*ADIFF)
TEST=JSA*DTHICK/ *VOID*DAREA)
1 CHECK FOR UNDERFLOW.
IF TEST<-50 THEN TEST=-50
J7A=EXP (TEST)
AMMO=AMMAN#J7A+ZAMYH (J781) / (J6AXADIFF)
JGH=I*96500/ (8. 314¥*14¥TC) - ZH20%18 . 015/ (1000+HDIFF)
J7H=EXP (~(JGH*DTHICK/ (VOID*DAREA)))
HPLUX=J6H*HDIFF¥HA/ (1-J7H)
START OF THE LOOP TO SOLVE THE TWO SINUTANEOUS EQUATIONS FOR
THE CATHODE PH AND THE NRT HYDROGEN EVOLVED. » NEW VALUE FOR
THE PH IS5 OBTAINED FROM AN OLD VALUE USING A NEWTON-RAPHSON
SCHEME, THIS REQUIRES THE FIRST DERIVATIVE OF THE FUNCTION THAT
RESULTS FROM THE SUBSTITUTION OF THE ONE BQUATION INTO THE OTHER.
1 SEE SECTION 4.6 FOR THE EQUATIONS.
PHDUN=7.5
| CALL THE EQUILIBRIUM RATIO SUBROUTINE.
TEMPK=TC
GOSUB XRATIO
FOR IPH=1 TO 100
PHO=FHDUH
HO=10%# (~PHG)
¥¥=1/ (RANMARHNNH3 )
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23180
23190
23200
23210
23220
23230
23240
23250
23269
23270
23280
23250
23300
23310
23320
23330
23335
23340
23345
23350
23355
23560
23370
23380
23390
23400
23410
23420
23430
23440
23450
23460
23470
23480
23490
23500
23510
23520
23530
23540
23550
23560
23570
2358C
23590
23990
24000
24005
24010

XX=HC /KMNNH3

MN20=(~ (XKHYT+AY . LIS +8GR ((KX+YTHAMMC-HNC)#2H4#HNCH (XK+YY))) /2
MNNHSC=MNG-HN2C

NRAC=HUHNNHIC,/ (Ll ™ KUNNEH3 )

NH3C=MNNH3C / (MN2CHKMNNIS*KAMY)

SOLUB=HC2 /KUNOR-MN2C

SO4CN2C+ . S*NH4CHINNHC

H20C=DENG~MN2C*54 . 938-NE4C*18, 039 ~MNNH3C*7 1,969 -NHIC#17 . 031-8040%96. 06

H20C=H20C/18.015
! THE NET HYDROGEN EVOLVED IS THE DITFERANCE BETWEEN THAT WHICH
! DIFFUSES BACK THROUGH THE MEMBRANE, AND THAT WHICH REACTS WITH
1 THE NH9 SPECIES TO FORM NH4 SPEGCIES.

HNET=HFLUX- (QF*(NH3F+KNNH3F) -NH3CL/17.031)
1 IF THE NET H EVOLVED IS NEGATIVE THEN STOP THE PROGRAM.

IF HNET>0 THEN GOTO PROCEED

PRINT “HNET IS NEGATIVE",HN! r,HFLUX

DISP "HNET IS NEGATIVE",HNEY,HFLUX

PRINT "GANNOT CONTINUE WITH PROGRAM AS THE MODEL IS OUISIDE"

DISP “GANNOT CONTINUE WITH PROGRAM AS THE MODEY, 13 OUTSILE"

PRINT “THE PERMISSABLE REGION. THERE IS NOT ENOUGH # DIFFUSING BACK.”
DISP "THE PERMISSABLE REGION. THERE IS NOT ENOUGH N DIFFUSING BACK."
GOTO FINISH
PROCEED:

! IMPURITY EFFECT ON CATHODE CURRENT EFFICIENCY.
J1=1+CONST2#IMP/MN2C

{ TEMPERATURE EFFECT ON CATHODE CURRENT EFFICIENCY.
J2=14EXP (12300/7C-40.953)

! CURR. DENSITY EFFECT ON THE CATHODE GURRENT EFFICIENCY.
J3=1-.0001213+(CD-550)+. 00001278 (CD-550) %2

1 SOME DUMMY VARIABLES.
A8=1/ (CONST*J2%J3)
BB=1000/TEQV
CG=CONSTZ¥IMP
DET=(XX4TV+AMNMC-HNC ) Z-H4HUNGH (XX HYY)
SHODT=SQR (DET)

| THE RATE OF CHANGE OF MN2 CONG. WITH HYDROGEN CONGENTRATIO.
DHNDH=( (~1) /KMNNHS+. 5 / SROOT# (2% (KE+YT+AMMC-MNC ) /KINNHE+4HHNC /KMNNH ) ) / 2
HPR=(1~1/ (1+1/A8% (14CC/MN2C)HC/HN2C) ) /BB
FUNCHPR=HPR-ENET
DHPRDH:sAA /BB¥ { (140G /MN2G) % (MH2C~HOWDMNDI) /MNZCHr2 4 HUH (1-GC/MN2Gwr2) )
DHPRDH=DHERDH (Adrk (1:+00/MN2GYHHC/MN2C 42
FDERIV=- (DHPRDH#2, 303%EXP (- (2,303%PHC)))
PHCOLDSPHC
PHDUM=PHC~FUNGHPR/FDERTY
IF ABS (PHDOM-PHC)<.00001 THEN GOTO EFFICIENCY
NEXT IPH
PRINT "L0OP FOR PH IN CATHODE NOT CONVERGED AFTER 100 ITERATIONS."
DISP "LOOP FOR BH IN CATHODE NOT CONVERGED AFTER 100 ITERATIONS.®
GITO FINISH

24020 EFFICIENCY:

24030 ! CALCULATE THE NEW CATHODE CURRENT EFFICIENCY AND COMPARE WITH THE
24040 ! OLD VALUE. THE NEW VATUE IS TAKEN TO BE 30% OF THE QLD VALUE PLUS
24050 | 70% OF THE VALUE THAT CCRRESPONDS TO THE H2 EVOLUTION.

24060 1 THIS PREVENTS THE ITERATIONS FROM GOING UNSTABLE.
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24070
24080
24090
24100
24104
24105
%4110
21126
24130
24140
24180
24190
24200
24210
24220
26230
24240
24250
24260
24265
24270
24280
24290
24300
24310
24320
24330
24340
24350
24360
24370
24375
24380
24390
24400
24410
26420
24430
24440
24450
24460
24470
24480
26480
24500
24510
24520
24530
24540
24550
24560
24570
24580
24590

EFFDZ"EFI'D

7*(1 BR¥HNET)+. 3%EFFG
CED=ABS (EFFD-EFFC)
1 CALCULATE THE HZ PRODUCED AT THE NEW CATHODE CURRENT EFFICIENCY.
H2DUM= . 002016% (1-EFFC)*TEQV/2
) IF THE DIFFERANCE IS WITHIN TOLERANCE THEN CONTINUE WITH MODEL, ELSE
1 ESTIMATE AMMONIA LOSS IN CATHODE , AND WATER LOSSES IN GATHODE AND
1 ANODE, THEN RETURN TO STOP IF THERE HAVE BEEN TOO MANY ITERATIONS.
IF CED<.00002 THEN GOTO CELLEND
! GET THE WATER MOLE FRACTION IN THE H2 GAS AT CATHODE.
H20FRC=-1. 267+, 004 284TC
! OBTAIN THE MOLE FRAGTIONS OF THE LOST GASSES. SEE SECTION 4.7
! GET THE WATER MOLE FRACTION IN THE 02 GAS AT ANODE.
HZOFRA=-1 267+, G0428*TA
THE NHS MOLL FRACTION IN THE 2 GAS AT THE CATHODE.
NmFRc— 0367 (NH4C+NHSC)
! CALOULATE THE NEW AMMONIA CATHODE 0SS, AND THE WATER CATHODE AND
1 ANODE LOSSES PER CELL (ka/s).
1 FOR CATHODE LOSSES USE NEW H2 PRODUCTION RATE.
NH3CL=NHSFRG/ (1-H20FRC-NHSFRC)*HRDUM*17 ,031/2.016
H20CL=H20FRG/ (1-H20FRC-NE3FRG )H2DUA*18. 015/2.016
H20AL=H2OFRA/ (1-H20FRA)*0ZPR¥18,015/31.998
1 CALGULATE ANODE CURRENT EFFICTENCY. ASSUMED MASS TRANSFER LIMITED.
! SEE SECTION 4.7 FOR THE EQUATION.
! ANODE CURRENT DENSITY IS ASSUMED TO BE 1000 amps/m2.
EFFA=1-1,58%MN24/1000%% .5
! CONTINUE WITH CURRENT EFFICIENCY LOOP, OR STOP IF THERE HAVE BEEN
' TOD MANY ITERATIONS.
NEXT TCOUNT
PRINT "GURRENT EFFICIENCY LOOP NOT CONVERGED AFTER 100 ITERATIONS."
DISP "GURRENT EFFIGIENGY LOOP NOT CONVERGED AFTER 100 ITERATIONS."
GOTO FINISH
CELLEND:
t CONVERSION OF CELL HOUSE ROUTINE. CALCULATE SUNDRY VALUES.

t
! CALCULATE THE RATE OF CHANGE OF H EVOLVED WITH A CHANGE IN H CONC.
TUMMY=MNG#-2:+ (MNCHGC Y #HC / A&
NG 2# (MNCHCC) / AL
DHEVDH=DHEVDH/ (BB*DUMMY##2)
| CALCULATE THE TOTAL ANODE EXIT FLOW. (m3/s)
QANOD=QA*3600%CELLNO
! CALCULATE TOTAL WATER LOSS PER CELL. (kg/s)
H20LS=H20CL+K20AL
{ CALGULATE TOTAL PRODUCTION RATES FOR PLANT.  (kg/he)
MNPRT=HNPR*3600+CELLNO
MOPRT=HOPR*3600%CELLNO
HZPRT=H2PR¥*3600%CELLND
1 CALGULATE TOTAL LOSSES FROM CELL HOUSE. (kg/bx)
H2ZOLST=H20LS*3600*CELINO
NH3CLT=NH3CL*3600%CELINO
t GET MN AND AMMONIA CONC. RELATIVE TO QFEED.
MANCES=MN24*QANOD,/QFEED
MMCEX=NH4A%QANOD/QFERD

g
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24600
24610
24620
24630
24640
24650
24660
24670
24680
24690
24700
24710
24720
E 24730

. 24750
24750
| 25600
25010
25020
25030
25040
N 25050
25060
25070
25080
25090
. 25100
25110
25,20
25130
25140
; 25150
.- 25160
25170
25180
25190
25200
25210
25220
25230
25240
25250
25260
. 25270
25280
25290
25300
25310
25320
25330
i 25340
H 25350
25360
25370

1 EVALUATE TWE TOTAL GRLL VOLT DROP.

1 CALCULATE MEMBRANE CONDUCTIVITY. {whos/m)
DCOND=1000%96500%%2/8 . 314/’{‘0*(h‘DIFF*(HMHA)/2+A*ADIFW(NHAC+N‘H4A) /2)

{ CALCULATE ANODE COMPARTMENY CONDUCTIVITY. (mhos/m)
ACOND=17 . 6%K4+34,7

! CALCULATE CATHODE COM:  ENT CONDUCTIVITY.  (mhos/m)
COOND=-4~, 28¥NH3C+10. LO*NHAU-~ OI#HNC+.27%(TC-273)

! EVALUATE CATHODE POTENT... (volts)
EC=1.18+8.314*TC/96500%L0G (CLu}/ (HC*7 1! TCHEXP (-(63400/8.314/TG))))

! EVALUATE ANODE POTENTIAL,
EA=1,23+8. 314#TA/96500%L0G (1000/ (KA®.000000000001))

1 EVALUATE OHMIC POTENTIAL DROP.
ER=CD*{ ., 03/ACOND+. 03 /CCONIMHDTHICK/ (DCONDAVOID) )

1 GET TOTAL VOLT DROP. INCLUDE lv FOR MEMBRANE LOSS.
VOLT=EA+ER+EGHL
RETURN

1

1

1
SULPHIDE:
! THIS SUBROUTINE CALCULATES THE SUTLPHIDE SECTION OF THE PLANT.
{ IT REQUIRES THE SULFHIDE PH, TEMPERATURE (%), ANv THE TOTAL
| CONCENTRATIONS (kmole/n3) OF MANGANESE AND SULPHATE. AS WELL
1 AS THE ADDITION FLOWRATE OF AMMONIUM-SULPHIDE (kmole/hr).
! IT RETURNS THE TOTAL MN CONCENTRATION FROM THE MASS BALANCE
{ AND THE SOLUTION CHEMISTRY.
HS=10%# (-PHSUL)
1 INITIALISE ACTIVITY CHECK, AND THE INITTAL VALUES
| FOR MINOR AND N2+ CONENTRATIONS. GALCULATE TOTAL MN AFTER PRECIP.
MUDLD=0
MINOR=0
MN285=,1
THAN—MANL-NHAZS/QFEED
MANS=TH
Sl arsesULeHATE
Y CALL THE SUBROUTINE THAT CALCULATES THE EQUILIBRIUK CONSTANTS
‘TEMPX=TKSUL
GOSUB KCONST
t START LOOP FOR ACTIVITY CO-ETFICIENTS
FOR L=l T0 40
{ CALCULATE THE EQ, RATIOS FROM THE EQ. GONSTANTS AND THE ACTIVITY
| CO-EFFICIENTS.
K1=GMN2*GSO4HK1T
K2=K21/GNHA
K3=GNHA*GS04KS L /GNHAS 4
KG=GMNZ#KAT/GMNNH3
K5=GMNNH3*G504#KS T
K6=GCO2*GSO4'REL
R7=G002%K7T/GCONHS
K8=GCONHI*GSO4*KST
KSMeRSMI/ (GUNZ#GS2)
KSC=KSOL/ (GCO2*E52)
| INITIALISE AND START LOOP FOR MINCR SPEGIES. SET UP TOTAL GON-
! CENTRATIONS OF MAJOR SPECIES.
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25380
25390
25400
25410
25420
25430
25440
25450
25460
25470
25480
25490
25500
25518
25520
25530
25540
25550
25560
25565
25570
25580
25590
25600
25610
25620
25630
25640
25650
25660
25670
25680
25690
25700
25710
25720
25730
25740
25750
25760
25770
25780
25790

HINOLO=0

FOR K=1 TC 40
I INITIALISE MN2+ CONVERGENCS CHECK.

M20LD=0
! SOLVE FOR MN2+ CONCENTRATION AS A MAJOR SPECIES BY 3ZUCCESIVE
! ITERATION. SEE SECTION 3.2 FOR THE EQUATIONS.

FOR J=1 TO 100

K3 (MANSHIN2S -SULPHS+Z¥MINOR )
ANS-HN2§~SULPHS
SO4S=(-B+SQR (B¥B-A%A*C) )/ (2%A)
MN2S=MANS/ (1+K1¥5045 )
! IF SUCCESIVE VALUES OF MN2§ DIFFER BY LESS THAN 1E-6 THEN
| CONTINUE WITH MODEL, ELSE REPEAT ROUTINE OR STOP IF THERE HAVE
1 BEEN TOO MANY ITERATIONS,
IF ABS (MN2S-MN20LD)<.000001 THEN GOTO MAJRS
MN20LD=HN2S
NEXT J
PRINT "SULPHIDE INSIDE LOOP NOT CONVERGED AFTER 100 ITERATIONS."
DISP "SULPHIDE INSIDE LOOP NOT CONVERGED AFTER 100 ITERATIONS."
GOTO FINISH
MAJRS:
¢ CALCULATE THE REMAINING MAJOR SPECIES, FOR EQUATIONS SEE SECTION 3.2
MNSO4S=MANS-MN2S
NHLSO48=SULPHS -MNSO4S -S045
NH4S=NH45048/ (K3#5045)
NH3S=NH4S/ (K2#HS)
1 CALCULATE MINOR SPECIES.
MNNH3S=KA#HN2S#NHIS
HNAMSS=KS*HNNHIS*SO4S .
| MODIFY THE TOTAL CONCENTRATIONS OF MAJOR SPECIES WITH THE CONGEN-
| TRATIONS OF THE MINOR SPECIES.
MINOR=MNNH3S
MANS=THAN-MNNH3S -MNAMSS
SULPHS=SULPHATE-MNAMSS '
045 +NH ;
ENEGS=2%S045+NHASO4S
EPOSS=2#MN2S+NHGS+2VHINOR
! GHECK FOR CONVERGENCE OF LOOP FOR MINOR SPEGIES. GONTINUE WITH
1 MODEL IF CONVERGED, ELSE REPEAT LOOP OR STOP IF TOO MANY ITERATIONS
{ HAVE OCCURED.
IF ABS (MINOR-MINOLD)<.000001 'THEN GOTO ACTIVS
MINOLD=MINOR

25800 NE:

25810
25815
25820
25830
25840
25850
25860
25870
25880
25890

XT K

BRINT "SPHIDE LOOP FOR MINOR SPECIES NOT CONVERGED AFTER 43 ITERATIONS,”
DISP "SPHIDE LOOP FOR MINOR SPECIES NOT CONVERGED AFTER 40 ITERATIONS."
GOTO FINISK
ACTIVS:

| CALSULATE THE IUNIC STRENGTH MU, aND THE SOLVENT STRENGTH JJ.
MU=, 5% (4% QI 35 )
JIUNSOLSHINANSSHNHIS

1 CHECK FOR CONVERGENCE OF ACTIVITY CO-EFFIGIENTS BY EXAMINING THE

| IONIC STRENGTH, CONTINUE WITH MODEL IF CONVERGED.
IF ABS (MUOLD-MU)<.00001 THEN GOTO COBALT
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25900
25910
25920
25930
25940
25950
L 25955
- 25960
- 25970
25950
; i 25990
26000
o 26010
3 26020
26030
26040
26050
26060
Q 28100

k 28000
28010
28020
28030
28060
28050
i 28060
28070
28080
! . 28090
28100
i 28110
28120
.- 28136
28140
! 26150
28160
] 28170
28180
28190
28200
28210
28220
28230
28240
: 28250
: 28260
i 28270

28290
28300

28320
28330
28340

28280 K

28310 MNO!

MUQLD=MU
! CALL THE SUBROUTINE THAT CALCULATES THE NEW ACTIVITY CO-EFFICIENTS.
GOSUB ACT_COEFFS
! REPEAT LOOP OR STOP IF THERE HAVE BEEN TOO MANY ITERATIONS.
NEXT L
PRINT "SULPHIDE LOOP FOR ACTIVITIES NOT COMVERGED AFTER 40 ITERATI?NS."
DISP “SULPHIDE LOOP FOR ACTIVITIES NOT CONVERGED AFTER 40 ITERATIONS."
GOTO FINISH
COBALT:
| ONCE THE MN SPECIES HAVE BEEN FOUND THEN CALCULATE THE COBALT
1 SPECIES. FOR THE EQUATIONS SEE SECTION 3.3
CO25=MN28+¥KSC/KSH
COS04S=KE*KSC/KSUFMN2S#S04S
CONH3S=K7#*C02S*NH38
COAMSS=K8*k7*KSC/KSM*MN2E*NHAS / (HS¥K2) #5048
COBS=C025+C0S04S+CONH3R+COANSS
COBPEM=COBS*53933
MANS=TMAN
RETURN
v

1
t

LEACH:

! THIS SUBROUTINE CALCULATES THE LEACH SECTION OF THE PLANT.
! IT REQUIRES THE IEACH PH, TEMPERATURE (k), AND THE TOFAL
1 CONCENTRATIONS (km: iv/m3) OF AMMONIA AND SULPRATE. IT THEN
1 RETURNS THE TOTAL N CONCENTRATION FROM THE ¥.5S BALANCE AND
1 THE SOLUTION CHEMISTRY.

HL=10**(~PHLCH)
1 INITIALISE THE GHECKS FOR CONVERGENCE, AND SET UP TUE TOTAL
1 CONCENTRATIONS OF MAJOR SPECIES.

MINOR=0
AMMI=AMMONTA
SULPHL=SULPHATE
| CALL THE SUBROUTINE THAT GALCULATES THE EQUILIBRIUM CONSTANTS.
TEMPR=TKLCH
GOSUB KCONST
! START LOOP FOR ACTIVITY CO-EFFICIENTS.
FOR L=1 TO 40
! CALGULATE THE EQ. RATIOS FROM THE EQ. CONSTANTS AND THE AGTIVITY
! CO-EFFICIENTS.
K1=GMN2*GS04*K1I
K2=K21/GNit4
K3=GNH4*GS04*K3I /GNH4S04
R4=GMNZ*K4T /GUNNH3
5=GMNNHI*GS04*KS T
KMNEQ=KMNEQI*GMN2
| INITIALISE AND START LOOP FOR MINOR SPECIES

FOR TO 100
! LSITIALISE CONVERGENCE CHECK FOR NEWTON-RAPHSON.
NE4DY=0
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28350
28360
28370
28380
28390
28400
28410
28420
28425
28430
28440
28450
28460
28465
28470
28480
28490
28500
28510
28520
28530
28540
28550
28560
28570
28580
28590
28600
28610
28620
28625
28630
28640
28650
28660
28670
28680
28690
28700
28710
28720
28730
28735
28740
28750
28760
28770
28780
28790
28800
28810
28820
28830
28840

! START OF NEWTON-RAPHSON SCHEME. SEE SECTION 2.2 FOR EQUATIONS.
FOR J=1 TO 100

~K1% (NH4GHIINOR-AMML/2)
C=AMML-SULPHL~NH4G

FUNNH4w(-B+SQR (BWh2-4%A%C))/ (2%A) - (AMML/NH4G1) /K3

FUNDBRV=KL/ (2#A)+( (- (Z¥K1¥B)He#A)/ (ARAFSQR (BH+2-4%A%C)))+AMHL/ (K3*NHOG*2)

NH4G=NH4G~FUNNH& /FUNDERV
! CHECK FOR CONVERGENCE OF NEWTON-RAPHSON ROUTINE.
IF ABS (NH4G-NHA4DM)<.000000001 THEN GOTO MAJR
NHADM=NHGG
NEXT J
PRINT "LEACH INSIDE LOOP NOT CONVERGED AFTER 100 ITERATIONS."
DISP "LEACH INSIDE LOOP NOT CONVERGED AFTER 100 ITERATTONS."
GOTO FINISH
MA.

JR:
! CALOULATE THE REMAINING MAJOR SPECIES, FOR EQUATIONS SEE SECTON 2.2
NHAL=NHAG
SOAL=(AMML/NHGL-1) /K3
NH4SO4L=AMML-NHAL
MNSO4L=SULPHE-S04L-NH4S04L
MN2L=MNSO4L/ (K1*S041)
NHIL=NHA4L/ (KZ*HL)
! CALCULATE MINOR SPECIES.
MNNH3L=K4*MN2L*NH3L
MNANSERS*MNNH3LHSD4T,
MINOR=MNNH3L
! MODIFY THE TOTAL CONCENTRATIONS OF MAJOR SPEGIES WITH THE CONCEN-
! TRATIONS OF THE MINOR SPECIES.
MANL=HN2LAHNSO4LHINNHILHNANST
MANLM=MANL*54.958
SULPHL=SULPHATE -HNANSL
AMMI~AMMONIA~-NHIL-MNNH3L-MNAMSL
ENEGLA2#SO4LN4S04L
EPOSI=2*MN2L+NH4I+2¥MINOR
| CHECK FOR CONVERGENCE OF LOOP FOR MINOR SPECIES. CONTINUE WITH
! MODEL IF CONVERGED, ELSE REPEAT LOOP OR STOP IF TOC MANY ITERATIONS
1 HAVE OCCURED.
IF ABS (MNOLD-MANL)<.00001 THEN GOTO ACTIVITY
MNOLD=MANL
NEXT K
PRINT "LEACH LOOP FOR MINOR SPECIES NOT CONVERGED AFTER 100 ITERATIONS.™
LISP “LEACH LOOP FOR MINOR SPECIES NOT CONVERGED AFTER 100 ITERATIONS."
GOTO FINISH
ACTIVITY:
{ CHECK FOR CONVERGENCE OF ACTIVITY CO-EFFICIENTS BY EXAMINING THE
t MN CONCENTRATION, CONTINUE WITH MODEL IF CONVERGED.
IP ABS (MANL-MNOLD2)<.0001 THRN GOTO MANEQ
HNOLD2=MAND
! CALCULATE THE IONIC STRENGTH MU, AND THE SOLVENT STRENGTE JJ.
MU= 5% (4% (MN2LHMNNH3L ) HNHALANHASO4 L4 # S04 L)
JI=HNSO4THHMNAMSTANHIL
| CALL THE SUBROUTINE THAT CALCULATES THE NEW ACTIVITY CO-EFFICIENTS.
GOSUB ACT_COEEFS
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28850
26860
28870
28875
28880

26890 MANEQ:
! CALCULATE THE LEACH EFFICIENCY. EQUATION IS FITTED TO PLANT DATA,

28892
28894
28900
28910
28920
28930
28940
28945
28950
28955

! REPEAT LOOP (R STOP IF THERE HAVE BEEN TOO MANY TTERATTONS.
NEXT L
PRINY "LEACH ACTIVITIES LOOP NOT CONVERGED AFTER 40 ITERATIONS."
DISP "LEACH ACTIVITIES LOOP NOT CONVERGED AFTER 40 ITERATIONS."
GOTO FINISH

GOSUB LCHEFF
! CALCULATE THE EQUILIBRIUM MN CONCENTRATION. THIS IS THE MAXIMUM
! ALLOWED MN CONCENTRATION FOR THE CHOSEN LEACH PH.
EN2EQL=HL*2 /KMNEQ
TP MN2EQL>MN2L THEN RETURN
PRINT "MN CONCENTRATION LARGER THEN EQ. VALUE, CHOOSE LOWER LEACH PH"
DISP "MN CONCENTRATION LARGER THEN BQ. VALUE, CHOOSE LOWER LEACH PR
PRINT "MN2EQ ";MNEQEL,"MN2+ "MN2L
DISP "MN2EQ ";MNEQEL,"mN2+ ";MN2L

28960 RETURN

30000
30010
30020
30030
30040
30050
30060
30070
30080
30090
30100
30110
30120
30130
30140
30150
30160
30170
30180
30185
30186
39190
30200
30210
30220
30230
30240
30250
30260

' 31000 LCHEF

31010
31020
31030
31040
31050
31060
32000

COST:
!

H
! THIS SUBROUTINE EVALUATES THE COSTS AND FROFIT INVOLVED IN THE
! OPERATION OF THE PLANT.
! CALL THE SUBROUTINE THAT EVALUATES THE LEACH EFFICIENCY.
GOSUB LCHEFF
{ THE REVENUE IS R1500 PER TON OF MN PRODUGED.
MNPROF=1.5*MNPRT

! AMMONIA IS LOST IN THE CATHODE COMPARTMENT AND IN THE FILTER CAKE.

! THE PILTER CAK: LOSS IS ASSUMED TO BE 2.4% OF THE AMMONIA MASS
! FLOWRATE. THE COST IS R96 PER TON AMMONIA.
AMCOST=, 096* (., 024%17 , 03 1*AMMCEX*QFEED+NH3CLT}
! SULPHATE IS LOST IN THE FILTER CAKE. THIS IS ASSUMED TO BE 2.4%
! OF THE SULPHATE MASS FLOWRATE. COST IS R92 PER TON SULPHATE.
SCOST=. 092%. 024%98. 076*SULPHATE*QFEED
1 THE COST OF MANGANESE IN THE ORE 1S R216 PER TOUN OF MN.
1 THE MASS FLOWRATE OF MN IN THE ORE IS THAT REQUIRED BY THE
1 MASS BALANCE PLUS THAT WHICH 'S LOST IN THE FILTER CAKE (2.4%),
1 DIVIDED BY THE LEACH EFFICIENCY.
MNREQUIRED= (MANL-MANCEX+. 024*MANL)*QFEED*54 . 938 /LCHEFF
MNCOST=, 216*MNREQUIRED
! THE POWER COST IS TAKEN AS 2 CENTS PER KILOWATT HOUR.
PCOST=. 00002*CELLNO*VOLT*L
1 CALCULATE THE PROFIT IN R/HR.
PROFIT=MNPROF ~ (AMCOST+SCOSTHMNCOST+PCOST)
1 CALCULATE THE PROFIT IN R/TON MN.
PROFTN=PROFIT*1000/MNPRT
RETURN

Fi
| THIS SUBROUTINE EVALUATES THE LEACH EFFICIENCY AS A FUNCTTON
{ OF PE. THIS IS A ITTED EQUATION TO PLANT DATA AND HOLDS PRO-
! VIDED THAT NO MN(GH)2 PRECIPITATION IS OCCURING.
LCHEFF=, 8+, 0727%PHLCH- . 00959*PHLCH"*2
1 LCHEFF=0.43+0. 22%FPHLCH~0, 0232*PHLCH**2
RETURN
KCONST:

Appendix M 135



32010 ! THIS SUBROUTINE EVALUATES THE EQUILIBRIUM CONSTANTS, USED IN THE
32020 ! LEACH AND SULPHIDE SECTIONS, AS FUNGTIONS OF TEMPERATURE (k).
32030 ! THE EQUATIONS ARE GIVEN IN SECTION APPENDIX A.
32040 1 EQ. CONSTANT FOR MN2+ + SO42- = MNSO4
32050 KIT=EXP (5. zoa+2100/1 987%(1/298. 13- 1/'nsnpx<))
\ 2060 1 EQ. CONSTANT NH3 = NH432070 K2I=EXP (21.29-
i (13000/1. 987*(1/295 15- 1/TEHPK)))
! EQ. CONSTANT NH4+ + B5042- = NHASOA-
32090 K3T=10%#(1..05+. 0055*(’1'EMPK 273.15))
32100 ! EQ CONSTANT FOR MN2+ + NH3 = MNNH3232110 K4I=10
CONSTANT FOR MNNH32+ + SD42- = MNNH3SO4
32140 1 EQ GONSTANT FOR Co2+ + S042- = COSO&
321" R6I=EXP (5. 3ss+1l.oo/1 987%(1/298. 15 1/TEMP )
32160 ! EQ. CONSTANT FOR co2+ =" CONH3232170
R7I=10%(2,017+. oos*(zga 15-TEMPK))
32180 ! EQ. CONSTANT FOR CONH32+ + S042- = CONH3SO4
32190 KBI=K6I
32200 EQ. CONSTANT FOR = MNzt + S2-
32210 KSMI=EXP (~24.177+46200/1. 937*(1/2% 15-1/TEMPK))
] 32220 | EQ. CONSTANT FOR = Coz+ + S2-
N szzau RSCI=1.1E-16%EXP (16900/1. 937*(1/293 15-1/TEMPK})
t EQ. CONSTANT FOR MN2+ + 2H2O = MN(OH)22+ + 2H32245 ¢
CHANGED FROM 1 $9E 15 TO 4.90E-16 T0 FIT POURBATX DIAGRAN.
32246 ! SEE KCONST.
32250 KMNEQI=G.YE-16%EXP (25930/1.987*(1/298.15-1/TENEK))
R 32260 RETURN :
: 33000 KRATIO: i
33010 1 THIS SUBROUTINE EVALUATES THE EQUILIBRIUM RATIOS AS FUNCTIONS i
33020 | OF TEMPERATURE (K) FOR USE IN THE GELL HOUSE '
33030 | THESE EQUILIBRIUM RATTOS HAVE BEEN FITTED 3Y RODRIGUES(1983). :
33040 ! NOTE THAT THEY HAVE NO UNITS AS THE CONCENTRATIONS ARE DIVIDED L
- 33050 1 BY THE UNIT OF CONCENTRATION Kmola/cl.
33060 1 EQ, RATIO FOR  MN2+ + NH4+ = MNNH32+ + H33070 RHNNH3=EXP (-

i 3’»,57+4051*TEM’K) i
1 EQ. RATID FOR NH3 + H+ = NH433090 KAMM=EXP (40.32-.064*1EMPK) i
I 1 EQ. RATIO FOR MN2+ 4 2H20 = MN(OH)Z + 2H33110 KMNOH=EXP (- i
67.15+. 1025*’1'EHPK)*GMN7

I 33120 ! EQ. RATIO FOR H$04~ = H+ + 8042~
i 33130 KSO4=EXP (8.339-.0294*TEMPK) L
33140 RETURN !
34000 ACT COEFFS: .
i 34016 1 THIS SUBROUTINE CALCULATES THE ACTIVITY CO-EFFICIENTS AS FUNCTIONS
Lo 34020 1 OF TEMPERATURE (c), IONIC STRENGTH AND SOLVENT STRENGTH.

34030 TCENT=TEMFK-273.15

34040 | THESE ARE THE DEBYE-HUCKEL PARAMS. FOR PURE WATER AS A FUNC OF TEMP. ;
34050 AQ=,4BB2+.0007598*TCENT+. 00000204 8*TCENT#¥2+. 00000001 185*TCENT 3 :
3 ; 34060 BO=.3241+.0001649%TCENT+. 000000657 9¥TCENT 2+, 00000000I03*ICENT##3 ;
: 34070 A=AO-.3%JJ :
: 34080 IF A<O THEN A=0
34090 B=BO%(A/AOY#(1/3) ;

: 34100 | ACT. CO-EFF FOR MN2+ z=2 P=6 ;
; 54110 GHNZAMLUSTR (U)/ (HBHGTSQR (U)) :
; 34120 | ACT CO-EFF FOR NHA+ z=1 P=3
. 34130 GNH4=ARIASQR (MU)/(L4BH3IASQR (MU))
: 34140 | ACT CO-EFF FOR SO4+ z=2 P=l

34150 GSO4=A*4HSQR (MU)/(1+BRE*SQR (MU)) ‘
i 34160 1§ ACT CO-EFF FOR NHASOA~ z=1 Pt

! 34170 GNHASO4=A*1*SQR (MU}/ (14+B*4*SQR (MU))
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34180
34180
34200
34210

1 ACT GO~EFF FOR S2- =2 P=5
GS2=A%4*SQR (MU)/ (1+B¥5*SQR (MU))
GMN2=10%+(~GNN2}

GNH4=10%% ( ~GNK4)

34220 GSO4=10%*(~GS04)

34230 GNR4S04=10%5% (~GNHAS04)

34260 GS2=10%+(-G52)

34250 1 AGT CO-EFF FOR MNNH32+ 2=2 P=6 (SIMIZAR TO MN2)

34260 GMNNHI=GMN2

34270 1 ACT CO-EFF FOR CO2+ 7=2 P=6 (SIMILAR TC MN2)

34280 GOO2=GMN2

34290 1 ACT CO-EFF FOR CONH3+ 2= P=6 (SIMILAR TO MN2)

34300 GCONH3=GMNZ

34310 RETURN

35000 LPRINT:

35010 PRINT

35020 PRINT "umcn SEQTION. "

35030 PRINT "-=--n=nemmeamn

35040 FRINT USING 35060 f Mmm,msm.,sunpmm

35050 DISP USING 35060 ; MANLM,AMMSUL,SULPHATE

35060 IMAGE “MANGANESE = ",BDD.DB," g/1",/,"AMM-SULPK = ",DDDD.D,"
8/1",/ , "SULPHATE = Y MD.DDD,"” kmole/n3"

35070 PRINT USING 35090 ; AMNONIA,LCHEEF

35080 DISP USING 35090 ; AMMONIA,LCHEFF

35090 INMAGE "AMMONIA = ",Mp.DDD," kmole/m3",/,"LCH EFF = ",MD.DDD

35100 PRINT

35110 PRINT

35120 RETURN

36000 SPRINT:

36010 “RINT

36020 PRINT "SULPHIDE SECTION."

36030 BRINT "

36040 PRINT USING 36060 ; muan,convw

36050 DISP USING 36060 ; MANSM,COBPPH

36650 IMAGE "MANGANESE = ",ppD.DD,"  g/1",/,"COBALT =" MD.DDD," ppm"

36100 PRINT

36110 PRINT

36120 RETURN

37000 PVARTABLES:

37010 PRINT

37070 PRINT "PROCESS “IARLABLES. "

37080 PRINT " |

37090 PRINT Usms 12270 ; TGC

37100 IMAGE ™1, TEMP. OF CATHODE GOMPARTMENT (c) = ",p0D.D

37110 PRINT USING 12290 ; PHF

37120 IMAGE "2, PH OF CELLHOUSE FEED = ",DD.DDD

37130 PRINT USING 12310 ; QFEED

37140 IMAGE "3. FLOWRATE (m3/hr} = ",0pDD.D

37150 PRINT usms 12330 ; T

37160 IMAGE "4. TOTAL CURRENT (smps) = ", UDDDDD

37170 FRINT USING 12350 ; CELLNO

37180 IMAGE "5. NO OF CELLS = ",D0D

37190 PRINT USING 12370 ; PHLGH

37200 IMAGE "4. PH OF LEACH TANKS = ",DD.DD

37210 PRINT USING 12390 ; PHSUL
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37240 TMAGE "

37266 IMAGE "

37220 IMAGE “7. PH OF SULPHIDE TANKS
37230 PRINT USING 12410 ; TOLCH
"s. TEMP. OF LEACH (C)

37250 PRINT usms 12430 ; TCSUL

TEMP. OF SULPHIDE. TANKS (C)
37270 PRINT USING 12450 ; AMMSULPHATR
37280 IMAGE "10. AMMONTA-SULPHATE IN LEACH. (g/1)
37290 PRINT USING 12470 ; MANGAN
37300 IMAGE "11. DESIRED MN IN LEACH.
37310 PRINT USING 12490 ; NH425Q

(/1)

37320 IMAGE "12. AMMONIUM-SULPHIDE ADD. (1/min)

37330 PRINT

37340 PRINT

37350 RETURN

38000 CPRINT‘

38010 PRI}

38020 PRINT "CELLHOUSE."
38030 PRINT "--vwwwwmm-

38040 PRINT USING 38060 ; MNANM,ACID,EFFC
38050 1SP USING 38060 ; MNANM,ACID,RFFC

060 INAGS "MN OUT
g/l",/,"cmz EFF. = ",1D.DDD

= *.hpD.DD,"

8062 PRINT USING 39066 ; PHC
SBDEA DISP USING 39066 ; PHC

38066 IMAGE "pH CATHODE

= ",DD.DOD

38070 PRINT USING 38090 ; SOLUB
38080 DISP USING 38090 ; SCLUB
LIMIT = “,DD.DDD

38090 IMAGE "MN SOLUBILITY
38100 PRINT

38110 PRINT

38120 RETURN

39000 PPRINT:

39003 !

]

/1", /"ACID OUT

",DD.2D
", B0D.D
",00D.D
“,DBDD.D
",DDD.D

*,DD.DBD

=¥, DDB.DD,"”

39002 ! THIS SUBROUTINE PRINTS AND DISPLAYS THE COSTS.

39010 PRINT
39020 PRINT "cos‘ts "
39030 PRINT "-mnrm

29040 PRINT USING 39060 3 PROFIT,PROFIN

39050 DISP USING 39060 ; PROFIT,PROFTN
= “,DDDD.D,"

39060 IHAGE "PROFIT
R/ton

39080 PRINT USING 3910G ; MNPRT,MNREQUIRED,MNCOST
39090 DISP USING 39100 ; I‘!NPRT MNREQUIRED MNGOST

35100 IMAGE "MN PROD.
kg/hr”, /, "N COST =

DEDD.D, "

" 00D,

39110 PRINT USING 39130 ; VOLT,PCOST
39120 DISP USING 39130 ; VOLT,PCOST

39130 IMAGE "VOLTAGE
R/he"

39140 PRINT
39150 PRINT
35160 PRINT
39170 PRINT
34180 PRINT
39190 RETURN
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= ".pDD.DD,"

Rfhe"

R/nc",/,"PROFIT

kg/hc'",/,"MN REQUIRED

v/cell",/,"POWER COST

*,b0DD. D, "

",DDDD. D, "

*,BEDD.D,"
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APPENDIX N NOMENCLATURE

A

Note: Concentrations of species, such as Mo’ and NH,S0;, are written |
as Mn and NH SO, without the charges, and have units of kmole/m’. Total
component. concentrations are written as ANy, AM, and SULPH,, in the save

units.

aaoaaa w
N.—-Hm..(.«,é’._."’

Mo m Do
w0 Gl

Appendiz N

Meaning

Area of £low through membrane

Notmal solvent constant.

Modified solvent constant.

Normal solvent constant.

Modified solvent comstant.
Concentration of charged species j.
Concentration of uncharged species k.
Concentration of species i.
Concentration of species j in membrane.
Total Go concentration.

Constant in cathode kimetic equation.
Constant in impurity effect expression.
Thickness of membrane.

Diffusion coefficient of species §

1 1 potential.

Electrochemical potemtial drop.
Faraday's constant = 96500.
Faraday's constant = 96500000,
Ore feed rate.

Mole fraction in oxygen gas.
Hydrogen ion comcentration.

Units

w?

(* /kmotey?
(@ /knole)? L
(m? flenole)}/ang
(0 /lmole)?/Ang
kmole/m?®
kmole/m?
kmale/m®
knole/m*
imole/n® )

n
ml/s ¥
volts :
volts i
coul/mole ;
coul/kuole

Kg/hr

knole/m®
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1
I,

H
¥
Ksm,Ksc,Kaneq
Kc,Ka, Kk
Kmn
L,

1
Leff
Mirac

Mpexit
Mnin
¥nlost

np LR

o
!

Appendix N

Total current.

Current densitr.

Equilibrium ccnstants.

Solubility product constants.
Experimentally determined equilibrium ratios.
Fitted solubility product ratio.
Distance over current path.

Leach efficiency.

Total Mn fraction in ore.

Manganese concentration.

Total Mn concentration in leach.

Total Mn concentration in cell exit.
¥n lost in filter cake.

Effective ion diamster parameter.
Total solution flowrate.

Flowrate per cell in section i.

Flow of ammonium sulphide per m® solution.
Gas constant = 8.314.

Gas comstant = 1.987.
Temperature.

Temperature ins de cathode compartment
Chmic volt drop.

Molar flux species j.

Mole fraction in hydxogen gas.

Unit charge om species j.

Empizical dielectric constant.
Activity coefficient of species 3.
Voidage in membrane.
Solution conductance.

4verage solution conductence in membrane.

Solution ionic ntrength.
Current efficiency as a fraction.

amps

amps /u?

kmole/m?
kg/m*

kg/n®

kg/br
Angstroms.
m?/hr

w'/s

*/n® soln.
J/(mole.R)
cal/(mole.X)
°K

°c

valts
kmole/s

(n? flmoler?

mhas/m

mhos/m
knole/m®
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Appendix N

Anode or Anode compartment.
Cathode or cathods compartment.
Feed stream.

Hydrogen.

General characteristic.
Charged specie.

Uncharged specie.

Leach.

Membrane,

Ammonia.

Sulphide.

‘Total.

Water.
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