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ABSTRACT

A mathematical model haé been deQeloped for the more
critical section of a proposed molybdenite/nitric acid leaching
process. + The model accounts for the unit operatioﬁs of leaching,
grinding and flotation, with the leaching simulation involving the.
ﬁost rigorous formulation. The accuracy of the model could not be
evaluated at this étage owing to tﬂé la§k>§f an opérating pilot—-.or

commercial-scale plant.

Simulation of leaching is based on mass balancing with
determination of reaction rates from the individual components of

thefrate equations. The rate of leaching of molybdenite is accounted

for.as a function of solution reactivity, active surface area per
L .

reférence weight, pulp density and tempefature. The leaching of
contained pyrite and chalcopyrite are similarly accounted for but
in a more simplified manner. The grinding model is based om a
combination of theory and empiricism while the flotation model is

derived from the simple first-order rate equation.

The simulation is still subject to some uncertainty since
verification is not possible at this stage of process development.

However, the model effectively accounts for the complex system
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involving a solids recycle stream. The effects of new solids flow
and analysis, leachant flow and strength, leaching temperature,
partial flotation bypass, leaching vessel size and number, grinding

mill size; number and size of flotation cells are all considered.
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CHAPTER 1

INTRODUCTION
1.1 General

The complete quantitétive description of an iﬁdustrial
process is often quite complex. However, the expansion in compu;ér
facilities has enabled the formulation of numerous types of mathe-
.matiéal models which can contain much of this complexity and
provide a reasonably realistic analysis. Computerized mathematical
models provide an economical means fof design or for simulation of
processes and may be used either in a predictive capacity, or
»int;ractively with the process to attain efficient control. Once
the;model is sufficiently well developed to establish reliability
it hay be used with confidence to determine the consequences of

- changes in operating variables without risking the expense of

pilct—- or plant—-scale experiments.

Mathematical models are developed to varying degreés of
sophistication depending on the state of knowledge of the process
and the initial aims for the formulation. The development may be

restricted by the accuracy with which the influencing variables



can be measured thus resulting in a range of models from relatively
simple simulations with numerous broad assumptions to more complex

descriptions which account for many process variables.

The process of.model buiiding generally follows a stepwise
development as outlined b& Himmelblau [1]. A highly.idealized, and
hence simplified; mathematical description is initially formulated.
This may result in an unrealistic model but provides a basié for
analysis of deficiencies and for construction of more realistic

models.

_ The purpose of this study was to establish a metallurgical

siqulation model for a proposed molybdenite/nitric_acid leaching
prééess. The approach to formulation was dictated by the fact that
no%industrial—scale or pilot—scale_plant was in existence. Hence -
the model was based on available theory, laboratory experimentation,

analogies to other systems and plausible assumptions where information

~was lacking.

The section of the process modelled in the study involved
a number of unit operations. Varying degrees of emphasis were placed
on the modelling of these different units with the ultimate aim of

formulating a satisfactory computer simulation within reasonable limits. -



1.2 Model Classification

Mathematical ﬁodels may be classified into two types on a

time basis: | |
| 1. Steady state — where the process properties are time

invariant at any particular location and accumulation terms are
equal Eo zero. This applies to uniform operations after the effects
of parameter variations or fluctuatioﬁs have come to consistent
levels.

2. Dynamic - where the model describes the changing state
of the system. That‘is, process properties at any particular location

" may vary as a function of time.

. The dynamic simulation may be more versatile but it is more
L

difficult and hence more costly to deVelop.» Its formulation therefore

requires greater justification than for a steady-state simulation.

Often the development of a steady-state model precedes the development

of the dynamic model in accordance with the stepwise construction of

more realistic simulations.

At this stage of development of the molybdenite/nitric acid
leach only a steady state model is required for the prediction of

plant behaviour under steady operating conditions. Dynamic modelling



may be considered when a commercial plant is in operation.

Mathematical models may also be broadly cléssified into
two extremes on the basis of the method of formulatioﬁ:

1. Fundamental or mechaﬁistic modelé‘w which are based
on known or éssumed mechanisms for the process. This enables a
relatively complete characterization but may require considerable
time and effort,to deﬁelop. Since there is a reasonable understanding
of the mechanismé involved these.models may Be applicable ovér wide
ranges of operations, provided that there are no changes in mecﬁanism;
Although based on fundamentals, numerous industrial models of this
type require empirical or semi-empirical corrections to achieve
sat?sfactory agreément between predicted and practical results.

| 2. Empirical or statistical models - which rely on analysis

of ;xperimental or operating data. Completely empirical models rely
on ;he determination (or fitting) of operating relationships in terms
of measurable variables for the actﬁai plant units. Although the fitting
of relationships is based roﬁ statistical analysis the form of the |
equations may be influenced by some fundamental at practical knowledge
of the process. This form of simulation may be a simpler and less
expensive approach pafﬁicularly where fhe governing theories have not
been developed to a sufficient degree. As a consequence of the method

of formulation empirical models are generally applicable only over the



the ranges of dperating‘va:iables within which the model was determined.
'The resulting relationships are usually valid only for the process units
on which they were determined. Even units sﬁperficially»of the same
size and configuration may vary in their obérational behaviour due to

subtle differences in construction and operation.

Himmelblau [1,2] considers a third category termed population-
balance models which include residence~time distributions and other age

distributions.

- In the case of the molybden%te léaching process the lack of
an—operating plant. prevents the construction of a purely empirical
mo%el with equation coefficients determined from the results of plant
exéerimentation. For leaching, the lack of established fheory and
thé nature of this heterogeneou3~procéss prevents the formulation of
a éurely‘fundamental model. A similar argument applies to the other
unit operations in the leach cycle. As a consequence, this process
was simulated by a combination of empiricai relationships determined
experimentally or by.analogy and by some fundamentals such as chemical

reaction theory.
1.3 The Process

The proposed hydrometallurgical process for the production



of high grade molybdic oxide from molybdenite concentrates was based
on a twelve month periﬁd of research during 1974-75 at U.B.C. by
E. Peters and A, Vizsolyi. The experimentai program and results
were presented in a series of monfhly repérts with the~tentafi§e-
design for a 10 ton per day plant outlined in report No. 12 [3,4]. The
possibility for such a process had been demonstrated in earlier
unpublished work at U.B.C. by Peters and Vizsolyi [5].
y

The process flowsheet was modified slightiy for_gﬁe ﬁodeiling
‘study, as shown in Figure 1. It must still be considered that this |
flowsheét design is not necessarily the optimum that could be used for
the process. Howgye;, it is this flowsheet which is modelled Qith the‘
obiective of determining the potential of the nitric acid leaching
précess with a recycle solids stream. The flowsheetvis based on the

redﬁired operations so that there is some flexibility on the choice

of actual units to perform these functions.
The complete process can be described as follows:

f(i) Leach Section

Both the new and refloated concentrates are treated for the
removal of the flotation oils to prevent potential frothing and in-

creased nitric acid consumption within the leaching vessels. The
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combined solids are then subjécted to gocurfent multistaged leaching
with nitric acid at temperatures not exceeding about 40°C. Although
counter—current leaching would maintain a maximum driving force for
molybdenum dissolution cocurrent leaching has been considered for

the model to eliminate repeated pﬁase separétions required by the
former method. ~Also,.the fecycling of unleéched solids avoids the
criterion of atﬁaining high degrees of extraction on a single pass
through a leaching train. The élurry is well mixed in any leach
stage either by mechanical means in agitator vessels of by NO lifting

gas in pachuca vessels.

_ The slurry exiting the final leaching stage is filtered

anq.washed, with the filtrate passing on to the precipitation seétion.
Thé filtered solids are repulped and fed to a continuous grinding mill
toifeactivate the partially'leached solids by creatiﬁg new active
surface area. The reactivated solids are then split.with a portion
‘passing directly back to the leach train after filterihg and the
remainder passing on to the flotation section. In reality some form
of classifying stream splitter may be more advahtageous, possibly in
a closed loop configuration in the flowsheet. However, the aim in-

this section was to determine the level of insoluble elimination in

order to maintain satisfactory insoluble levels within the leach.

The reflotation section is designed to reject a considerable



portion of the-insoluble content into a low molybdenum tailing. The
refloated concentrate is then passed back to the leach after filtra-

tion and.deoiling.

(ii) Precipitation Section

The pregnant solution is heatéd to about 80°C to precipitate
molybdenum as MoOé-%Hzo; fhe precipitate is in a fibrous form and
is thus quite rgadily filtered. Scanning electron microscope photo~
graphs of typical molybdenite concentrate and the molybdic oxide
hemihydrate product are shown in Figures 2 and 3. Mob3 is produced

by_relatively low temperature calcina;ion.of the hemihydrate.

(iii) Solution Purification

Before recycling, the solution must be furified by fartial
elimination of iﬁpurities built up in the leach. The major aqueous
by-product of the leach is the sulphate_ion. This can be reduced
to low levels by the addition of calcium ions in some form to pre-
cipitate gypsum (CaSOA-ZHZO). The solgble iﬁpurities, particularly
iron and copper, are not reméved by the purification step. To
eliminate these a portion of the low sulphate solution is purged
and treated separately. The purged‘and purified solution is then

recycled to the sulphate rejection step. Rhenium may also be recovered
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Figure 2, Endako molybdenite concentrate
(600x)

'w N ¢ NN
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Figure 3. Precipitated molybdic oxide
hemihydrate (MoO3.1/2H20) (400x%)
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from the purgeirecycle solution.

(iv) Acid Regeneration

Nitric acid is regenerated by conventional methods using
nitric oxide from the leaching reactions together with oxygen and

recycle solution.

1.4 Process Chemistry

1.4.1 Leach Chemistry

Nitric acid can disolve moiybdenum from molybdenite at
slow to modgrate rateé atvtemperatures not exceeding about‘40°C.
At teméeratures'greater than 40?C the rate of leaching is consider-
ably enhanced but the simultaneous precipitation of M003-%H20 becomes.
appreciable. 'Precipitatioﬁ of molybdenum in the leach must be avoided

as it is not recovered from the leach residue.

The overall reaction can be represented by the following

balance:

‘MOSZ‘,+‘ 6HNO > HZMOO4 “+ 2H2804 + 6NO (1)

3
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Equation (1) répresents an overall balance only and does not neces-
sarily describe the correct form of all the species present. Although
the initial unused nitric acid may contain nitrogen essentially in
the form of nitrate ion fhe recycle sﬁlution or solution after reaction
has proceéded may contain other-nitrégen‘species suchbas the nitrite
ion. The mechanism of reaction may theref&re be quite complex. It

is pbssible that other'nitrogen specieé may be more reactive to the
minefal than the‘nitrates. Figure 4 shows the Eh -~ pH relationship

for the hitrié and nitrous species under acid conditions. The slightly
higher oxidizing potential of the nitrites oﬁer the nitrates result

"standard states'", ie. soluble com-

from the diagram being drawn for
ponent concentrations of one mole/litre and gas component pfessures
of one atmosﬁhere;- It would not be thefmodynamically possible for
the concentration of nitrous acid to build up to one mole/litre; in

fact, its concentration would be limited to that at which its oxidation

potential just equals that of the residual nitric acid.

A possible sequence of leaching involving nitrous acid as
the main reactive component for molybdenum dissolution can be outlined
{6l. Nitrous acid may be formed as an initial reduction product in

nitric acid solutions by reaction (2).

. * H0 (2)



{
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Figure 4. Eh-pH relationship for nitric and nitrous
species in acid solutions. Basis- one mole/litre in
solution and one atmosphere pressure.
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The electrons in Equatidn (2) are supplied by oxidation of the mimeral.
The nitrous acid will tend to equilibrate with nitric acid and nitric
oxide gas by the reversible reaction of Equation (3)

3HNO .~ HNO, + 2N0 + H,0 (3)

3 2
The nitrous acid could react by Equation (4) with the electrons again
supplied by oxidation of the mineral.

4

HNO, + H + e > NO + HO (@)

2
The-nitric oxide produced by Equation (4) would enhance the stability
of nitrous acid by pushing reaction (3) to the left although this
would ultimately be determined by the total pressure in the system,
assuming that nitric oxide is the only gas component other than water

vapour.

+
The nitrosyl ion (NO (aq)) has been suggested as a highly
reactive sulphide oxidant [7]. It is however, only an ionization
product of HNO2 due to the presence of a strong acid (ie. HNO3 and

H2804 in this case), as shown in Equation 4(a)

HNO, + H' - N0+ H,0 N 4(a)
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. : A
Thus, any special reactivity of the NO dion would show up at strong
acidities and high HNO2 concentrations, as when nitrogen dioxide is

sparged directly into the system.

The overall balance of Equation (1) fépresents the dissolved
molybdenum as molybdic acid (HZMOOA) but its ekact form in solution is
uncertain. ‘Thévprecise ionic form is also a function §f pH. Above a
pH of about 6 (ie. outside the range of this proceés).the molybdenum
is present in solution as the molybdate anion (M0042~). ‘With inéreasing
acid strength the molybdenum is predominantly présentNin other anionic
forms such as bimolybdéte (HMOOA—) and paramolybdate (M070246-). At |
écidities—exceeding the isoelectric point at a pH of 0;9<the»molybdenum
is in the form of.cations with the most likely specie being the moly—~
bdenyl cation (M0022+) or its polymers [8]. The complex ion [(MOOZ)
(M003)#_1]2+ has also been suggested as the.ionic form in strongly
acid solutions [9]. The high solubilities of molybdenum attained under
certain conditions are an indication that polymerization does occur.
Table I shows the solubilities of molybdenum in various acid solutions
as a function of time and temperature. The effects of acidity and
temperature are clearly demonstrafed. The results indicate that
although precipitation can occur from saturated solutions at room

temperature the kinetics of this process are extremely slow. Under

the conditions of leaching it is likely that the molybdenum would
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dissolve in a cationic form and remain in this form throughout the

leach despite the consumption of nitric acid.

Acid conditions are

maintained to an extent by the production of sulphuric acid as

VARIOUS SOLUTIONS* g/l Mo

Table I

VI

CONCENTRATIONS OF MoVI REMAINING IN -

_ HNO4 HNO3/H)S0,,
Concentration - - .
IN 2N 3N 4N LN /%N 15N /5N IN/IN
24 hrs/24°C 1.1 | 52.1 | 95.5 | 121.0| 1.4 78.7 | 79.0
48 -hrs/24°C - - 90.0 - - - -
96 hrs/24°C - - 75;7 - - - -
2 hrs/55°C. - - 9.9 - - - -
4 hrs/55°C - - 8.1 - - - -
24 hrs/55°C | 0.5 | 1.6 | 3.4 | 4.9| 0.7-|. 5.3 7.7
2 hrs/80°C - - 3.8 - - - -
4 hrs/80°C - - 2.7 - - - -
24 hrs/80°C 0.5 | 1.4 | 2.0] 2.6 0.5 2.7 7.2
24 hrs/boiling | 0.5 | 1.2 | 1.8 2.3] 0.5 1.7 6.5

* After saturating with.reagent grade H2M004

indicated in reaction (1). The acidity relationship becomes more
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complicated wheﬁ,considering the degree of dissociation of the acid
radicals and the form of molybdenum produced on dissolution. The
latter point is demonstrated by hydrogen ion requirement in the
formation of the molybdenyl cation. (Equation 5)
+ ' 2+
2H° + HZMOQ4 < MoO2 + 2H20 | (5)

Other base-metal sulphides are leached by nitric acid but
only chalcopyrite and pyrite are considered in this study as these
were the major sulphide impurities in the concentrates studied. They

are considered to 1éach by the overall stoichiometry of the following

equations. -
] ,
_ 3CuFes, + 17HNO, + 150t
( - ,
> 3cett o+ 3pedt 4 6Hy80, + 10H,0 + 17N0  (6)
FeS. + GSHNO. + 3HT - Feo' 4 28.50, + 2H.0 + 5NO
Fes, INO, 250 2

(73

Initially all the sulphur may not be oxidized to sulphate as shown by
Equations (6) and (7). The non-sulphate sulphﬁr is present as elemen-~

tal sulphur; the yield of which depends on the mineral, nitric acid
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strength, temperature and time of contact. Of the two minerals con~
sidered only chalcopyrite can have an appreciable initial yieid'of
elemental sulphur. Sulphur may dissolve directly by Equation (8)

S° + 2HNO, > H,S0, + 2NO | (8)

3 2

Molybdenite, particularly as a By—product from copper
porphyries can contain significant quantities of rhenium. Since
rhenium is in solid solution in the molybdenite crystals it dissolves

quantitatively with molybdenum duringlthe Jeach.

~1.4.2. Precipitation Chemistry

- The pregnant solution from the leach is supersaturated with
moiygdenum'since the kinetics .of M003-%H20 precipitation are immeasur- -
ably:slow at operating temperature. At temperatures in excess‘of about
40°C the rate of precipitation becomes appreciable with close to com-

_ plete'possible precipitation occurring within 2 hours at 80°C (see

TaBle .

Complete precipitation -of the contained molybdenum. is not
possible since there is a finite solubility in the acid solutions.

This solubility will be at a minimum at the isoelectric point and will
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increase with changes in pH. The rate at which the solubility
changes with pH will be dependent on the particular cations or

anions in solution. The following equations and Figure 5 illustrate

this point when considering only M0022+ and HM004- as the ionic species..

. . 2+ . . .
For precipitation from MoO2 in solution the reaction is:

2+

MoO2

. + 'w
+ OTEH0 > MoOyRH0 + 2H 9

Given an equilibrium constant Kl for this reaction the equilibrium

solubility is expressed by Equation (10)

4 .
22 ] = - log K, - 2pH » - g (10

- - logLMOO 1

For precipitation from HMoO4 in solution the reaction is:

_ .\ _ ,
HMoO, + H < M003°%H20 + %H?_ol _ (11)

The corresponding solubility relationship for an equilibrium constant
K2 is then:

log[HMOO4 ]

= - logk, + pH ' (12)

The solubility will always decrease with increasing pH for
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(ptho]

Figure 5. Solubility of molybdenum vs, pH in acid solutions.
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cationic molybdenum and increase with increasing pH for anionic forms.

From the point of view of maximum precipitatioh the solution
pH should be near that for the minimum solubiiity. This would lead to
a minimum recirculating load of dissolved molybdenum but may not result

in optimum leaching conditions.

1.4.3 Solution Purification Chemistry

Sulphate rejection to low levels is achieved by the addition
of calcium ions to precipitate gypsum. Two equations are shown for

adding cdlcium as limestone or externally produced calcium nitrate:

HZSO + CaCO, + H,0 - Ca804°2H20 + CO2 (13)

4 3 2

HZSO4 + Ca(N03)2 + 2H20 - CaSOa'ZHZO + ZHNO3 (14)

Elimination of sulphate is not taken to completion since the high
levels of calcium ion in solution would lead to molybdenum lcsses
to the precipitate by the foilowing overall reaction:

: 2+ . - +
HyMoO, + Ca o> CaMoO, + 2H - a®
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To pfevent‘the'continual build up of impurities such as .
iron and copper in ;he recycle acid a minor portion of the solution
exiting the sulphate rejection step is purged for further treatment.
The purge treatment involves overliming to the extent that the soluBle
metallic impurities are précipitated as hydroxides along with the
gypsum formed from the residual sulphate. The remaining solution ié
separated from the solids and recycled to the sulphate rejection‘stage'

to utilise the high calcium content.

The rhenium present in the leach liquor is unaffected by the
precipitation or purification steps and is hence continuously recycled.

This would allow a build up of a suitable rhenium concentration to

allow possible recovery by solvent extraction or ion exchange,[lo,ll}.

1.4.4 Acid Regeneration Chemistry

The nitric acid content of the recycled, purified solution
must be regenerated for further leaching. Acid regeneration is
achieved by oxidizing the nitric oxide evolved from the leach to form -
nitrogeﬁ dioxide which is then absorbed into the recycle solution as
nitric acid. The following equations describe the overall reactions
taking place.

Oxidation of nitric oxide:

280 + O > 2NO

2 2 (16)
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Absorption of nitrogen dioxide:
3NO2 + H20 s 'ZHNO3 + NO ’ 7
The complete absorption chemistry is more complicated than
Equation (17) suggests, consisting of a number of steps involving
intermediate species. However, the detailed process need not be

considered here.

1.5 Scope of Model

From the pfior studies of the process [41 it was evident
that leaching of molybdenite in nitriC»aciA is relatively slow compared
to other similar systems. A typicalbatch extraction curve for a mo1y—
bdenite concentfate at an initial total pulp density of 126 g/litre of
solution and 4 molar nitric acid conceﬁtration, shown in Figure 6,
illustrates this aspect. High degrees of extractibn cannot be obtained
within reasonable time periods sincevthe rate of dissélution becomes
 prohibitively slow after relatively low levels of extraction. An
economic désign requires sufficiently high rates of extraction while
maintaining high recoveries of vaiuable product. This leads to the
following dééign strategies:

1. Maximize reaction rates by operating at higﬁ pulp

densities while accepting low degrees of extraction for a single
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Figure 6, Batch extraction curve for Gibraltar molybdenite concentrate,
49.9%Mo, initial pulp density 126 grams/litre solution, initial
4M HN03, ambient temperature, atmospheric exposure. [4]
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pass through thé leach.
2. Reactivate the leach residue by régrinding and partially
eliminate the insoluble gangue by reflotation befére'recycling to the

leach.

ExaminationAof the overall flowsheet shows that the 1eaching
sectionvis the rate limiting step in the overall process. The kinetics
of the other unit operations are conéiderably faster than those of
importance in the leach. Hence any'ﬁodelling effort should be con~
centrated on‘simulating the leaching section with the aim of maximizing

"the mass transfer of molybdenum from the solids to the solution, coﬁ—
sistent with operafions of the other sections of the process;
;

s Since the leaching section involves a recycle solids stream
L .

v .

the unit operations associated with that stream were also modelled.
Greater emphasis was placed on the leach simulation with more simplified
models being used for the regrind and reflotation ﬁnits, Less critical
units iﬁ the cycle such as filtration, washing and stream splitting
were considered to operate ideally so that 100% efficienties and

negligible kinetic effects are assumed.

The limitations in available data for such a process that

has not yet been developed on a pilot or commercial scale hinders
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éccurate simulé;ion. .Althéugh éonsiderable 1ab§ratory data was
generatéd during thé preVious work [4],the experiments were not
conducted with the intention of formulating'é kineti§wﬁoéé1 of the
process. This work demonstrated the feasibility of the process and
allowed an overall approximation to possible plantrbehaviour for a
particular flowsheét configuration. The use of the previocus data

in this kinetic simulation was also restricted by the fact that

most of the previous experiments were conducged with atmospheric
exposure. This allowed partial in-situ nitric acid regeneration
which made accurate mass balancing of the nitric acid impossible.
This phenomenon was shown by a high‘pulp density test.in whicﬁ more
moIlybdenum was dissolved then could be accounted for by the stoichio-
metry of Equation 1.

t

1.6 Source and Supply of Molybdenum

Molybdenite is by far the most abundant molybdenum minéral'
and the only one presently of commercial importancé; A small number
of other molybdenum minerals do exist, some of which have contributed
minor amounts to production figures in the past. Table II lists the
chemical composition of a few of the molybdenum minerals. On an
atomic scale molybdenité has a three-layered structuré of a S-Mo-S

form with strong covalent bonds betweeﬁ the sulphur and molybdenum
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Table IT

IMPORTANT MOLYBDENUM MINERALS AND COMPOSITION

Molybdenite _ _ MoS

2
Moiybdite (or Ferrimolybdite) Fe203°3M003~8H20
Powellite | CaMoO, (up to 10% W)
Wulfenite | | PbM00,

The mineralogical properties of the dominant mineral,

molybdenite are given in Table III [12].-

Table ITI

MOLYBDENITE: MINERALOGICAL DATA

Crystal System

oo

Hexagonal

0

Massive, scales, granules

Common Form

Cleavage H | Perfect basal—flexiBle laminae
Colour  : Lead-grey

Streak : . Greenish lead-grey

Lustre : Metallic, opaque

Tenacity : Sectile

Hardness : 1.- 1.5

Specific Gravity : 4;7 - 4.8
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atoms. The cleavage properties of molybdenite arise from the weak
bonding‘between these S~Mo~S groups. The exposure of'sulphur’atoms

on the plate surface.give the mineral its hydrophobic properties and
hence its natural floatability. This is not.as dominant at ﬁhe plate
edges since.at these locations both sulphur and molybdeﬁum atoms are
exposed to the environment and result in greater reactivity in aqueous

‘solutions.

The sources and recovery of molybdeﬁum have been outlined
iﬁ a number of éublications by Sutulov‘[13,l4,15]. These references
- cover many aspects of thevmolybdenum—bearing deposits, their milling
bebgviourfand convgrsion technology aé well as the soﬁrcés and recovery

of rhenium.

i
§
/

{ " Molybdenite may be found in a number 6f géological environ~
ments as follows I16]:
1. Porphyries'including stockwork and breccia pipes
2, Contaét,metamorphic zones
3. Quartz veins
4. Pegmatites

5. Sedimentary deposits

Nearly all the known resources of molybdenum fall into one of the

first three categories with porphyries being the most important.
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Of the current recoverable world reserves of 4.5 x 109 kg

roughly one half is found in primafy nolybdenum porphyries where
mquBdenite is the oniy economic minefal. The remainder is fouﬁd
mostly as a secondary mineral in copper porphyfies and is miﬁed as;

a by-product [17]. Although this source represents a major supply

of molybdenum it is tied tovthe production of the major componené

and hence is subject to conditions of the copper market. Only in a
very few cases is the molybdenum mined as a co-product where the value
of molybdenum recovered isksimilar to the value of the copper. Small
quantities of molybdenum have élso been recovered from tungsten and
uranium ores. Typical analysis ranges of the major ore types currently

mined are outlined-in Table IV.

Table IV

METAL CONTENT RANGES OF MOLYBDENUM ORES

Primary molybdenum porphyries ¢ 0.05 - 0.5% MOSZ
Copper porphyries : 0.01 - 0.03 M052

: 0.4 - 1.8% Cu

Despite the uniformity of mineral type the metallurgical

behaviour of molybdenum deposits varies quite widely. Recoveries
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depehd on the ﬁhysicalhform of'thé &olybdenite, the associéted
mineralisation and degree of oxidation. The mill recoveries from
primary deposits can be quite high, in the order of 80 to 90
percent whereas recoveries from copper porphyries can range from as

high as 75 percent to less than 25 percent.

Molybdenum morphology can vary from weil crystallized
with a large plate surfacé to edge surface ratio and hence good
floatability to poorly crystallized forms with poor'flotation:pro—
perties. Although molybdenité is relatively sfable to oxidation
some surface alteration can occur in the more oxidized  upper zones
of “ore bodies. The_formation of molyﬁdaté minerals on the surface

of molybdenite results in poorer milling recoveries.

Tﬁe lower fecoveries of mquﬁdenite from copper porphyries
results from the complicated mineralogy and the more extensive
ﬁilling requirements. The usual associated sulphides are pyrite
and chalcopyrite although some‘deposits contain high contents of
secondary copper minerals such as chalcocite. Molybdenum is not
only lbst to the tailings stream but to the copper concentrate
stteam as well. With emphasis placed on the recovery of the domiﬁant
.component, coppef, the recovery of molybdenum in the bulk flotation
concentrate may suffer. This compounds the lbéses involved in the
séiective flotation wheré generally molybdenite is floated while

the copper mineralization is depressed.



- 31 -

Usuaily many cleaner-flotétion stages are féquired to-
produce an.acceptablevconcenttate,» However, further chemical
treatment is often required to reduce impurity contents to
satisfaétory levels.. This aspéct is discussed.in Section 1.8.
The Russian pﬁilosophy'differs ffom that of the West. The larger
Russian plants produce a low grade concentrate, with éssociated

higher recovery, and hydrometallurgically purify the roasted oxide.

Although molybdenite“represents the only source of rhenium
it is only recoverable from molybdenite extracted from porphyry
coppers. The rhenium contents from by-product molybdenite usually
raﬂée fra; 200 to 2000 ppm of MoS2 while primary sources qually ‘
conﬁain less than éo,ppm of MoSz. At curxént'prices this can be an

attractive economic by-product but overall recoveries are very low,
( .

in the order of 30%.

Geographically molybdenite production is concentrated in
very few countries with the United States by far the most dominant.
The 1976 production for the three leading non-communist producers

is listed in Table V.
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Table V

1976 MOLYBDENUM PRODUCTION OF LEADING COUNTRIES

(106 KG CONTAINED Mo)

United States -~ 50
 Canada _ _ 14
Chile | : | 9.5

These three countries are estimated to contain 75% of known world
reserves. Small but significant production is accounted for by
U.S5.S.R.- and the People's Republic of China.- In the early 1970's
very minor producfion was also reported from Peru, Japan, Bulgaria,

Norway, Australia, South Korea and Mexico.

1.7 Economic Situation of Molybdenum

Over the 1ast‘twenty years the pricé of molybdenum (as
M003) has been relatively consisient in terms of.constant dollars
{19]. The price in current dollars hés risen considerably since
1973 so that the present price is favourable in terms of the increased_
productlon costs and the effects of inflation. The pricing stability |
arises in part from the locallzatlon of supply with the domination

of a few large suppliers,particularly Amax, Inc. of the U.S. Despite
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the current recession in many metal markets the molybdenum demand
is expected to grow at a rate of 6 to 7 percent per annum due to

its specialized application, mainly in alloy steels.

The future supply and conditiohs ﬁf suppiy will paftly be
dependent upon the supply/demand situation. At present world pro-
‘duction is increésing and has further potential for increasing.
However, in periods of short supply some speculation does occur with
premium prices being‘paid for alternative éources. In such times
the purity requirements of the molybdenite concentrate become less
critical with final product purity maintained within the limits by

some form of leaching or by blending with high grade material.

) At the current North American.price Of $US 4.01 per pound

{
oflcontained molybdenuﬁ in sulphide concentrate (fob mine) there is
considerable incentive for improved recoveries from ores. This is .
pérticﬁlarly so for by—product molybdenite where present recoveries
may be quite low. With the roasted‘oxide sellingbprice at $US 4.31
per pound ($US 9.49/kg) of contained molybdenum [20] it is imperative'

the treatment losses be kept to very low levels because of the small

added value in relatioh to the material value.
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1.8 Current Methods for Processing Molybdenite Concentrates

Most molybdenite concentrate undergoes roasting to molybdic
oxide (MoO3)va1though the overall process from molybdenite concentrate
to final product may vary éccording to impurity contents and ultimate
use. Penalties are usually charged to concentrate.producerS’for
impurity cohtents abéve specified minimum levels. In most cases
standard penalties are applied to copper contents in excess of 0.1%
in concentrate. .Table‘VI lists the penalty scale for éopper current

in February, 1978.

- - . Table VI

COPPER 'PENALTIES IN MOLYBDENITE CONCENTRATE

{ ' % cu Penalty ¢/1b Mo'
0.1 - 0.6 ' 5 |
0.61 - 0.80 | 6
0.81 - 1.00 | 7
1.01 - 1.20 10
1.21 - 1.40 » 13
'1.41 - 1.50 15

Penalties exist for other impurities such as lead and bismuth but
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these occur more rarely and are usually determined on an individual
basis. The usual limit for these impurities is a maximum content of
0.05 percent. Gangue impurities have a greater influence on the
molybdenum grade since they are usually present in greater pfoportions.
These can be controlled to a large degree by the flotation practice

by ensuring that the molybdenite content exceeds the minimuﬁ 85 percent-
A MoSz. The iron content of concentrates is usually not of great
importance since this elément is not detrimental to the major use for

the products.

Pretreatment of the concentrate before roasting may be

réqﬁired dependingfbn the intended use of the final produ&t.‘ (see
Appeﬁdix A). Highvlimeétone contents lead to high residual sulphur
in the roaster calcine by formation of stable calcium compounds. The
sulphur content of oxidé is requifed to be less than 0.1% for use in:
steels. In one operation this is reduced by leaching the molybdenite
concentrate in hydrochloric acid for 6 to 8 hours [21]., By maintaining

a slurry pH of 2.5 the Ca0 content is reduced from 0.5 to 0.05 percent;

In some cases copper may be leached by sodium cyanide.
However, this reagent is only effective in leaching secondary copper
minerals such as chalcoite and covellite and is ineffective with

chalcopyrite. Examples of this procedure in literature quote a
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lowerihg of copbé} content from 2 percent to less than 0.5 percent
at one U.S. operation and attainment of less than O.Z‘peréent copper
in two Chilean operations {[15]. This leachant has also been used

on the roasted product.‘ The copper coﬁtent,.as chélcopyrite, can
be significantly reduced by a hot chloride leach [22,23,24]. This
is also effective in lowering the lead (as galena) and calcium
contents, Current practicé involves approximaﬁely a 30 minute leach
at 110°C with additions of ferrous chloride, sodium chloride and
chlorine. The process can lower the copper content from an average
0.34 percent to less the 0.07 percent while 1ea8 when preéent (up
_to 2.0 percent) is reduced to less than'O;OSIpercent. Another
prdEéss‘désigned to*femove 1ead [25] involves a 16 hour leach at

85°C in 5% HCL.

Most molybdenite roasting is accomplished by multiple
heafth roasting although other means such as rotary reverberatory
furnaces or fluid—bed_roasters have been used. The process is
semi-autogenous in that the reaction is exothérmic although additional
heat_is often required for initiation of the reaction and to ensure
completion of desulphurization. With multiple-hearth roaéting the
' solids are fed in at the top while air is édmitted in a controlled
manner on most hearths. Air flow manipulation is important to

temperature control in roasting, a necessary aspect considering the
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volatility of mélybdig oxide and the 'sﬁickiness' proﬁlemS'that can
occur in the furnace. Increasing the air flow from low levels
results in higher hearth temperatures_due to greater rates.of
reaction. This increases to a maximum where-after higher air flows
result in lower temperatures from the diluting effect of excess air.
Cooling with excess air can be detrimental to SO2 scrubbling since
this practice dilutes the flue gas. ‘Adequate temperature ;ontrol
may be achieved gy.éhaft cooling and use of ﬁater spfays in the

hearth space [26].

The'roasting sequence involves the>voiatilization and
~ combustion of flotation oils followed by partial oxidation to moly-
bdenum dioxide (MoOé) which on further roasting is converted to
M003. During roasting rhenium is volatilized as heptoxide (Re207)

which enables recovery by gas scrubbing (at < 80°C) if sufficient

quantities are present.

As with all sulphide pyrometallurgical processeé dust.laden
sulphur-bearing gases are produced. The dust must be coliected by
some means such as multiclones and eléctrostatic precipitators to
avoid excessive losses and to protect the environmént. Dust burdens.
in the gas may be in the order of 10-157 of’the charge and may even

fluctuate to higher levels [27]. The cost of the dust-collection
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equipment can répresent up to 20 to 30 percent of the overall plant
investment [28]. In many caseé environmental consideiations‘require
that the emission‘of suléhur in the off gases be reduced to acceptably
low levels. _This is achieved by weﬁ.scrubbing and neﬁtralization with

lime [21,29] or by manufacture of sulphuric acid.

The technical.molybdic oxide prOducéd by roasting can be
used directly as additions to alloy steelmaking or may be briquetﬁed
with a pitch binder for the same purposé. The technical oxide is
also the usual starting méterial for production of other molybdenum
products. The principal process routes and final products are shown
" in Figure 7 [16]. Ascan be seen the oxide may be processed by chemical
means or by sublimation'to obtain high purity chemical forms aﬁd
electric furnace reduction of hydrogen reduction to pfoduce metallic

molybdenum.

A number of hydrometallurgical processes for treatment of
molybdenite concentrate have been proposed including leaching in
hypoéhlorite solutions, under oxygen pressure in alkaline solﬁtions
and with nitric acid. To date most have not been developed pést |
thé_pilot sfage. Apparently one commercial operation in the U.S.S.R.
uses a nitric acid‘process to deéompose.molybdenite but details were

not available [30].
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1.9 Advantages of the Nitric Acid Leach Process

Conventional roasting represents a relatiﬁely simple single
major step proceés for production of technical grade molybdic oxide.
However, it may suffer from a ﬁumber of limitations:

(1) Purity of oxide is subject to purity of concentrate

feed. |

(ii) High grade products require additionai treétment by

sublimation or hydrometallurgy.
(iii) Roasting produces dusty, sulphur-bearing off—gaseé
which must be cleéned for reasons of economy and
environmental protection.

) (iv) Rhenium recovery may be low.

The proposed low temperature niﬁric acid leach offers a

number of advantages as follows:

(i) Production of high grade matérial directly by leaching
and precipitation (9979% purity) as shown by laboratory
experimentation. |

(ii) Potential to treat off-grade concéntrates and obtain a
satisfactory product. The limits of this aspect have
yet to be experimentally established but on a commercial

scale may be dependent on plant operating conditioms.
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fhis enables the possibility of producing lower grade
flotation concentrates with associated higher recoveries
which would then lead to higher overall molybdepum
recoveries. |

(iii) Elimination of smelter gas handling problems by reject-
ion of sulphur as gypsum. |

(iv) Higher possible recovery of rhenium.

The nitric-acid leach process must élso cénéider environmental
aspects particularly with respect to emissions of toxic oxides of nitro-
gen. In-plant environmental safety can be enhanced by operating the
léaéﬁ Ves;éls under a slight negative pressure to avoid accidental
leakage. Althoﬁgh‘the nitfogen in the system moves essentially in
a closed cycle a small bleed stream may be necessary to eliminaté other
nitrogen oxides. Catalytic conversion of nitrogen oxides to harmless

forms would be required before emission to. the atmosphere but this

technology is currently available.

The botential for the process ultimately depends on economics.
It is not the object of this study to undertake an economic evaluation
but rather a metallurgical evaluation. However, the viability of the-
process may be influenced by the prices of the feed and product.

ie. -if impurity penalties are significant and if a premium price is
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received for high purity oxide.

1.10 Nitric-Acid Leaching ofFSulphides

Nitric acid has been considered as an éxidanf for sulphide
ores and concentrates since early in the 20th century but commercial
appiication has been virtually non-existent. The studies to date
have concentrated predominantly on sulpﬁides of copper_although those
of nickel and molybdeﬁum have receivéd some attention. The oxidizing
power of nitric acid also provides incentive for its use in place of .
other aqueous oxidants. Nitric acid mayalso be used in a "catalyst"

. cép;Eity &ithrsmallfadditions made to other leaching agenfs.'.Howéver;
“significant oxygen pressure may be required to at least partially

regenerate the nitric acid in-situ.

A general study of the reaction of nitric acid on a.number
of sulphides was reported by Bjﬁrling and Kolta in 1964 [31]. They
examined the behaviour of pyrite, pyrrhotite, chalcopyrite,-sphélerite,
galena and molybdenite with nitric acid under various conditions. The
examination of molybdenite was not extremely detailed although some

of the potential for such a system was recognized.

A somewhat general process utilizing nitric acid has been
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prOposed'by Posel et al for the leaching of transition metals from
iron bearing sulphide ores [32,33]. The loach system is based on
an elevated temperature, pressurized reactor with recovery of copper
niokel, zinc and silvervas‘well as‘other precious metals and sulphur
by various means including solvent extraction and electrowinning.
The dissolved iron is remoﬁed by precipitation, under pressure and

_belevated temperatures if necessary.

1.10.1 Molybdenum Sulphide

. _ The beﬂayiour of molybdenite in nitric acid hao beon studiod
by Zelikman et al [30,34]. They demonstrated ﬁhe leach/precipitation’
behaviour withio the same vessel as a function of time, temperature
and acid concentration. Oxidation curves at 20 ano 80°C and a solution
curve at 80°C show the expected behaviour. The.utilization of nitric
acid is increased by the injection of'oxygen to regenerate nitric and
nitrous acids. A stagewise decomposition flowsheet is proposed by

-Zelikman which involves additional intermediate leaching with ammonium

hydroxide.

Smirnov et al [35] performed laboratory-scale studies on
the oxidation of molybdenite in nitric acid at 80°C in the presence

of relatively large quantities of particular impurities or additives.



The rate of leaching was increased by direct injection of nitrogen
dioxide. The'apparent'activation'energy is quoted as 20-26 Kcal/
mole indicating that the reaction is chemically controlled unless

precipitation hinders reagent access to the mineral surface.

Nitric acid oxidation studies were also conducted by
Fedulov et al [36]. The oxidation rate was shown to increase rapidly

over 40-70°C but was slowed by diffusion once precipitation commenced.

A high-teﬁperaturé, high—pressure process for the nitric
acid oxidation of molybdenite has been dévéloped.by'Noranda Mines
Ltdw [37} The basis of the process is the oxidative 1eaching.and
precipitation in the one vessel. The conditions applied ensure
reagonable_reaction ratés with elimination of soluble impurities.
Howzver insoluble impurities such as silica, alumina and any pre-
cipitated gypsum would remain with the molybdenum product. With
sufficiently high temperatures and pressures avdehydrated molybenum
oxide is produced in tﬁe leach rather than the hydrated form. A
bleed stream is also required for sulphafe removal following recovery

of residual nitrate, molybdenum and rhenium.

Nitric acid is also used to purify roasted calcines con-
taining residual sulphur [38]. As well as lowering the sulphur

content the level of metallic dimpurities is also decreased.
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1.10.2 Copper Sulphides

A number of studies on the nitric acid leaching of copper
sulphides'have been conducted in recent years although the strategies
of the possible processes differ in some aspects.v Prater et al [39,40]
devéloped a flowsheet for nitric acid leaching.of copper concentrate
thch involved residue recycle with upgrading by flotafion and regrinding
(with new feed). Test work showed the elemental sulphur yield to be
dependent on acid conditions, temperature and the mineralogy. Whén
nitric acid is present in excess any increase in acidity or temperature
‘results in lower elemental sulphur yields. Elemental sulphur is con-
sidz}ed a; a more desirable form for subsequent diéposal.” Dissolvedv
sulphur is precipitated by lime in a separate step. Under suitable
conditions the iron is precipitated as a jarosite rather than a less

easily filtered hydroxide. The dissolved copper is recovered by solvent

extraction and electrowinning.

Habashi [47] investigated the.recoveries of copper and
elemental sulphur under varying conditions of acid concentration,
‘temperatﬁre; pressure and time of contact, These laboratory tests
showed the increasing copper extraction rates with increasing nitric
acid éoncentratidn,'temperature and time of contact. The elemental

sulphur yields were more complex, showing a maximum in most cases,
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which did not exceed 50 percent. The elemental sulphur yield could.
be increased élightly by prior heat treatment of the chalcopyrite.
Under conditions of high temperature and pressure the iron remains

in the leach residue as an oxide.

More recentlj_Bjﬁrling et al have proposed a nitriec acid
process for treatment of chalcopyrite [42]. The conéentraﬁe is lgached
in a sulphuric acid nitric acid mixture at elevated temperatures with
recovery of copper ahd iron sulphates by grystallization. To separate
the iron and copper the crystals are dissolved in water and oxidized

in an autoclave at elevated temperatures. The iron is precipitated

as goethife 1eaving a solution of éufficient purity for copper eleétro—
winéing. - This process also enables the recovery of zinc by solvent-
extfaction from the leach liquor as well as recovering an iron compound
of sufficient purity for recovery. The paﬁer élso presents a brief

economic analysis.

A rather detailed study based on a contiquous, integrated
semi-pilot plant operation has been presented by Brennecke et al [43]
with process improvements detailed by Davies et al [7]. The process
is based on a high-temperature, countercurrent leach with eventﬁal
copper recdvery by electrowinning after removal of residual nitrogen, -

iron as jarosite and selenium. Molybdenum, if present, is dissolved
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and may be recovered by liqﬁid.ion exchaﬁge but this applies to
relatively low concentrations, below the saturation limit. An

" economic evaluation shows the process to.be more viable-for
relatively small operations where pyrometallurgical costs per unit

of production would be extremely high.

The suggééted improvements to the process involﬁe the use
of a two-stage leach with direct injection of N02 gas regeneraﬁed
from the nitric oxide evolved. Besides increased leach reactor
performance the reduced equipment requirements enhance the economic

position of the process.

Acidified nitrate solutions have alsoc been suggested as
a possible reagent for in-situ leaching of copper ores [44], The
presence of nitrates would enhance the conventional in-situ acid

leaching rates.

1.10.3 Nickel Sulphides

Habashi also presented a study on the extraction of nickel,
copper and elemental sulphur from a low-grade, pyrrhotite-pentlandite
concentrate [45]. Under suitable conditions of acid concentration,

and temperature high batch recoveries of nickel and copper could be
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attained in relatively short times.

The effécts of the sulphuric-nitric system on a pentlandite
concentrate was- investigated on a laboratory scale by Ouellet et al
[46]. They studied the influences of time, temperature,'sulphuric
and nitric acid concentrations and pulp density on the extractions
qf nickel, cobalt and copper. This system Qas determined to be
diffusion controlled by the formation of a film of elemental sulphur
and basic ferric sulphate on the mineral surface. The plot of Fig. &
demonstrates the slight effect of sulphuric aﬁid concentration over

'thgﬂranggio - 1.0 Foles/litre on extraction for a nitric ;cid con~
centration of 1.97 moles/litre.

él Bjorling and Mulak investigated the dissolution of synthetic
millerite (NiS) in nitric acid [47], aﬁd determined the process to be
chemically controlled. Nickel extractions increased with temperature
and nitric acid concentration and almost complete sulphur dissolution

- was achieved with nitric acid concentrations in excess of 2 molar.

A pilot-scale study of a nitric acid process for treatment
of high-grade nickel matte or a nickel-cobalt sulphide precipitate
has been described [48]. The feed is leached in nitric acid at

atmospheric pressure and 90°C. Several flowsheets are presented but
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Figure 8, Extraction of nickel, cobalt and copper from pentlandite by
nitric acid as a function of initial sulphuric acid concentration. [46]
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-the basis of thg subsequent processing is purification’and denitrifi-
cation prior to electrolysis. Purification is achieved by hydrolysis
for iron, HZS precipitatibn for copper.and zinc and ni_ckelhydroxide~
or sodium hypo-chlorite additions for cobalt removal. .Nitrate elimi-
nation is accomplished-by c?ystallization of nickel éulphate or by

precipitation of basic nickel carbonate.

1.11 Modelling in Hydrometallupgz'

With the increasing emphasis on hydrometallurgy_in recent
‘yeggs,thgre has beén greater interest in the modelling of such processes;'
Often, due to the'proprietary nature of the work, the details of the
modelling afe not published but may be referred to as existing. Howevér,
the approaches of a number of hydrometailurgical nodelling studies have

been published.

Owing to fhe scope of this work, hydrometallurgical modelling
will be discussed only with respect to leaching. Simulation of leaching
involves the analysis of the kinefics of the system generally involviﬁg
irreveréible reactions under steady state or unsteady state conditioms.
Equilibrium modelling, where the transient period is relatively small
and only the final distributions aré important is generally of minor

significance in leaching.
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1.11.1 ‘Leaching

kThe metallﬁrgical aescribtion of leaching process can be‘
considered on twp‘scales: |
(1) Micro-scale which involves a characterization of the
chemical processes or boundéry;layer mass-transfer kinetics occurring
in these heterogeneous reactions.
(2) Macro-scale which describes the physical distribution

of the system and which influences the rates of the chemical reactioms.

Usually the rate of reaction ié controlled by the chemical
processes which océur on the particle surfaces or by maés ttahsfer of
species-to the reacting surfaces. In rare cases the dispersion of
oxidant, such as dissolved oxygen, may be the rate limiting step. At
the usual temperatures of operation in hydrometallurgy the chemical
surface reaction is rate controlling unless reagent access is hindered
by unleached golid or precipitated material. This latter pﬁenomenon
can lead to mixed control with the chemical reaction as the rate
controlling step for low degrees of extraction while.mass transfer
becomes the rate-~limiting factor when diffusion cannot maintain an

adequate reagent supply [49].

Two extremes of leaching practice can be considered. The

first applies to leaching of high grade materials such as concentrates
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where a high proportion of the input solids mass is:leached. The
se;ond case applies to low grade material wﬁere only a small fraction .
of the mass of éoli&s is leached from an essentially inert matrix. A
popular approach to the modelling of the leaching of particles con-
taining disseminated leachable minéral in an inert matrix is the
shrinking core éssumptioh, The reaétion front is considered to.be
quite narrow and grédually proceeds toward the centre of the particle. -
The particles may be considered spherical or allowances made for non-
sphericity, pore structure and nonuniform mineralization or exposure
[50]. A similar approach is often used for leaching of particleé
"which leach completely or almost completely to solublevproducts. The
particles- are assumed épherical with or without appropriate corfection

factors and simply shrink as the reaction proceeds. Although the

'

pariicles are almost certainly non-spherical before leaching, the pro-
gregsion of the leaching front may smooth out the "roughness"; particu-
lariy if the process is isotropic. Bjorling [42] utilized a grain-ageterm
based on the diminution of a characteristic dimension of the particle

to account for the change in surface area.

It can be seen then, that the description of leaching kinetics
can be quite complicated, with variation in feactionbcontrol, ranges in
particle size and mineral distribution; One siﬁplifiéd apbroach is to
group the rate-limiting effects into é variable activation energy term

[51]. As the reactive mineral becomes more inaccessible or more refractory
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- the activation energy is increased to account for the change in

reaction rate. .

For a chemically-controlled reaction then, the rate may

‘be classified by relations of increasing complexity.

¢H) | |
n
r = KC' W (18)
"where. r = rate of reaction
K = rate constant
C = concentration of leaching reagent
W = weight or mole concentration of reactive mineral
n = reaction order w.r.t. C

~  all in appropriate units.

This is a very simplified approach which accounts for the
change in surface area only by the change in weight concentration of

the species.
(2) .
3 n w2/3 (19)

This is of more representative than Equation (18) since the

exponent of W expresses the surface area to volume ratio. The method
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is strictly accurate if the leaching particles are equi-sized spheres

but the method may be useful for épproximations.

(3) a » . |
r = K, 9 W - . (20}

:_ where Kv includes the variable activation energy

The parameters included in the activation energy term must
be determined by statistical analysis of experimental data.

(4) ' :
r = KC A (21)

where A = sgsurface. area for reaction

The;variation in area term must be accounted for in some manner. As
mentioned previously the shrinking sphere, with or without adjustment
factors is often used. An empirical method accounting for the change

"in area is considered later in this thesis.

Even though'the reaction kinetics might not be 1inear.they
may, for the purpose of analysis, be considered as linear over small

ranges of variation. However analysis by this method is somewhat

restrictive.
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The pﬁysical motion of the system must also be‘considered.
Three cases are described:
(i) Static béd of solids with passage of leaching solution
- and possiblf gas as in dump, column‘or in~situ leaching. A number of
models of these processes have been published [50,52,53,54].
(2) Leaching where both solids and liquids are in motiom.
i.e. agitation leaching
(a) Continuous processes where phases are continually
added and withdrawn from the system.
(b) Batch leaching where the system is eésentially

closed during the reaction.

The objeét of this project is to simulate a continuous,
cocurrent, agitafion—leaching process., A‘graphical approach to predict
continuous cocurrent-process behaviour from laboratory batch—-extraction
data is described by Jones [55].' The method is shown in figures 9 and
10. The quantity of component dissolved, Q, in a batch test is obtained
as a function of time, t, as in Figurg 9. This extraction curve is
analysed by practical or mathematical means and the slope,-%% , is
plotted against Q as shown in Figurg 10. A line of slope equal to the
inverse of fhe nominal residence time (6) and passing through the stage

input value of Q on the absicca intersects the stage output value on

the curve. This construction is continued for as many stages as desired.
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?

: Figure‘9. Typical extraction curve. |

Q

Figure 10. Rate of extraction vs. extraction ;
showing construction for staging analysis,
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Alternatively, the e#traétions can be determined on a trial and error
basis for a particular stage configuration. Since this anélysis is
based only on the amount of matérial dissolved it is only suitable for
the same initial conditions of feed solids, solution and temperature
as in thé batch test. It also only applies to the condition of back-~
mixing although this assumption is reasonable for low reaction rates,

long residence times and sufficient agitationm.

The general mass balance approach applied to purely backmixed
reactors involves a set of component and overall mass balances with

rates determined as a function of output concentrations for each vessel.

The simplifiéd form of the solution component balance is ex-—

pressed in Equation (22) for a leaching reaction

ve = v Co + 1V (22)

where v = solution volumetric flow rate
cC = conééntration of component in outlet solution
Co = initial coﬁcentration of componenf in input solution
r = rate of reaction per unit volume

V = volume of vessel
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Again, the difficulty is in evaluation of the rate term and accountiﬁg

for variables which affect r.

If the residence time distribution (RTD) has a significant
influence on reactor performance it may have to be taken into account.
For perfect backmixing the RTID is given by:

(23)

E(t) = Ze
t

where t = time

(ad!
it

nominal residence time

For;npn—ideal mixing the summation approach may be the most suitable
i.é.. n summing the reaction for each empirically—determined residence
ti&é range. This procedure is satisfactory for first order reactions
siﬁce the rates are then independent of concentratioﬁ.' For non first
order reactions the situation is considerably more cémplex. Detailed

analysis of the chemical engineering principles involved are given in

the references [1,2,56,57,58,59].

1.12 Modelling of other Unit Operations in Leach Circuit

1.12.1 Grinding
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With the current flowsheet it is envisaged that ball nilling
will be used to reactivate the leach residue. The objeét of grinding
simulation is usually to determine the producf size distribution as a
function of feed size distribution and’mill_parameters; By ﬁecessity,
the modelling of grinding'ié extremely empirical and involves a large

series of calculations to account for the complete particle size range.

A kinetic model may be used for ball milling based on the

following first order assumption [60].

d W
dt

= - Ki Wi _(2%)

where Wi " amount of material in size range i

Ki = breakage constant
d Wi
TR rate of breakage from size range i

The complete analysis is based on the assumption of. perfect backmixing,

a condition which is reasonable for ball milling.

Another method for grinding simulation is the matrix model
which involves a combination of classification, selection for breakage

and breakage matrices to determine output size distributions [61].
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A number of theoretical relations have been proposed to
describe size reduction. The one which applies.ﬁo:e closely to fine

grinding is that of Rittinger.
dE = ——‘—'f"' . (25)

where dE unit energy input

C = proportionality constant
X = size dimension

Rittinger's Law states that the amount of new surface area produced
in>5ioportional to the energy input to breakage. This energy of
breakage, however, represents only a small fraction of the total

energy input to a mill, the rest reporting as heat and sound.
0

1.12.2 TFlotation

It has been found that flotation often closely follows the

simple first order relationship of Equation 26 [61].
r = KW v (26)

where r = rate of flotation
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=~
]

flotation rate constant

W

concentration of floatable component.

The flotation rate constant K may be theo#etically dependent to
varying degrees on a large number of variables [62]. These variables
includeAparficle size, degree of 1iberation; air bubBle surface area,
fréction of bubble surface covered with minerai and the efficiency
of the froth in retaining the desired mineral. The complete
characterization of all influencing variables is not possible. How-
ever, the range of some of these variables.in practice may be suffi-

ciently small that they can be assumed constant for approximations of

circuit behaviour.

On the basis of Equation (26) and backmixed flotation cells

it can be shown that the recovery of floatable mineral is [63]:

K 8
Rl__ 1+K6 . 27
where R1 = recovery from lst cell
8 =

cell retention time

This can be extended to recovery from the nth cell in

series:



- 62 -

n=-1
= X8 4. ,
2T Trxe @ i U | (28)

Hence the total recovery from a simple series set of flotation cells

is the summation of the individual cell recoveries.

»R = Z(R1 + R2 + ... Rn), (29)

i

1-q +re)™ (30)
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CHAPTER 2

BASIS OF THE LEACHING MODEL

The basis of the leaching model had to be established to
determine the experimentation required to provide necessary déta.
Hence this Chapter introduces the approach to the formulation of
the leaching model while complete details are presénted in Chéﬁter
4 along with the formulation of the models of the other unit

operations.

2.1 Modelling by:Mass Balances

Mass balancing was considered the most practical and.
versatile method for simulation of leaching. For the steady state
conditions considered the mass balance is most simply described by

. Equation (31).

0= 1 * R | (3D

where 0 = rate of output
I = rate of input
R = total rate of generation (+) or consumption (-)
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The mass balances are applied to active components in each phase as

well the éverall phases. 1In the flowsheet considered there are two

solids streams entering the leach. These are considered as separate
phases throughout the leach train for reasons -enunicated later in

this chapter.

It has already Been shown that the reaction is relatively
slow. Therefore the degree of extraction in any one staée is not
likely to be very high. Hence fhe leaching vessels are considered
to be entifely backmixed regardless of their design. The existence
of the recycle solids stream validates, to an extent, the neglectingb
of?ény n;n—ideal residence time distribution (RID). For~examp1e, a
pafticle which Shoft_circuits the leéch has a higher probability of
rétentering the leach train earlier than a.partic}e which has not

short circuited the leach. However this does not entirely nullify

the effects for a non first order reaction.

There are many possible complicating effects but these
are neglected on the basis of negligible influence and the aim of
maintaining modei simplicity. .These factors include the RTD's
for the solution as well as both solids streams. As well, the RTD
for the different classes of particle size may vary, Consideratioﬁ
of a RTD that is not ideally backmixed leads to a rapid escalation

of required computations since each residence time class has to be
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considered separately.

2.2 Rates of Reaction

Rates of the chemicallywéontrolled reactions must be defined
for finely divided concentrate in an aqueous medium. Two different
bases are used in this model for the different minerals considered.
For molybdenite the characterization of the leaching rate of a con-
centrate consisting of non-uniform particles is based on equétion (21)

MOLYBDENITE:

r = Kcta 21

Two other sulphide minerals are conéidered since they con-
sume nitric acid and raise the impurity content of the solutions.
For the concentrates used the major sulphide impuritiés'aécounted
for were pyrite and chalcopyfite. Since they are present only in
relatively small quantities the éimplified description of Equation

(19a) is used.
PYRITE, CHALCOPYRITE:

r = KC w2/3 . B (19a)

For lack of information the reactions for both these minerals are

considered to be first order with respect to C.
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It is required not only to determine what the parameters
are in these reactioms but to account for the changes that may

occur in them as the reactions proceed.

The importance of fhe anélysis of both the C and the A
terms is shown by a rough analysis of prev1ous experlments (Reports
7 and 8, reference [4]). The extractlon curves for as—recelved
concentrate and concentraté that had been wet ground for one hour
in a pebble mill are plotted in Figure 11. These points have been
approximately fitted to power curve equations of the formy = a tb.
The rates of leaching as a function of time were determined by
digfere;tiation and are shown in Figure 12. Although it cannot be
cléimed that this anélysis ig accurate it still demonstrates the
p01nt that in a partially closed or bounded system the.finer material
will initially leach faster but will eventually leach at a slower
rate due to depletion of solids and consumption of active reagent.

However the net extraction will still be greater for the finer solids

at any particular time up to that for complete extraction.

2.2.1 Analysis of Terms

(1) r - rate of leaching per unit volume of solution
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Figure 11. Extraction curves for Gibraltar molybdenite
concentrate (a) as received (b) wet ground one hour in
laboratory pebble mill. 49,97Mo, initial pulp density
112 grams/litre solution, initial 4M HNO3, ambient
temperature, atmospheric exposure, [4]
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Figure 12, Leaching rates of Gibraltar molybdenite
concentrate (a) as received (b) wet ground one hour.
Conditions as in Figure 11,
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@ c
" In the earlier discussioh it was shown that the exact
mechanism for leaching of sulphides by nitric acid may be quite éomw
plex. On the basis of empiricism then, the term C was taken as the
"nitric acid" concentration in molar units since it could be measured
and had a determinable influence on the raté of reaction.-
(3 n
_Havingdecidedto use the nitric acid concentration as
the reactant in solution the reaction order had to be determined by
exﬁeriments using standard procedures.
(&) A
This defines the surfacé area of particleé on which
the chemical'reaction occurs. It is éommon'practice to consider a
'uniform' or 'average' particle within the bulk or particle}éize
rahge for analysis of this term. Haviﬁg defined the single particle
the overall behaviour is described by sumﬁation over all the particles.
The SEM photographs in Figure 13 show an extreme non-uniformity of.
size and shape characteristic of.molybdenite concentrates. Accounting
for the change in surface area of a moldeenite_particle is alsé com-
plicated by the following factors:
(i) 1Initial definition of A is not adequate éince it

cannot be determined accurately.

(ii) Anisotropy of leaching. Leaching is more active



(c) (d)

Figure 13. Molybdenite concentrates. (a) Brenda +325 mesh.

(160x) (b) Brenda -400 mesh. (160x)
(c) Gibralter. (325x) (d) Gibralter. (1600x)
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at the plate e&ges and defects thus leadiﬁg to complex effects on .
A (see Figure 14) |
(2) Leaching of plate edges decreases the 'active' area
available for leaching since the plaﬁe is shrinking.
{(b) Leaching of defects ﬁithin a plate increases the
. active surface area since the pits formed enlargen
as the reaction proceeds. |
'(iii) The plate structure of molybdenite can lead to.
phenomona that are difficult to‘take_into acéount. The weak boﬁding
between plates may result in the cleavage of particles, induced by
agitation or b? NO gas pressure where solution has penetrated between

pléteé.

(iv) The softness of the mineral can lead to severe physical

deformation which would likely influence leaching characteristics.

The conclusion is that the single particle basis is illogical
for this system. It would be more advantageous to describe the bulk
properties with respect'to A in order to truly describe the average

behaviour.

The numerical value of A remains an undefinable term in
relation to the active surface area and the manner in which it changes.
An extremely approximate analysis was performed on data from reference

[64] where the average particle'diaméter and surface area per gram



(a)

(b)

Figure 14. Leach residues. (a) Gibralter concentrate leached 3
days,initial pulp density 168 g/l solution,initial 4M HNO,,
647 extraction. (2000x). (b) MoS2 concentrate leached to

60-757% extraction. (4000x).
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were determined on four different concentrates by Coulter éountef

and BET with krypton gas respectively. Calculations based»on disc~
shaped particles and the experifientally determined values show the
thickness tovdiameter ratio to inc?ease as the particle size_decfeases.
(see Figure 15). The effect on surface areas is also shown. This is
‘not conclusive evidence since the ratio will be influenced not oniy
) by the degree of grinding but also the morphology of thé‘mineial in
the ore. However it does demonstrate the complexity involved in

evaluating the reactive surface area.

The problem is overcome by the following strategy using the

results from batch experimentation. Equation (21) is normalized as:

r = K' cta (32)

where A' = x A = area factor
t=0

For batch or continuous cocurrent leaching then:

r = K'C at t =0 : (33)

The functional form of A’ versus fraction leached.(area decay curve)

can be determined by curve fitting of appropriate experimental data.



- 74 -

8
o
Q
N X 6
o ~
» |~
= <
u.
< %%
'O\us
>«
o
< ~ 4h
wow
ﬁn:<
- <
3w
T 93
o uw g
NN~
v <«
."”lﬂﬁz_
2 &
N
S ¥ B
I O o
~ W ool
C G 1 . |
10 20 30

PARTICLE DIAMETER _(um)

Figure 15. Approximate dimensional characteristics of
four molybdenite concentrates.
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This then defines the area factor in a teérm independent of time.
If A' is determined on a per unit weight of solid basis then an
additiohal term has to be introduced to account for the pulp density

and its change in the practical system.
r = K' c'a' P ' (34)

where P = ratio of current pulp density to experimental pulp

density

A linear relationship between active surface area and weight of solids

is assumed. To allow for the effects of temperature the Arrhenius factor

is introduced into the rate constant term.

—EA/RT
K' = Ké e _ (35)

where EA = activation energy
R = gas constant
T = absolute temperature

For evaluation of the rates of reaction of M082 the two
solids streams entering the leach (new solids and recycle solids)

having different analyses and particle size distributions are con-

sidered separately throughout the leach. Although bulk analysis
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and initial area factor could be easily calculated by a‘weighted
‘average, the properties subsequent to commencement of leaching are
much more difficult if not impossible to determine. A simple analogy
based on leaching of uniform spheres demonstrates this point. TFor a
hypothetical constant leaching environment the rate of leaching depends
only on the surface area. The surfaée areas versus fraction leached
for an equal mass of spheres of 1 unit radius and 2 units radius are‘
shown in Figure 16. Several pbints of equal leaching time are joined
by dashed lines to show how the surface areas vary. The data is
replotted in Figure 17 as surface area versus time. The total surface
area for a 50 wt % initial mixture of each size is also shown. This
denionstrates the complexity when considering just two particle sizes
andgindicates the ptoﬁlems when considering a continuous range of

particle sizes or particle size classes.

L
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Figure 16. Surface area vs. fraction leached for initial equal masses of

spheres of one unit radius and two units radius. Constant leaching

environment.
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TFigure 17. Surface area vs. time for initial equal masses of spheres of
one unit radius and two units radius. Constant leaching environment.
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CHAPTER 3

EXPERIMENTATION

The previous Chapter outlining the basis for the model
formulation also indicated the fype of data that would be required
to operate the model. Data that were not available from the'previous
work, literature or by analogy were furnished by designed experiments.
Most experiments involved relatiQely short term tests in which the

effects of changing variables could be neglected or averaged.

~-The molygdenite concentrates used in the test work were
supélied by Endako Mines Division of Canex Placer Ltd. (Sept. 1977)
and Brenda Mines Ltd. (Sept. 1977) both located in British Columbia.
Both concentrates were‘direct flotation products.which héd not béen

- subjected to the purification leaches practised at each of thé plants.
Chemical analyses and sizings for these two concentrates are listed

in Table VII.

3.1 Apparatus

The experimental apparatus is depicted in Figure 18. The

leaching reactions were conducted in a standard 500 ml filtering flask
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Table VII

CONCENTRATE ANALYSES AND SIZINGS

Analysis Endako - Brenda
Mo 54.82% 55.92%
Fe 0.84 0.65
Cu 0.027 0.237
Pb’ 0.048 0.32
Bi 0.059 -

S 37.63* 38.36%
510, ) 8. 0% -
INSOL - 1.59

Sizing 5% + 19 microns

447 + 9.miCrons
56% - 9 microns
(n99% - 325#) (v72% - 3254)

* by calculation on basis of MoSZ, F

*% typical value

eSZ, CuFeS2




Figure 18. Experimental apparatus.
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at essentially étmospheric pressure. Température was automatically
cohtrolled for most of the tests by a Thermistemp controller using
an immersion heater located in the water bath surréunding>the re-
action flask. Temperature within the reaction flask was usually
maintained within * 0.5°C of the desired set-point. Agitation was

achieved by magnetic stirring.

The reaction flask was sealed during the reaction to avoid
oxygen access and in-situ acid regeneration. The gas produced by the
leach was trapped in a gas-collecting tube with the water being dis-

placed through an overflow.

Beforé mogt leaching tests were perfofmed the éolution’in the
reaction flask was bubbled with argon and then nitric oxide produced
in a gas generator by sodiumnitrite and sulphuric acid.‘ Bubbling with
argon eliminated most of the air from the system while bubbling with
nitric oxide attempted to duplicate the continuous system which is
saturated with this gas. It was impossible to avoid some air access
when opening the flask to‘introduce the concentrate but the effects of

this were considered minimal.

3.2 Chemical Analysis

Solution analysis was chosen to gauge the extent of reaction



- 82 -

since changes in molybdenum concentration could be réadily detected
by atomic absorption techniques whereas chénges in solids content was
more difficult to determine and less reliable. A Perkin Elmer Model

306 Atomic Absorption Spectrophotometer was used for the analyses.

Standard solutions for molybdenum, as outlined in the operating
manual, required sligﬁtly alkaline conditions; Since the 1éach solutions
were acid and contained iron the treatment with alkali could result in
hydroxide precipitation, thus necessitating filtration. The use of acid
standards was investigated and found ﬁo be satisfactory. Acid standards
were necessary since the use of acid test solutions and alkaline stan-

dar&s gavé low res&lts,
; Molybdenum is knowﬂ.to suffer from interfering ioms in AAS
anaiysis. Suggested methods for overcbming interferences-involved the
additions of large quantities of particular salts sqch as aluminium
chloride and ammonium chloride to the solutions. Additions of ammonium
chloride created highiy unstable readings on the AAS. To avoid effects
of interferences the standard solutions were generally made with start-
ing leach acid which already contained nitric and sulphuric acids, and
dissolved iron. Testing also showed that molybdenum absorbance was

‘relatively insensitive to nitric acid over ranges of interest im this

work.
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Iron and copper atomic absorption analyses were conducted

with simple acid standards produced by dissolution of pure metal.

3.3 Experimentation and Analysis

The results of the experimental program, including the
" initial exploratory experimentation, are tabulated in Appendix B.
The more important results are analysed and discussed in the remainder

of this Section under the appropriate headiungs.

3.3.1 Reactién Order with Respect to Nitric Acid

To deterﬁiné the reaction order the initial rate of reaction
was detérmined for different initial nitri; écid concentrations.. Other
possible variables were kept.as constant as possible by the following
conditions.

(1) Use of large particle sizesé Since the Brénda concern-
trate was the coarser of the two, the +325 mesh fraction of it was used
in these tests.

(2) Termination of experiments at low degrees of extraction.
so that the area of‘reaction only changed by a negligible amount. For
the different acid concentrations the tests were termina;ed after

different times to attain similar degrees of extractionm.
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(3) Low pulp density tests so that there are only minor

changes in solution concentrations.

Since the area of reaction is essentially constant for
these reactions the area may be included within the rate constant so

that the rate equation becomes pseudo-homogeneous.
r = K'[ENO,]" o - (36)

Therefore the plot of log r versus log [HNOS] has a slope equal to
the reaction order as shown in Figure 19. The slope is evaluated
at 1.84 for the filled points. Due to the limited experimentation

thefreaction order is taken as 2.0 for the model calculations.

The two high points at lM[HN03] are néglected in the analysis
since they were long~time tests and possibly subject to particle cleava-
ging. The test involving the addition of sulphuric acid demonstrated

a very minor difference from those without sulphuric acid additions.

3.3.2 Determination of Area Factor Relationship for Endako

Molybdenite Concentrate

The aim of this series of experiments was to determine how
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the reactive surface area of the molybdenite changed as leaching
progressed. Since the leaching rate is divectly proportional to thé
active surface area the relative change in aétive surface areéfcould
' be determined from controlled éxperiments. - In these experiments the
leaching conditions for each test were maig;ained constant. (solution
composition, MoS2 pulp density, temperature) except for the dégree to
which the input solids had been leached. .The tests were performed in-
series with the residue from one test as the. feed solids for the next
test. The measured rates were plotted as a function of the arithmetic
average of the degree leached of the inpuﬁ and output solids. for
accuracy the degree of leaching within any particular test was kept

relatively low. The results are plotted in Figure 20.
P
The experimental points were fitted to a three parameter
exponential equation using the U.B.C. subroutine LQF [70].

0.3360

3 e"3'3134 ¢ (g/litre.sec)

r = 4,664 x 10
' (37

where ¢ = fraction of MoS2 leached

This equation fits the points remarkably well but is unrealistic be-~
tween zero extraction and the first experimental point, as well as for

extractions above the final experimental value (v50%). For model
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stability a separate linear relationship with an estimate of the
intercept an the ordinate is assumed for the zone adjacent to Zero
extraction. The area factor,A', is obtained by normalizing the
experimental curve by dividing through by the extrapoléted value of
the rate at zero extraction. This value calculated from the curve .
fitting was initially employed although the use of the value from

the linear approximation may be more realistic. It is not important .
though, since the normalizing value is only a reference point and will
not influence the final results. Under this scheme the area factor

relationship is give by:

0.5003 - 4.586 ¢

AY =
for— - -0 & ¢ <& 0.0333 - (38)
and, “
' 0.3360
AT = e—3.3134 ) (39)
(
for 0.0333 ¢ ¢ < 0.5
Having calculated the value of n the effective rate eonstant
K' can be calculated since at t = 0 A' = 1

r = K'[HN03]2 . | (40)

-4 g Mo [ .
"= 2.01 -
K 2.915 = 10 ( mole Mo )( sec.mole HNO3)
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L

o 10 g Mo .
v =
and Ko 4.5359 x 10 ( molo Mo ) (

using an activation energy of 20 Kecal/mole,

sec. mole HNO

)
3

This value accounts for the molar concentration of nitric acid and the

mass rate of extraction of molybdenum.

By similar procedures the rate constants for pyrite and

chalcopyrite in Endako concentrate were determined assuming activation

energies of 10 Kcal/mole.

: : ' 2/3 1/3
- - e L 4 g Fe %~ " (mole Fe) :
Fe in FeS: "K! = 1.1516 x 10 (—2—52)( —7= HNO - sec )
v 2/3 . 1/3
) _ 3 g Fe 2 (mole Fe)
. ! =
Fe in CUFeSZ' Ko 2.618 x 107 ( mole Fe ) ( . mole HN03-sec )
' ,2/3 1/3
3 g Cu 3 (mole Cu)
. . ¥ = -
Cu in CuFeSz. Ko = 2.978 x 107 ¢ mole Cu )< mole HNO,°sec )

3
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CHAPTER 4

FORMULATION OF MODEL -

The model is constructed on a modular basis with a main
control program and separate subroutines for different real and
hypothetical operations. The block diagram flowsheet on which the
computer model is.based_is presented in Figure 21 while thg flow
diagram for the computer program is shown in Figure 22.

The model was developed usiﬁg the computing facilities at
U.B.C. initial wa;k was~§onducted on an IEM 370/168 while the latter
st;ges involved the use of the Amdahl 470 V/6 - II. Double précision '

arithmetic was used for the calculationms.

Initial Assumptiomns

(1) The feed concentrate is relatively uniform with respect
to chemical analysis and partical size distribution. This is necessary
siﬁce the behaviour of the model depends on parameters associated with
the feed. Milling operations tend to produce a relatively comsistent
product despite variétions in the mill heads so that a singlé cali~
bration of a concentrate should be adequate.

(2) Laboratory determined parameters are assumed to apply to
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industrial scale. This may apply reasonably well to many leaching
systems but such extrapolation is less accurate in the case of

grinding and to a smaller degree, flotationm.

4.1 Recycle Estimates

Since there is a solids recycle stream in the flowsheet
realistic estimates have to be made for the parameters associated
with this stream in order to commence calculations. On passing
through the entire cycle these recycle parameters are-célculated and

compared to the initial estimates. If the guessed and calculated

vaiﬁes are not within a specified tolerance the guesses ére édjusted.
and the calculatioﬁs redone.‘ The adjustment criterion is a modified
Wegstein method which uses secant techniques. Two sets of guessed
and calculated ﬁalues are required to operate the secant method. The -
sets are produced by a small perturbation in the guessed variable for
the first time it does not fall within tolerance. Subsequent new

guesses are produced by the following relation

Xern = Ko — (- XCPR (41)
where X = estimated value
XC = calculated value
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k = dteration number

R = mnultiplying factor defined by:
R = (Xk - Xk__l)/(Xk - Xk~1 - XCk + Xck~l) (42)

Subject to R £ R
_ max

This convergence algorithm is performed by the main program on recycle
parameters that are initially out of tolerance or stray out of tolerance
due to variations in other parameters.

4.2' Concentrate Mixer

!

¢ This hypothetical'unit combines the new solids and recycle
solids to determine the bulk analysis of the total feed to the leach
train. - In reality new and recycle solids streams would be fed

separately to the leach train with adequate mixing occurring quite

rapidly in the first stage.

' For the purpose of simplifying calculations the pyrite and
chalcopyrite in the recycle solids are transferred to the new solids

stream.



4.3 Leaching

Assumptions
@8]

)
3

(4)

(5)

(6)
(7

(8)
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All leaching reactors operate at the same temperature.
(by controlled cooling)
Each reactor is backmixed.

The volume occupied‘by solids and gas in the slurry

"is small and relatively constant. For the model

calculations the solids and gas are considered to
occupy 8% of the total slurry §olume.'

Solution volume is assumed constant with variatioﬁs
ocqﬁrring in density as the reaction proceeds.

All reacted sulphide is considered to dissolve as
sulphate on the basis of the long contact times and
the minor concentrations of chalcopyrite.
Negligible'frothing occurs in tﬁe reactors.

Iron and copper are in the form of pyrite and |
chalcopyrite,

The leach is operated at approximately atmospheric

pressure.

Since the reactors are backmixed the rates of reactions are

dependent on the output concentrations of the influencing variables.
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Hence the set of equations describing the leach must be solved

simultaneously.

A set of eighteen equations, fourteen of which are

4.

non-linear are established to simulate the leaching system.

Nomenclature

for Leach Equations

Subscripts

1

(¢]

Variables;

PI

input
output

recycle solids

volumetric flow rate of leach solution
deﬁsity of solution

mass flow rate of solids

mass fraction of component in phase
reactor volume

rate of generation of component in phase per vessel

‘rate of consumption of component in phase per vessel

area factor for new solids relative to standard pulp'
density |
area factor for recycle solids relative to standard
pulp density

ratio of current pulp density of new solids to
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experimental pulp density used for determination of

?
Ko
‘Pﬁ = ratio of current pulp density of recycle solids to

experimental pulp density used for determination
$
of KM0

Kﬁo= rate constant for molybdenum leaching*

K%e= rate constants for iron leaching®
K&u= rate constant for copper leaching*
¢ = fraction leached

LEACH EQUATIONS

Coﬁponent'Balances' (g/s)

:
{

( Liquid - (Mo, Fe, Cu, HNO3)
v o Xi - Vo, Xo_ + Rg - RC = 0 (43)
Solids (New Mo, Recycle Mo, Fe, Cu)
vy Xi - W Xo + Rg - Rc = 0 (44)

* based on 1 litre of solution.
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Overall Mass Balances (g/s)

Liquid

vp, - vp_ -+ ZRg - ZRC = 0 (45)

Solids (New solids, Recycle Solids)

W, - w_ + XRg - ZRé = 0 | (46)

RATE EQUATIONS (New Mo, Recycle Mo, Fe, Cu, HNO;) (g/s)

NewlMo Ry = K [HNO;1Z ARV - B3

where A' is determined by interpolation of experimental results and
P' by extrapolation based on a linear relationship between

surface area and mass of solids.
., | _
. = [} K} ¥ .
Recycle Mo RRMo KMo[HNOB] ARPR \) (48)

Fe R, = K 0,107y (49)

In the model this rate is considered in two parts: that from FeS2 and
that from CuFeSzQ
/3

2 :
= '
Cu R KCu[HNO3]w ’(50)
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HNO

(51)

= V4 :
RHNO 3.9412RMO +. 5.6»19RFe + 0.6611RCu

°3
where the constants are based on the stoichiometry of leaching of

MoSz, Fesz, CuFeSzg

AREA FACTORS (New Mo, Recycle Mo)

as
New Mo A' = ¢ 227 (52)
where a,, ay are empirically determined constants.
- Réczcle Mow Aﬁ = by e P2b30r o (53)

where bl and b2 are parameters conditioned by the regrinding step and

b3 is a constant.

The solution of such a set of non-linear and linear equations
is a formidable task. Several subroutines are available at U.B.C. to
solve these equations But the subroutine SSMv(see U.B.C. NLE) was chosen
since it was quoted as thevmost "robust" [67,68]. The equations are
programmed in the following form:

Nén—Linear .

Fx = 0 | 2 (54)

Linear

Ax = B . (55)
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Basically this is a secant method which requires an initial

set of output guesses to commence computations. Hence guesses have

to be provided for each leacﬁing stage.

4.4 Leach Balance

The purpose of this subroutine is to calculate final stage

leach output values that are not determined by the solution of the

simultaneous equations. Values calculated are:

(1)
(2)

(3

(4)

(5

(6)

4.5 TFilter

Total solids flow fate - sum of new and recycle solids.
Molybdenum content of combined solids.

Siliceous insoluble content of solids by mass balance
sinée this component is unaffected by the leach.
Sulphur contents of combined solids and of liquid by
stoichiometric balance.

Calculatibn.of the weighted-average area factor of
solids exiting the leach. |

Total fraction of molybdenum leached from new and

recycle input solids.

The filter subroutine performs the solid/liquid separation

- on the leached slurry. At present it allows for 100% of the solids
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to pass to the regrind operation but was included for future expansion
of the program. The main factor to consider in filtration would be

the lpss of filtrate in the filter cake rather than loss of solids.

4.6 Regrind

The regrind operation not only increases the absolute value
of the area factor but also increases the curvature of the remaining
composite area decay curve. From Figure 20 it can be seen that the
area decay curve approaches linearity after a relatively low degreé
of leaching. Regrinding would increase the curvature but probably
ﬁogfto‘tﬁé same extent as the initial concentrate. In tﬁe process of
milling the originél ore numerous size féduction steps are in&olved,

all having the potential to produce fines. The size reduction steps

are listed in Table VIII.

Table VIII

SIZE REDUCTION STEPS IN NORMAI MILLING OPERATIONS

1 Primary Crushing

2 Secondary Crusﬁing

3 Tertiary Crushing

4 Rod Milling

5 .Ball Milling

6 Regrind Ball Milling (may be more than one

regrind mill)
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Particles m#y bypass or be recycled throug£ some size
reductioq steps by classifiers.operated ih closed circuit. Since
the regfind’step in the current flowsheet involves one single-pass
operation before returning to.the leach it is probable that the
"fines" content is not as great asvih the new concentrate., Hence
the area factor relationship for the recycle concentrate will differ
from that for the new concentrate and is assumed to.f0110w the |
relationship in Equétion (53). The recycle area parameters are

determined as follows:

b, = A" 4+ k t : (56
i AL g g _ )

where A{ = composite area factor value at leach exit
b1 = area factor value at grind exit.
{ -1
kg = grind constant (t 7)
t‘ = mean residence time in grinding mill.
kg tg'= incremental new surface area factor created.

But kg cannot be determined directly by experimentation.

g g

where ké is determined experimentally (see Appendix D)
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No information was available on the form of the exponential
portion of Equation (53). To avoid undue complexity in view of the
uncertainty surrounding this expression the relationship is simply

assunmed as:

b, = 1+ k' tg | (58)

and b3.= an appropriate constant which influences the shape of the

recycle area decay plot.

4,7 Stream Splitter

- -The stream splitter divides the mass flow from the regrind
mill to the flotation section or directly back to the leach according

to a predetermined ratio.

Assumption

The stream splitting is assumed to be unbiassed so that the
chemical analysis and surface area parameters associated with the two

separate streams are the same as those for the reground solids.
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4.8 TFlotation

Assumptions
@)

(2)

(3)

(4)
— ()

ILA

Flotation rates are considered as first order with

respect to mineral concentration in the pulp.

The flotation rates of each minéral are described

by seﬁarate single rate constants.

The puip‘residence time iﬁ each cell is only
significantly inflﬁencéd by the flotation of

the dominant component (molybdenite).

Cell volume is 257% air in pulp during operation [69].
A simple series of flotation cells is used with no

pulﬁ recycle.

Nomenclature

for Flotation

fractional mineral recovery from ith cell (i=1 to n)
flotation rate constant
. R . .th
pulp residence time in i~ cell
-pulp volumetic flow into bank of cells
mass flow rate of floatable component into cell
factor which converts mass of floated solids to volume
of flotation pulp (50 wt % H,0)

volume of deaerated pulp in cell.
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The pulp residence time in the first cell based on the
tailings flow is:
91 = u - amR (59)
1
Since 6 is variable with cell number the total recovery cannot be
obtained from a simple series summation as when 6 is assumed constant. -

Hence the recovery of MoS2 is determined on a cell-by-cell basis. For

the nt-h cell:

Ken : N '
Ba = Tvwe U7 R (€0
n 1
and-
N .
o = — (61)

u - an (Rn + I Ri)

v v
= — " , . (62)
u-omZ R,
F
1

By substituting Equation (61) into Equation (60) and rearranging:

9 n—-1 n-1
amR™ - (u-om X R, +KV)R + (L ~-% R,)KV = 0
n ; & n ; ¢

which is a quadratic equation and can be solved for the root 0 < Rn

< 1.
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n-1 n-1 n-1

(u-omZ Ri + KV) - (u - am I Ri + KV)2 - b4om(l - I Ri)KV
i . , i i
R = '
n 2am
(63)

Equations (63) and (62) are solved sequentially for each
flotation cell with the overall recovery of molybdenite given by the
summation of the individual cell recoveries. Then equations of the
same form as Equétion (60) are used for the recoveries of the other .
minerals using the cell residence times already establisﬁed by the
molybdenite flotation.

4.9 Recycle Combination

v

)

. This hypothetical unit is used to determine the calculated
rec;cle parameters of mass flow, éhemical analysis (5 components) and
area factor parémeters for compariéon to the estimated values. The
mass flow and analysis are determined by a mass balance on the solids

recycling directly after grinding and those in the reflotation con-

‘centrate.

Assumption

The refloated product is assumed to have the same area factor

parameters as the solids which are reground only. The error introduced
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by this simplification is negligible since there is a very high re~

covery of molybdenite during reflotation.

4.10 Input/Qutput Routines

The functions of these foutines'are:

(1) a. Convert input units to model units
‘b. Convert model units to output units
when convergence of recycle parameters has been
successful.

(2) Control converged output printing with additional

overall calculations.
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CHAPTER 5

MODEL _EVALUATION AND DISCUSSION

Although some aspects of the overall model are still subject
to uncertainty the simulation was partially evaluated in the current
form. Complete validation is not possible ﬁntil a continuous plant is
constructed although model viability could likely be improved with
further 1aboratory‘e#périmentation, particularly with respect to

grinding and flofation.

" Model results were obtained for a moderately~sized plant with
the;calibrated Endako concentrate as the plant feed. Since the system
operates under steady-state conditions the response of most interest was

1 . . .
theisolids recycle ratio. The recycle ratio would be subject to sone
maximum limit depending on the initial solids feed réte and the maximum:
pulp density under which the 1éach can cQﬁtinue to operate satisfactorily.
With any steady-state model caution should be exercised in relating model
values to élant values where fluctuations occur. .In a relatively‘siow
leaching system such as this, fluctuations should occur with low fre-

quency. Attainment of steady state after adjusting some variable

should similarly take considerable time.

In interpretihg the behaviour of such a system it should be
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remembered thag the C and A terms in Eqﬁation (21), describing the
basic rate relationship, are not pﬁrely independent variables. The.

new in?ut values are independent to the extent §f possible élént
operations but interact in arriving at the stéady state values oﬁerating
in each leaching vessel. The‘relationship is further complicated by the

presence of the solids recycle stream.

' The model calculations were based on a chosen standard con-
dition and the effects of individually varying particular plant or

process variables. The standard conditions are outlined in Table IX.

Table IX

STANDARD CONDITION OF LEACH PROCESS

Vessels - 2 cocurrent at 120,000 litres each

New Feed - 10.8 tonnes/déy Endako MoS

) (as calibrated)

Solution ~ 87.8 litres/min.

- 252.1 grams HNO3/1itre (4 M) -
Leach Temperature - 35°C |
Appfoximate Leach Stage Residence Time - 19.5 hr.
Grinding Mill Solids Hold Up - 800 kg
Fraction of Recycle Bypassing Flotation - 0.5

Flotation Cells - 4 x 150 litres
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This.choice is not necessarily an optimum but allows the
determination of the influences on the process of particular‘variaﬁles.
Trends which fesult in a decreasing recycle ratio, and hence lower input
pulp density, show the potential for increased throughput'while still

operating below the maximum allbwable pulp density.

For this study a tolerance of 0.25% was used on the recycle
parameters. (absolute value of difference of estiﬁated and calculated
value divided by the average of the two and multiplied by 100). This
would lead to a tolerance on the calculated molybdenum extraction versus
the steady state extraction of less tham about 1,82. |

i Tolerancé error is the cause éf the small scatter in the
fol;owing graphs. 1In theée graphs each point represents individual
¢ _ :

model determinations.

5.1 Stability and Convergence

Stability

The problems of instability arise in the solution of the
simultaneous equations describing each leaching stage. Instability
in such a set of equations becomes more likely as the equations became

increasingly complex and non~-linear. This requires greater emphasis
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on the choice or calculation of initial estimates to commence model
runs -and to continue calculations until a specified convergence

criterion on the recycle stream is satisfied.

Failure of the leach-solving subroutine to converge within
its specified tolerance can be attributed to two general reasons:

(1) Failure of the algorithm by its inability to determine
an indepéndent set of directions for the variables. Hence the guesses
for the stage output were in excessive error.

(2) Convergence of the leach algorithm was not achieved
within the maximum number of internal itérations specified'(sét at 150).
Thi; 3136 indicates bad guessing and may further result in failure by

(1) if a greater number of iterations was specified.

Once computations have commenced stability is enhanced by
basing new estimates on previous calculations. The guess criteria are

outlined as followé where:

X3

estimated value

XC, . = calculated value

ksJ '
GF = guess factor for stage 2 based on stage 1 output
k = leaching stage counter

j = cycle iteration counter



&3]

(2)

(3)

1st

(a)

(b)

2nd

(a)

(b)

3rd

»(aj

- 112 -

stage output guesses:

Initial guess for j = 1

Xl;i

X, ., = XC, .
1,j 1,j-1

étage output guesses:

Initial guess for j = 1

X, , = G XC

F 1,1

‘stage output guesses

Initial guess for j =1
X = 3(.(_:_2..3.:_1'_ . XC
3,1 XC , 2,1
1,1

except for rate equations where

XC, |
= - ——2 » :
%3.1 M3 XCy 1
1,1

where M is taken as 1.5

(68

(65)

(66)

(67Y

(68)
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X, . = —3.3=1 . X, . (69)
2,j-1

(4) 4th stage or greater output guesses:

(a) 1Initial guess for j = 1

XC g 5 |
Y9 7 % 7 X 70
v’J k_2,j SJ
(b) For j > 1
XCp iy
X . = —=eds . XC . (71)
k,J. XCk—l,j—l k-1,j

Mathematical instability could also arise within the system

of élgébraic équations since the solving routine is unconstrained. Inm
searching for the true values certain variables may cause instabilitiés
or impossibilities in particular equations as follows:

(1) A negative number to a fractional power

(2) Negative concentration or flow rate
In most cases when this condition arises, mathematical and physical
stability is maintained by using an alternate equation where the appro-
priate terﬁ is set to zero. 1In one case stability is maintained by

setting the term to zero in the original equation.

Convergence

Convergence of the eight recycle parameters within a specified
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~ tolerance is required before the complete output is printed. Conver-
gence is attained by the previously defined adjustment criterion, but
to maintain the leach calculation stability, the step sizes must be

less than current critical values.’

Since the step size is relative to the difference between the
estimated value and calculatedIValug tﬁe approach to convergence would
decelerate as the true value is approached. Hence the fractional adjust-
ment is increased 3§;gbe tolerance becomes smaller witﬁ model stability

maintained since the absolute variation is still small.

It was apparent from.the early model work that the mass flow
rate of recycle solids created more sénsitivity to instability. Therefore,
for high calculated tolerance values, the fractional adjustment to this

particular variable is less than for the others. For low tolerance values

high fractional adjustments are operative for all recycle parameters.

Under this convergence scheme all parameters that are not within
tolerance are continually adjusted until tolerance is achieved or the com-
puter run terminated. Some recycle parémeters such as molybdenum and
sulphur contents are quite predictablé and experience only small variations.

Convergence is therefore quite répid for these variables.

The recycle parameters are not entirely independent variables.



- 115 -

Hence variations in one parameter can cause alteratioﬁs in other
parémeters. This can lead to a floating effect on some variables
particularly those that‘are more highly dependent on each other such .
as recycle solids flow rate and area factor pafametérs. With different
degrees of interdependency and different adjustment factors convergence
is approached by at 1east.one variable while the other(s) may 'float'.

Once the first has converged the other(s) begin converging.

For economical convergence the estimates for the recycle
parameters shoﬁld not be grossly in error. Guesses that éfe highly in
error will lead to excessive computation times.

For concentrates containing relatively small amounts of iron
and copper the convergence criterion becomes superfluous for these two -
elements. Since they are leached to extremely low levels (essentially
zero), tolerance adjgstmenté afe not necessary after the recycle values

for these two elements have been set to appropriately low levels.

Aborted Runs

Once instability or lack of convergence of the leach sub-
routines has occurred the computer run is terminated. Often the printed
-output can be helpful for subsequent runs since, although failure has

occurred, many variables have approached their converged values. The
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terminated values for the first stage output guesses, the recyclg
parameters and guess factdrs if necessary, except for thpse in.obvious
error,’can be used for the Subsequent run. The more erroneous values
should be altered slightly in the appropriate direction. The directi§n
can be aséertained from a‘knowledge.of the variables involved and the

form of the equation in the model (ie. Fx = 0).
To date most errors have been associated with the rate equatidns.
Hence if model failure does occur success can be achieved with an inter-

active procedure, often within one or two attempts.

5.2-- Model Results.

5.2.1 New Solids Flow Rate

This variable determines the production of the,leéching ﬁrocess
since, at steady state, the input of new feed must be balanced by the
extraction of the same amount of material to the appropriate exit streams.
.The range of the new solids flow rate is subject to constraints‘of main-
taining physicai stability of the system, particularly with respect to

the maximum operable pulp density within the leach.

Figure 23 demonstrates how the recycle ratio increases at an

increasing rate as the new solids feed rate is raised. The graph will
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Figure 23. Solids recycle ratio vs. new solids flowrate, Other
conditions standard. “
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approach an asjmptotic limit as the.stoichiometric ﬁalance of leach-

able minerals and nitric acid approaches completé consumption of the
nitric acid for steady state conditions. Under most:leaching con-

ditions the maximum pulp density restrictions will likely be encountered
before this limit is reached. The impact of the greater new solids input
and correspondingly greater recycle solids flow rate is to lower the
solution reactivity in each-leaching stage. This shown in Figure 26

where the nitric acid concentration in éach stage is plotted as a function,
of the new solids feed rate. TFigure 24 also shows the variation in other
factors which affect the overgll'rate of molybdenum extraction.to solution.
The total inpuf pulp density is raised as avéonsequence of increases in
both the new and récycle solids streamé. The operating area factors for
both the new and récycle solids are greater for increased solids input

since both are leached to lesser degrees on passing through the leach.

For increased new solids flow rate there is a greater input
of molybdenum to solution., Hence for constant solution flo& rate the
net gain in molybdenum concentration is greater. This point‘is con-
firmed by Figure 25 where the difference between the pregnant solution
and récycle solution molybdenum contents is plotted against new solids

feed rate,

The 1owering of the percent molybdenum extraction per pass

as the new solids feed rate is increased is shown in Table X. The
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Figure 25. Gain in solution molybdenum concentration vs. new solids
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total input solids signify new and recycle concentrates.

Table X
EXTRACTION FROM TOTAL INPUT SOLIDS ON EACH PASS

FOR DIFFERENT NEW SOLIDS FLOW RATES (%)

New(igii27d£;§w Rate . Stage 1 Stage 2 Stage 142
10.0 ’ 18.2 5.6 23.8
10.5 17.7 5.2 - 22.8
10.8 17.5 5.0 22,5

_ 11.0 o 17.2 4.9 22,1
1.5 16.7 hb 21.1
11.8 . 16.3 4.1 . 20.4
12.0 | 16.0 3.9 19.9

It is also evident that the proportion of extraction work done by the

leach vessels shifts slightly more in favour of the first stage.

5.2.2 1Initial Acid Strength

The initial acid strength is similarly subject to stoichio-
-metric restrictions. Figure 26 shows how the recycle ratio increases

as the initial nitric acid concentration is decreased, again approaching
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Figure 26. Solids recycle ratio vs. initial nitric acid.
concentration, Other conditions standard,
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t

aﬁ asymptotic iimit due to depletion bf nitric acid under steady
operations. This result indicates the advantage of using as high

an initial nitric acid conéentration as possible, subject to bractical
limitations. As shown earlier, the exteﬁt to which molybdenum can be -
precipitated from solution is subject to pH. On a plant scale there

may be an optimum balance between léaching rate and the recycle of

soluble molybdenum for different operating acidity levels. The

earlier laboratory work on the process did show some slightbdiscoloura~'
“tiom of the hemi-hydrate when uéing high iniﬁial nitric acid concentrations
(¢ 6M). The cause and extent of this was not fully determined although

product purity was still high.

With higher initial nitric acid concentrations each leaching
vessel operates at highef nitric acid levels, as deménstreated by Figure
27. The increased leaching rates result.in a greater degree of reaction
of the solids and hence operafion at lower area factor values. Figure
27 shows how the operating area factors vary as a function of initial
nitric acid.concentration. 'The decrease in input pulp density as a
function of initial nitric acid results.from the lower solids recycle.

This is also shown in Figure 27.

Since the mass flow of new solids and volumetric flow of
solution are constant for this series of runs the gain in solution

molybdenum concentration is consistent at the steady state level. Hence,
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- 125 -

there is no’inérease in the molybdenum content of the pregnant solution

to offset the higher solubility limits at pH's less than the isoelectric
ﬁoint. However, increased input acid levels will allow a greater treat-
ment rate of new molybdeniteconcentratethus producing a richer pregnant

solution while still operating below the maximum pulp density.

The greater leaching rates result in higher operating siliceous
insoluble concentrations in solids throughout all phases of the leaching
operation. The operating concentrations for leach residue, reflotation
product and recycle solids are graphed against initial nitric acid in
Figure 28. This trend applies to variations in all parameters which lead

to increased instantaneous reaction rates.

The percent extractions from total solids input of Table XI
naturally show increases as the initial nitric acid concentration is

raised.

5.2.3 Solution Flow Rate

The variation of solution flow rate has a similar effect on
the solids recycle ratio as changes in initial nitric acid concentration.
This follows from the stoichiometric balance sincée a lower solution flow

rate of the same acid concentration results in fewer moles of acid
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Iable X1
EXTRACTION FROM TOTAIL INPUT SOLIDS ON EACH PASS

FOR DIFFERENT INITIAL NITRIC ACID CONCENTRATIONS (%)

I“iiéji)HN°3 - Stage 1 Stage 2 Stage 1+2
230  15.6 3.9 | 19.5
235 16.0 4.2 20.2
239.5 16.4 4.5 20.9
245.8 17.0 48 | 217
252.1 17.5 5.0 22.5

| 28 17.8 5.2 23.0
264 : 18.3 s 23.7
667.8 18.6 - 5.6 24,2
275 19.3 6.0 25.2
284 20.0 6.4 26.4
290 20.6 66 27.2

The gain in percent extraction for the first stage outweighs the gain

in the second stage extraction.
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available for the same quantity of solids. The solids recycle ratic
versus solution flow rate is graphed in Figure 29. Again it can be
seen that the recycle ratio rises to an asymptotic limit as the‘solution.

flow rate is decreased.

The factors influencing the raie of reaction are plotted in
Figure 30. With increasing solution fio&kate the solution has less
‘residence time to react and therefore operates at higher nitric acid
levels in each leaching stage;‘ With higher solution reactivity the
recycle ratio and hence input pulp density are lowered. The greater
degree df reaction similarly results in operation at lower levels of

area factor.

; Despite the increased solution reactivity the lower residence
time and steady-state operation resulf in a lower gain in molybdenum
concentration in solution, as shown iﬁ Figure 31. The net quantity of
dissolved molybdenumiis still the same since the volume flow of solution
is greater. With similar total acidity the molybdenum precipitated per

litre in subsequent processing will be less but this would be compensated

by higher volumetric throughput.

A greater percentage extraction per pass through the leach is

oBtaiﬁed as the solution flow rate is increaséd. The values in Table XII
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also show only a very slight change in the work distribution between
stages with the second stage exhibiting a marginally greater gain in

percent extraction than the first.

Table XIT
EXTRACTION FROM TOTAL INPUT SOLIDS ON EACH PASS

FOR DIFFERENT SOLUTION FLOW RATES (%)

Solutiz7m§i;w Rate Stage l. - Stage 2 Stage 1+2
77.5 - 16.2 _ 3.8 20.0
- 8.0 . - 16.6 4.2 20.8
; 85.0 o 172 b7 - 21.9
1 87.8 17.5 5.0 - 22.5
% 95.0 ' 17.9 5.6 23.5
100.0 o 18.2 6.0 241

5.2.4 Leach Temperature

As with'any thermally-activated process the instantaneous
_reaction rate increases exponentially with temperature; ‘As Figure 32
shows, the recycle ratio diminished as the leaching temperature was
raised.‘ Over the temperature range exaﬁined there was a slight indi-

cation of curvature in the anticipated direction.
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figu?e 33.shows that the input pulp density and operating
area factorsare at lower levels for higher temperatures. Any change
in dperating nitricacid levels was not significant witﬁin the tolerance
limits used. With constant new solids and solution input fhe steady
state operations result in a consﬁant gain in-molybdenum concentration

in the pregnant solution.

Changes in the leaching temperature result in a slight
alteration in the distribution of leaching work done by each stage

as can be seen in Table XIII.

Table XIII1
i EXTRACTION FROM TOTAL INPUT SOLIDS ON .EACH PASS

FOR DIFFERENT LEACH TEMPERATURES (%)

Temp (°C) Stage 1 StageFZ | Stage 1+2.
33 16.6 R 21.6
% | 17.0 5.0 22.0
35 17.5 5.0 22.5
36 17.8 5.0 22.8
37 18.3 | 5.1 23.4
38 18.7 5.2 23.9
39 19.2 s 245
40 | 119.8 s 25.2
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These results show that increasing reactivity by raising the leach
temperature leads to a slight increase in the proportion of leaching

performed by the first stage.

5.2.5 Partial Bypassing of Flotation

Since the purpose of réfiotation is fo eliminate insoluble
gangue the increased bypassing of this step leads to higher operating
levels of siliceous minerals in allvthe solids streams. Thé effect qf
bypassing on the:insol contents of the leach residue, reflotation con-
centrate and recycle solids is shown in Figure 34. The insol levels
rise at an increasing rate as the effect of recycling the siliceous

components compounds itself.

At rec&cle solids insol levels less than that of the new feed
there is a negligible effect on the total mass of the recycle flow.
However, the solids recycle ratio ié significantly increased as the
reflotation bypass is raised_to levels which‘result in highér operating

insol contents of the solids streams. This point is shown in Figure 35.

At this stage of development the flotation section only pro-
vides an indication of behaviour since the flotation rate constants were
essentially estimated. This does not necessarily detract from the

leaching model since preliminary test work has revealed high recoveries.
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Figure 34. Insol content of leach residue,reflotation
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A major concern in the flotation sectién is the mass of molybdenum
lost to the tails. Although the model was not run under optimum '
flotation conditions the results show a decreasing loss of molybdenum
to the tails as the flotation bypa;s is increased above aﬁout 6.5.
The results should be treated with céution, héwever, since the water
flow rate to.flotatidn was not adjusted in accordance with the solid

flow rate to maintain similar pulp densities.

“Although the model does not account for the analysis of the
solids in the effect of grinding this may have soﬁe influence. With
higher degrees of flotation bypass the grinding mill treats material
with Eigher concentrations of harder siliceous minerals. " As well as
affecting the grinding of molybdenite this would also lead to increased
consumption of grinding media.

v

5.2.6 Leach Vessel Volume

The effect of the leach vessel volume on the solids recycle
ratio is shown for the case of two equi-sized stages in Figure 36.
Although the recycle ratio decreases as the vessel size increases the
change is not drastic when coﬁsidering the range of vessel sizes
investigated. Hence the use of extremely large vessels is not

warranted for the small additional benefits gained.v
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The input pulp density and operating area factors both
decrease as the vessel volume is increased. This can be seen in
Figure 37. The operating nitric acid levels, however, did not show

significant variation under the tolerance limits used.

The net decrease in physical factors which affect the
reaction rate is more than compensated for by the longer residence
times which increase in an approximately linear fashion with vessel

volume.

The effect of two—stagé leaching but with different vessel
ﬁoiames Qés briefl; investigated. No difference in recyéie ratid was
detected (within‘tﬁe tolerance limits) for leaching with stage 1 at
100,000 litres and stage 2 at 140,000 litres. A slight increase in
recyclé fatio‘to 3.46 was calculated when stage one was set at 80,000
litres and stage 2 at 160,000. This can only be casuall& compared to
the case for a pure, second-order reaction where a shallow minimum in

total reactor volume for a given degree of reaction occurs where the

volume of stage 1 is 70% of stage 2.

The slight possible advantages of using different reactor
sizes would therefore not compensate for the additional cost of such

a configuration.
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5.2.7 Number of Leaching Stages

Figure 38 shows the solids fecycle ratio as a fuﬂctioﬁ of
the number of lgaching vessels for constant vessel volume._'The'effect
of "adding" coéurrent stages for the sfandard operating conditions
indicate a marked decrease inbrecycle ratio from one to two stages
with much less improvement from two stages to three. Additional
staging iﬁ this manner above twé_or three vessels may not be justified
wheﬁ_considering the increased capital costs and molybdenum inventory.'
Table XIV lists the extraction from the total input solids for one,

two and three stages under the same conditions pertaining to Figure 38.

Table XIV
EXTRACTION FROM TOTAL INPUT SOLIDS

ON EACH PASS FOR DIFFERENT NUMBER OF STAGES (%)*

Stages Stage 1 Stage 2 Stage 1+2 Stage 3 Stage 14+2+3

1 6.5 | = - - - -

2 | 17.5 5.0 - 22.5 - -
3 17.8 5.7 | 23.6 2.8 22.4

For three-stage leaching the distribution of leaching work between stages

- % constant stage volume
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‘one, two and three is in the ratio 1 : 0.32

The results of the one-stage simulation did show a small,

but detectable, concentration of iron and copper in the recycle solids.

The effect of multiple staging when comsidering constant

total volume is shown in Table XV.

Table XV

: 0.16.

SOLIDS RECYCLE RATIO AS A FUNCTION OF NUMBER OF

STAGES (CONSTANT TOTAL VOLUME)

5 No. of Stages Vol. Per Stage(%) Recycle Ratio
% 2 120,000 3.35

3 : : 80,000 3.22

4 60,000 3.08

The division of leaching vessel volume into a greater number of

stages lowers the solids recycle ratio but the additional expense

~ involved with increased staging may again not be justified.
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5.2.8 Grinding

Since the grinding section Qf the model was the most suspect
part soﬁe study was conducted on the effects of changing grinding para-
meters. With the uncertainty in the exponential portion of Equation
(53) the value of the multiplying factor, b3, was examined over a small
range. The influence of this term on the recycle area factor as a
function of fraction leached is plotted in Figure 3§. For the model
calculations a value of 2.0 waé chosen for b3; Although this choice

cannot be validated at this stage extremely rough calculations on the

previous grinding work show the resulting exponential value to be in

the appropriate raﬁge.

There is no doubt that some error is associated with this
section. However it is likely that the error is not extreme and would
mean rather minor changes in the sizing of relatively small-scale

equipment to produce approximately equivalent practical results.

The influence of grinding mill size on the recycle solids
area factor relationship is presented in Figure 40. It can be seen
that the plot is raised and the curvature is increased as the grinding

mill size is increased. However, the solids recycle ratio becomes
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relatively insensitive to grinding mill size for higher mill sizes.
This is, at least in part, due to the choice of equation but may
‘also indicate the interactive effects of mineral surface area and

reagent concentration in such a partially bounded system.

This section of the model does demonstrate the logical

trends but further work is definitely required to verify the results.
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. CHAPTER 6
CONCLUSIONS

A steédy state mathematical médel of a‘major section of a
proposed molybdenite leaching process has been developed from a
relatively 1imited amount of availabie.data. A significant feature
of the leaching model for molybdenite is the bulk empirical deter-
minationvof the change in active minéral;surface area as leaching
progresses. This is achieved by interpolation and extrapolation from
batch experimentation. The method avoids vague assumptions on particle
sh§pe, with or without correction factors, and also allows for other
inkluences such as particle non-uniformity and particle cleavaging
wh%ch are extremely difficult to .quantify. The number of mathematical
caicﬁlations are also somewhat reduced by elimination of the necessity

to consider particle size classes.

In its current form the model accounts for numerous plant
and operating variables as follows:
(1) Number, size and distribution of leaching vessels.
-(2) size of grinding mill.
(3) Number and size of flotation cellé.

(4) Variation in new solids feed rate and analysis.
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(5) 'Variation in solution flow rate and nitric acid
strength.
(6) Influence of partially bypassing flotation.

(7) Effect of leaching temperature

The model cannot be considered as complete at this stage
since some sections are subject to uncertainty and total verification
is nét possible at this time. The’main points of uncertainty in the
formulation are listed as:.

(1) Accounting for the regrind step, particularly with the

exponential part of Equaﬁion (53).
- - (2) Use-of laboratory-determined batcﬁ grinding datz and -
extrapolating to continuous plant—scalé operations.

(3) Use of constant, estimated flotation rate constants.

(4) Approximation of the operating active surface area of

.'solids in the leach based on averaging of effects in
batch experimentation and the neglecting of the solids 

residence time distribution in the leaching model.

Although some aspects of the model require further clarification
this current type of formulation should be adequate for future work. At
the current stage of process development a more rigorous or thorough, and

thus more difficult and expensive model is not justified.
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Although no detailed economic study was performed the
previous work and the results of this model indicate the feasibility
of the process. However, further evaluation is required to ascertain

the viability of using the process.

The formulation of a mathematical model doeé not.eliminate
the necessity of piloting a process which has not previously been
tested on a pilot or commercial scale. The model can be utilized in
the design of such a plant which can then, in turn, provide verifi-

cation or indicate required adjustments to the formulation.

Industrial piloting is essential for revealing other
po?sible unknown influences on the smooth operation of the process.

A model, such as this one, is based on a relatively few number of
sm;il—scale observations,_ Other factors which could influence the
performance may not be taken directly into account by the model.

Some may impose limits on the process but these limits could possibly
be deterﬁined by separate experimentation, Anofher aspect to consider

is the frequency and amplitude of fluctuations that might occur on an

industrial scale.

Although this model has been developed for a specific process
the basis of formulation may prove useful in evaluation of other similar

systems. This applies particularly to the leach simulation.:
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CHAPTER 7

RECOMMENDATIONS

Further work is warranted on this system and may be

summarized as follows:

(1)
(2)

(3)

(4)

(5)

(6)

(7)
(8)

Further evaluationkof effects of grinding.
Experimental studies on reflotation of leached and
ground residues.

Increase model stability, e.g. attemﬁt partial
linearization.

Further test and develop (if neceésary)_the chalco-
pyrite and pyrite leaching equatjoms.

Test the model on other molybdenite concentrates.
Evaluation of hemihydrate precipitation behaviour
with a view to optimizing the leach/precipitation -
system. |

Investigate the effects of pressure on leaching rates.
Investigate NO2 as a substitute for HNO3'in first-

stage leaching.
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- APPENDIX A

9 -

CONSUMPTION OF MOLYBDENUM BY CATEGORY

1976%

1977 (est.) [18]

Alloy Steels 50.7% 497
Stainless Steels 13.4% 20%
Tool Steels 5.3% 9%
Cast Iroms 7.9% 7%
Superalloys and Other . e
Special Alloys 7'64 3%
Molybdenum Metal 6.6% 3%
Chemicals 7.3% 8%
1.2% 17

Other

% USBM Statistics - January

to September, 1976.




APPENDIX B

EXPERIMENTAL RESULTS

Ave.Temp,

Mo Leached

Run Solution Solution Vol.| Initial Solids . Pulp Density Leach Time - Ave,Leach Rate
(ml) () (gvsolids/L.solution) (min) (°c) (g)  (gMo/L.sec,x103)
Ll 3.94M HNO4 128 16.16 E 126.3 79 24 0.6847 1.13
12 3.94M HNO3 200 25,30 E 126.0 43 35 1.3506 2.50
L3 3.94M HNOj 200 46,48 E 232.4 32 35.5 1.4723 3.83
L4 3.94M HNOj3 250 31,50 E 126.0 12.5 35 0.7099 3.79
L5 L4 leach solution 200 25.30 E 126.0 59 ‘35 1.2133 1.71
L6 3.6M HNO3 200 25.20 E 126.0 45 35 1.2201 2,26
7.4g/2Fe(NO3) 3+ 9H20 )
L? 3.94M HNOj 200 "25.20 B 126.0 43 35.5 1.1976 2.32
L8 3.94M HNO3 200 25.2 L4 res 126.0 45 35 1.,0800 2.00
| L9 3.94M 1INO3 250 13.00 B - 6C.0 16 35 0.3550 1.48
_ : 15 35 1.1800 2,25
L10 [ 4.0M HNOj 245 12.00 B+3254# 49,0 30 35 0.0162 0.0364
138.5 35 0.0946 0.0465
L11 } 5.0M HNOj 250 12.00 B+325# 48.0 1.2 35 0.0095 0.0565
. 45.8 35 0.0420 0.0611
75.2 35 0.0780 0.0691
105.2 35 1. 1255 0,0795
L12 | 5.0M 1ROj3 250 12,00 B+3254 48,0 9.6 35 0,0080 0,0556
70.2 35 0,0720 0.00684
120.5 35 0.1460 0.0746
190.4 35 0.2310 0.0809
L13 | 5.0M IINOy 250 12,00 B43254 48.0 19,4 35 0.0165 0.0567
L14 | 4.0M 1iNOg 250 12,00 B+3254 . 48.0 30,1 35 0.0150 0.0332 -
L15{ 3.0M HNO3 250 12,00 B+3254 48,0 65,2 35 0.0200 0,0204
£ =~ Endako 3 < Brenda

- 091 -
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APPENDIX B

(Continued)

-1

Leach Time

y " g B
Ave.Leach Rate ~

~ 191 -

"Run Solution Solution Vol. Initial Solids Pulp Density ) Ave,Temp, Mo Leached
(me) () (g.solids/2.solution) {min) c) (g) {gMo/%.sec,x103)
L16 1.0M HNOj3 250 12,00 B+3254# 48.0 481 35 0.0325 0.00450
L17 2.0M HNO3 250 12,00 B+3254 48.0 120.5 35 0.0158 0.00874 .
L18 6.0 HNOj 250 12.00 B+325¢# 48.0 13.4 35 0.0145 0.0721
L19 | 1.0M HNO3 250 12.00 B+325¢ 48.0 480 35 0.0275 '0,00382
L20 1.0M HNO4 250 12.00 B+325¢# 48,0 .90.1 35 0.0039 0,0028%
L21 4.0M HNO3 . 250 12,00 B+325{ 48.0 30,1 35 0.0138 0.0306
1.0M 1250, »
L22 4.,0M HNO% 450 25,00 E 55.6 20.8 .35 0.9135 1,627
3 g/& Fedt
5.2 g/% 80,2" ~ -
L23 4,0M HNO; 420 - 22,85 S54.4 40.5 35 0.9996 0.979%4
3 g/2 Fed¥ L22 res
5.2 g/1 5042~
L24 4.0M HNO- 387 20.80 53.7 80.2 35 1.2694 0.6817
3 g/e Pelt 1.23 res : : ' ,
5.2 g/t S042- .
L25 | 4.0M HNOq 345.5 18.25 52.8 100.9 35 1.2680 0.6062
3 g/% Fe3+ L24 res
5.2 g/t 5042~ _
126 | 4.0M HNO3 303.8 15.79 51.97 109.8 35 0.9789 0.4891
3 g/t Fedt L25 res
5.2 g/% 5042 v _ : ' :
L27 4 ,0M HNO; ’ 271,53 13,88 51,12 119,9 35 0.7113 0.3642
' 3 g/o Fedt 126 res '
5,2 aft S042~
L28 4,0M HNO . 248,3 12,31 49,57 179,7 35 "0, 8060 0,301}
3 g/t Fe3+ L27 res : B
5,2 g/2 804%
E =~ Endako B -~ Brenda
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APPENDIX C

SOURCE LISTING OF COMPUTER PROGRAM
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NOMENCLATURE
A(M,I) =COEPFICIENTS OF LINEAR EQUATIONS
ACIDN =MOLAR CONCENTRATION OF NITRIC ACID
ARCUCP =ABRRHENIUS FACTOR FOR CU (CUFES2)
ARF EPY =ARRHENIUS PACTOR FOR FE (FES2) .
ARFECP =ARRHENIUS FACTOR FOR FE (CUFES2)
ARRMO =ARRHENIUS FACTOR FOR MO (MCS2)
B (1) =R,H,S. OF LINEAR EQUATIONS
CSF (K, I) =CALCULATED STAGE FACTORS
CSFPIT (K,I)=CALCULATED STAGE FACTORS FOR PREVIOUS ITERATION
CUDIS =CCPPER DISSOLVED IN LEACH
EXTRN =LEACH MO EXTRACTION
F (1) =NONLINEAR FUNCTIONS IN LEACH ALGORLTHM
FC(I) =FLOTATION RATE CONSTANTS
FEPDIS =IRON AS FPES2 DISSOLVED IN LEACH
FLOW =WATER FLOWRATE INTO FLOTATION CELLS
FRACL - =FRACTION OF NEW FEED MOS2 LEACHED
FRACLR . =FRACTION OF RECYCLE MOS2 LEACHED
PTX (1) =REFLOTATION TAILING VARIABLES
FX (I) =LEFACH FILTER OUTPUT
G (I) =GUESSED OUTPUT FRCM STAGE 1
GC(I) =GRIND CONSTANTS
GF (I) =GUESS FACTORS FOR STAGE 2
GFX (I) =REGRIND TO REFLOAT VARIABLES
GX (I) =GRINDING MNILL OUTPUT
IT =SPECIFIED NUMBER OF ITERATIONS
ITPRNT. =PRINTING CONTROLLER
J =CYCLE ITERATION COUNTER
K =LEACH STAGE COUNTER
KK ~ =PRINTING VARIABLE - EVERY °KK'TH ITERATION
L(I) =RECYCLE ADJUSTMENT COUNTER :
LC(I) =LEACH CONSTANTS
LL =PRINTING CONTROLLER
MODIS =MOLYBDENUM DISSOLVED IN LEACH
MONEW =NE¥ MOLYBDENUM INEBUT
MOREC =RECYCLE MOLYBDENUM INPUT \
MOTOL =TOLERANCE ON MOLYBLENUM EXTRACTION
N =NUMBER OF LEACH STAGES
NF =NUMBER OF FLOTATION CELLS
PFLOW =PULP FLOW INTO FLOTATION CELLS
PULPD =INEUT PULP DENSITY TO LEACHING
R{I) =RECYCLE VARIABLE MULTIPLIERS
RCPY (1) =PLOTATION STAGEWISE CUFES2 RECOVERY
RDIV =DIVISOR FOR R (1)
RECCPY =PLCTATION RECOVERY OF CUFES2
RECMO =FLCTATION RECOVERY OP MOS2
RECPY =FLOTATION RECOVERY OF FES2
RECRAT =RATIO OF RECYCLE SCLIDS/NEW SOLIDS
RECSIL =FLCTATION RECOVERY OF SILICEOUS GANGUE
RFX (I) =REFLOTATION CONCENTRATE VARIABLES
RGX (I) =DIRECT REGRIND TO RECYCLE VARIABLES
RMAX =INITIAL INPUT MAXIMUM ADJUSTMENT FACTOR ON RECYCLE
RHO (I) =FLOTATION STAGEWISE MCS2 RECOVERY
RPY (I) =FLOTATION STAGEWISE FES2 RECOVERY
RR(I) =MAXIMUM SPECIFICATION ON E(I)
RSIL (I) =FLOTATION STAGEWISE INSOL RECOVERY
RX (I) =SOLIDS RECYCLE ESTIMATES
RXC (1) =CALCULATEL RECYCLE VARIABLES

RXCOLD {I)

=PREVIOUS CALCOULATED RECYCLE VARIABLES



RXOLD (1) =PREVIOUS ESTIMATE OF RECYCLE VARIABLES

RXX (I) =INPUT RECYCLE PARAMETERS POR EACH LEACH STAGE

SNR (I) =STAGEWISE OVERALL MO RECOVERY FROM NEW FEED

SPLIT =PROPORTION OF REGRIND OUTPUT BYPASSING REFLOTATION :
SR{I) =STAGEWISE OVERALL MO RECOQVERY =164 -
SRR (I) =STAGEWISE OVERALL MO RECOVERY FROM RECYCLE SOLIDS
SULDIS =SULPHUR DISSOLVED IN LEACH

SX (K,I) =STORAGE OF LEACH OUTPUT FOR EACH STAGE

T =LEACH TEMPERATURE

TOL =TOLERANCE LIMIT ON RECYCLE VARIABLES

TOLC (I) =CALCULATED TOLERANCE ON RECYCLE VARIABLES

TGRND =MEAN RESIDENCE TIME IN GRINDING MILL{SEC)

TMGRND =MEAN RESIDENCE TIME IN GRINDING HMILL (MIN)

vV(I) =INPUT VARIABLES

VL(I) =CCMBINED INPUT VARIABLES

VOL (K) - =LEACH VESSEL VOLUMES _ '

VOLFL . =VOLUME OF INDVIDUAL FLOTATION CELLS

vV (1) =STORAGE OF INPUT VARIABLES

WTRCPY =WGT., OF CUFES2 TRANSFERREL FROM RECYCLE TG NEW SOLIDS
WTRCU =WGT. OF CU TRANSFEBRED FROM RECYCLE TC NEH SOLIDS
WTRFEP =WGT. OF FE{FES2) TRANSFERRED FRCM RECYCLE TO NEW SOLIDS
WTRPY ' =WGT. OF FES2 TRANSFERRED FRCM RECYCLE TO NEW SOLIDS

X (1) =LEACHING OUTPUT VARIABLES

XFEPY =LEACH STAGE OUTPUT SOLID FE CONC. AS FES2

LX(I) =OVERALL LEACH OUTFUT VARIABLES CALCULATED SEPARATELY
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STEADY-STATE COMPUTER SIMULATION OF HOLYBDENITE/NITRIC ACID
LEACHING PRCCESS INVOLVING MULTI-STAGE COCUBRRENT LEACHING,
GRINDING AND FLOTATION , _ 165 -
IMELICIT REAL#*8 (A-H,0-2)
REAL*8 MONEW,MOREC,LC,NCTCL
EXTERNAL FCN
DIMENSION X (18) ,P{14),V{13) ,VV{13)
DIMENSICON RX{8) ,RXX (2)
DIMENSION LC(15),VOL(9)
DIMENSION VL (6), XX(?),FX(?) GX{S)gGC(Z),RGxaﬁ) GFX{6) JRFX £6)
DIMENSION FTX({3) ,RXC(8) ,FC(4)
DIMENSION SNR(Q),SRB(9),SR(9).
DIMENSION SX {9, 18)
" DIMENSICON G (18) ,GF{18) ,CSF {9, 18)
DIMENSION R{8) ,RR(8), RXOLD(S) RXCOLD{8) ,TOLC{8) ,L (8)
LOGICAL SWCHA
COMMCN/AREA1/V,VL,RX,RXX
COMMCN/AREA2/MONEW, MOREC,LC
COMNGN/AREA3/VOL,T,K
COMMGN/AREAU4 /X, XX
CCMMON/AREAS/FX,GX
COMMCN/AREA6 /GC,SPLIT
CCMMON/AREAT7/RGX,GFX
COMMCN/AREA8/RFX,PTX,RXC
COMMCN/AREAS/FC -
COMMCE/AREA10/VOLFL ,FLOHW,NF
COMMCN/AREA11/N,LL,J
COMMCN/AREA12/SNR,SRB, snysx ‘
COMMCN/AREA13/EXTRN ,RECRAT ,PULPD,HOTOL
COMMCN/AREA14/RECHO,RECPY,RECCPY,RECSIL
CCHMMCN/AREA1S/THGRND
COMMCN/AREA16/FRACL, FRACLR
COMMCN/RREA17/G,GF
CCHMMCN/AREA18/CSF
- COMMCN/AREA19/VV
COMMON/AREA20/ARRMO ,ARFECP, ARPEPY,ARCUCP
CCMMCN/RREA21/SWCHA
COMMON/SES$$CM/A (20,22), B(20),Y(22 21
NAKELIST/LISTI/J,TOLC,R,L
NAMKELIST/LISTRX/RX
NAMELIST/LISTV/V
BAMELIST/LISTG/G
NAMELIST/LISTGF/GF
NAMELIST/LISTLC/LC
NAMELIST/LISTT/T
NAMELIST/LISTGC/GC,SPLIT
NAMELIST/PLOTN/NF,VOLFL,FLOW, FC
NAMELIST/LISRXC/RXC
NAMELIST/LISCON/TOL,IT,RMAX,ITPRNT, KK
READ (5,102) {(V(I),I=1,13)
: WRITE (6,500)
500 FORMAT('0%,"NEW SOLIDS INPUT®)
WRITE(6,501)
501 FORMAT (%#¢°%,° : )
WRITE (6,502) V{1) }
502  FOFMAT {*NEW SOLIDS FLOHRATE (TONNES/DAY) . F8.3)
WRITE(6,503)
503 FORMAT ('0%,*NEW SOLIDS INPUT ANALYSIS (WGT%)?)
WRITE(6,504) V(2),V(3),V{8),V(5),V(6)

noOnn




504
505
506
507

508

509

102
100

300

101
301

120

302

465
464

103

FORMAT (*MO=*® ,F7,3,2X,'FE=°,F7.3,2X,°CU=",F7.3,2X,
1'INSCL="',F7.3,2X,°S="',F7.3)
WRITE(6, 505)

FOEMAT (0, INPUT SOLUTIGN') _ - 166 -
WRITE (6,506) : ’
FORMAT (47,7 _ )

WRITE(6,507) V{7),V(8) }

FORMAT {*SOLUTION FLOWRATE (L/HIN)=" F7.2,4X,*DENSITY (G/L)}=°,F8,2)
WRITE(6,508) .

FOEMAT (?0°,°LEACH SOLUTION ANALYSIS (G/L) ‘)

WRITE(6,509) V(9),V(11),V(12),V{10),V{13)

FORMAT (*M0=* ,F8.3,3X, ' FE=?,F8,3,3X,°CU=",F8.3,3%X,°S=¢%,P8.3,3X,
1°HNQ3=? ,F8.3) '

READ(5,102) (RX({(I) ,I=1,8)

READ(5,102) (LC(I),I=1,15)

WRITE (6 ,LISTLC)

REEAD(5,102) T

WRITE (6,LISTT)

FORMAT (8G10. 5)

READ(5,100) N

FORMAT {I1)

K=1

CCNTINUE

 IF(K.GT.N) GO TO 302

READ(5,101) NSV ,VOLUME
FORMAT (I1,9%X,G10.1)

cJd=1

VOL (K)=VOLUME

WRITE (6,120) K,VOL({K)
FGRMAT('O’,’STAGE NUMBER®,I2,5X,'====',F12.1,2X,"LITRES "}
J=J+1

K=K+1"

IF (J.GT.NSV) GO TO 300

GO TC 301

CONTINUE

READ(5,102) (G (I).,I=1,18)
WRITE (6,LISTG)

READ(5,102) (GF(I),I=1, 18)
WRITE (6,LISTGF)
'READ(5,102) ({GC(I),I=1,2)
REAL(5,102) SPLIT

WRITE (6 ,LISTGC)

READ (5,465) NP

READ (5,464) VOLFL,FLCH
READ(5,468) {FC(I),I=1,4)
WRITE (6,FLOTN)
VOLFL=0,75D0*VOLFL
PORMAT (I1)

FORMAT (8610.4)
READ (5, 103) IT

FORMAT {12)

EEAD(5,102) TOL

READ (5,102) RMAX
READ (5, 100) ITPRNT
REALD(5,100) KK

WRITE (6,LISCON)

SWCHA=. TRUE.

1F (ITPENT,EQ.0) SWCHA=,FALSE,
CALL INPUT

DG 290 I=1,13



290

298

292

281
282

324

285

- 10/ =~

VY (I)=V(I)

. CONTINUE

ET=1.9871D0*T
ARRMC=DEXP (~-LC (5) /RT)
ARFECP=DEXP (-LC(6) /RT)
ARFEFY=DEXP (~LC {7) /RT)
ARCUCP=DEXP (-LC (8) /RT}
MCREW=V (2) *V (1)

DO 298 K=1,N
VCL(K)=0.92D0*VOL (K)
CCNTINUE

DO 292 I=1,8

L{I)=1.

CCNTINUE

RDIV=2.0 .

DO 256 J=1,IT

M=J/KK

LL=KK*}
MOEEC=BX{1) *RX {2)

RXX (1) =RX (1) .

RXX {(2)=RX {2)

CALL CONMIX

DO 324 K=1,N

_IF(K.NE.1) GO TO 282
DO 281 I=8,13

V{I)=VV(I)

CORTINUE

CCNTINUE

CALL LEACH{£299)
CONTINUE

CALL LEABAL

CALL FILTER

CALL REGR

CALL REGRSP

CALL REFLOT

CALL RECYC

IF {J.EQ.1) WRITE(6, LISTRX)
IF(LL.LT.J) GO TO 285
WRITE({6,LISTRYX)
CCNTINUE

C TOLERANCE ARD ITERATION ADJUSTHEMT CALCULATIONS

295

278

277

DO 293 I=1,8

R(I)=0.D0

TOLC (I) =DABS (2. DO* (RX {I)~RXC (I) )/ (RX{I) +RXC (I)))
IF(TCLC{I).LT.TOL) GO TO 293

IF(L(I).NE.1) 60 TO 295

RXCLD(I)=RX(I)

RXCCLD{I)=RXC(I)

RX (I)=0.999D0*RX (I)

L(I)=L(I)+1

GC TG 293

CONTINUE

R (I)=(RX (I) -RXOLD(I))/ (BX {I) -RXC (I) RXOLD(I)+RXCOLD(I))
i1F (I.NE.3) GO TO 278 .

IF (RXC (I) . LT, 1.D-05) R(I)=0.D0

CONTINUE

iF (I.NE.4) GO TO 277

IF {RXC(I).LT.1.D-05) R{I)=0.D0

CONTINUE

IF (DABS (R(I)).LT.RHMAX) GC TO 294
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279

280

294

293

284

287
286
289
296

291
288

276

299

c

' - 1bd -
RE (I) =RHAX )
1F (I.EQ.1) GO TO 279
IF (TOLC (I) . LT.0.05.AND. TGLC{I).GT.0.02) RR(I)=RUAX+RMAX/3.0
IF (TCLC(I) LT,0.,02) RR{I)=RMAX+(2,0%RUAX/3.0)
IF (TCLC(I).LT.0.0075) RR(I)=0.75 | - 168 -
CCNTINUE
I?(I.NE.1) GO TO 280
RB (I) =RMAX/RDIV
IF (TOLC (I) . LT.0.0075) RR{I)=0.9L0
IF (TOLC(I).LT.0.05,AND, TOLC(I).GT.0.015) RDIV=1,5
IF (TOLC (I) .LT.0.015) RDIV=1.0
CCNTINUE
IF(RR(I).GT.O.G) RR(I)=0.6
IF (R(I).LT+0.) R{I)=-RR(I)
IF(B(I).GE.0.) R{I)=RR{I)
CONTINUE ‘
RXCLD (I)=RBX (I)
RXCCLD {I) =RXC (I)
EX (I)=EX (I) - (RX (I) RXC(I))*R(I)
L(I)=L(I)+1
CONTINGE
IF(LL.LT.J) GO TO 284
WRITE (6,LISTI)
CCNTINUE
IF(J.NE.1) GO TO 286
LSUM=0
DO 287 I=1,8
LSUB=LSUM+L (I)
CONTINUE
IF{J.EQC.1) WRITE(6,LISTI)
_ IF (LSUM.EQ.8) GO TO 288
GO TGO 296
.~ CONTINUE
' SUMR=0.D0
LO 289 I=1,8
SUMR=SUMB+DABS (R (L))
CGNTINUE
IF (SUMR.EQ.0.) GO TO 288
CCNTINUE
DO 291 I=1,8 :
IF (TOLC (I) . 6T, TOL) GO TO 299
CONTINUE
CONTINUE
WRITE {6,LISTG)
WRITE (6,LISTRX) -
RX {1)=RX{1)/11.57D0
DO 276 I=2,6
RX (I)=100.DO*RX (1) -
CCNTINUE
WRITE (6 ,LISTRX)
WRITE (6,LISTI)
CALL GUTPUT
CALL OUTPRT
CGNTINDE
WRITE(6,LISTI)
WRITE (6 ,LISRXC)
"WRITE (6,LISTRX)
STOP

ENLC
#**#*****************************##*******#***#***********#*



SUBRCUTINE CONMNIX
C COMEINATION OF NEW AND RECYCLE SOLIDS STREAHNS
IMELICIT REAL*8 (A-H,0-2)
DIMENSION V (13),VL (6),RX¢(8), RXX(Z) YV (6) _ - 169 -
CCMMON/AREA1/V,VL,RX,RXX »
CCMMCN/AREA19/VY
NAMELIST/LISTVL/VL
VL{1)=VV (1) +RX (1)
LC 180 I=2,6 .
VL(I)=(VV{1)*xVV(I)+RX (1) *RX{I})/VL ()
180 CCNTINUE
C TRANSFER ALL FES2 AND CUPES2 IN RECYCLE SOLIDS TO NEW SOLIDS
WTECU=RX {4) *RX (1)
WTRFEP=RX (3) *RX (1) ~0.8790D0*WTRCU
WIEPY=2, 1482D0*WTRFEP
WTRCPY=2.8885D0*WTRCU
V(1)=VV{1) *WTRCPY+HTRPY
V(2)=VV (2)*VV (1) /V (1)
V(3)—(vv13)*vv(1)¢RX(3)*RX(1))/V(?)
V(4)=(VV(4)*VV (1) +HTBCO) /V (1)
V(5)=VV {5)*VV (1) /V (1)
V(6)=(VV(6)*VV (1) +0.3494D0*NWTRCPY+0,5345D0%HTRPY) /V (1)
RETURN
END
C ***************#*******#**********#*ﬁ*******##****&ﬁt#*%"##***
SUEROUTINE LEACH (*)
C SUBROUTINE TO SET UP LEACH CONDITICNS FOR EACH STAGE AND
C CALL SCLVING SUBROUTINE
IMELICIT REAL*8 {(A-H,0-Z)
REAL*8 MONEW,MOREC,LC
EXTERNAL FCN
DIMENSICN X (18),F(14), V(13)
~ DIMENSICN RX (8) RXX (2)
DIMENSICN LC(15),VOL{9)
DIMENSICN VL(6)
DIMENSICN XX(7)
CIMENSION SNB(9) ,SRR{9),SR{9)
DIMENSICN G (18) ,GF(18) ,CSF (9, 18)
DIMENSION SX(9,18) ,CSFPIT(9,18)
CCMMCN/AREAYT/V, VL, RX,RXX
COMMCN/AREA2/MONEW, MOREC,LC
CCMMCN/BREA3/VOL,T, K
CCMMCN/RREAL/X XX '
CCMMCN/AREA11/N,LL,Jd
COMMCN/AREA12/SNR, SRR, SR, SX
CCMMCN/AREA16/FRACL ,FRACLR
CCHMMCN/AREA17/G,GF
CCMMCN/AREA18/CSF
CCMMON/SE$SOM/A(20,22) ,B{20) ,Y (22, 21)
NAMELIST/LISTX/X :
NAMELIST/LISTF/F
IF (K.EQ.1) GO TO 325
V(N=X(1)
V(2)=X(2)
¥ {3)=X(13)
V(4)=X{14)
¥ (8)=X(5)
V(9)=X(3)
V{11)=X({15)
V(12)=X(16)



~ L/U -
V{(13)=X(4)
RXX (1) =X{9)
‘ RXX (2) =X (10) - 170 -
325 CCMNIINUE
C COEFFICIENTS FOR LINEAR EQUATIONS = 1:3OVERALL LIQUID MASS BALANCE
C 2:NEW SOLIDS MASS BALANCE 3:RECYCLE SOLIDS MASS BALANCE
C 4:RATE EQUATION=HNO3
DO 322 I=1,19
Do 323 #=1,19%"
A(I,M)=0.D0
323  CCNTINUE
322 CONTINOE
A(1,5)=-V(7)
2(1,6)=1.6683D0
2(1,7)=-0,4762D0
A{1,12)=1.6683D0
A(1,17)=2.1481D0
A{1,18)=0.9999D0
A(2,1)=1.D0
A{2,6)=1.6683D0
A{2,17)=2. 1481D0
 A{2,18)=0.9999D0
2(3,9)=1.D0
A(3,12)=1.6683D0
A(4,6)=3.9412D0
A(4,7)==1.D0
A(4,12)=3.9412D0
A(4,17)=5.6419D0
A(4,18)=0.6611D0
B(1)==V (7) %V (8)
B(2)=V{1)
B(3)=RXX{1)
B(4)=0.D0 .
 IF{K.NE.1) GO TO 326
LO 350 I=1,18
Y(I,1)=G({I)
350 COBTINUE
GG TO 333
326 - CGNTINUE
IF (X.6T.2) GO TO 352
LG 351 1=1,18
Y(I,1)=GF(I)*X(I)
351 CCNTINUE
GO TO 353
352  CONTINUE
’ IF{J.NE.1) GO TO 318
1F (K. NE,3) GO TO 313
CSF (K-1,6)=1.5D0*CSF {K=1,6)
CSF(K-1,7)=1.5D0*CSF {(K-1,7)
CSF{K=1,12) =1.5L0*CSF (K-1,12)
CSF (K-1,17)=1.5D0*CSF (K=1,17)
CSF(K-1,18)=1.5D0%CSF (K-1,18)
313  CONTINUE
DO 354 I=1,18
- Y (I,1)=CSP(K=1,I)*X (I)
354  CONTINUE
GO TO 317
318  CONTINUE
DO 316 I=1,18
Y (I, 1)=CSFPIT (K,I)*X(I)



- L/1L -
316 CONTINUE
317 CCNTINUE
333 CONTINUE
353 CONTINUE
Do 327 I=2,15
: DO 340 M=1,18
340 Y(M,I)=Y(H,T)
327 Y{I,I)=Y(I,I)*1.001D0
¢ CALL TC SUBROUTINE TO SOLVE SIMULTANEOWS ALGEBRAIC EQUATIONS
CALL SSM{X,P,14,4,5.D-03,150, FCV,.TRUE.,»TRUE.,oTRUE.gIFAIL £328)
IF(X(13).LT. o ) X{13)=1.D-07 .
IF(X{14).LT.0,) X(14)=1.D-07
IF (K.NE.1) GO TO 335
Do 336 I=1,18
G(I)=X(I)
336 CONTINUE
335 CCNTINUE
328 CCNTINUE
IF (IFAIL.NE.0) GO TO 329
DO 330 I1=1,18
SX {K,I)=X(I).
330 CONTINUE.
IF (K.EQ.1) GO TO 355
DO 356 I=1,18 '
CSF{(K,I)= SX{K 1)/SX {K=1 I)
356 CONTINUE
IF {K.EQ.1) GO TC 315
DO 314 1I=1,18
CSFPIT (K, I) =SX {K,1) /SX (K=1,1)
314 CGNTINUE
315 CCNTINUE
- IF (K. KE.2) GO TO 320
Do 319 I=1,18
GF (I1)=CSF (K, I)
319 CONTINUE
320 CGNTINUE
355 CCNTINUE
SNE (K)=100. DO* (MONEW=X { 1) *X (2) ) /HONEW
SRR {K)=100. DO*{MOREC=X(9)*X(10))/HORLC
329 CCETINUE
WRITE(6,331) K,IFAIL
331  FOEMAT(°0°,°LEACH FAIL CGCDE FOR STAGE (?,I1,°%)=%,I10)
IF{J.EQ.1) WRITE(6,LISTX)
IF(LL.LT:.J) GO TO 321
WRITE(6,LISTX)
321 CCNTINUE
IF (IFAIL.EQ.Q0) GO TO 334
IF (JJNE.1) WRITE(6,LISTX)"
X(1)=X{1)/11.57D0
X(2)=100,D0*X (2)
X (3)=X(5) %X (3)
X (4)=X (5)*X{4)
CX(9)=X(9)/11.57D0
X (10)=100. DO*X (10)
X{13)=100.D0%*X (13)
X ({14)=100, DO*X ( 14)
X(15)=X({5) *X({15)
X (16)=X (5) *X (16)
WRITE(6,LISTX)
WRITE(6,LISTF)
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RETURN 1
334  CCNTINUE , : : -
- " RETUEN , - 172 -
_ ENE :
C ***#*#****************#*********** ***#*******#$******$**** x5
. SUERCUTINE FCN (X,F)
C SUBROUTINE CONTAINING THE SET OF NCSLINEAR ALGEBRAIC EQUATIONS
IMELICIT REAL*8 {(A-H,0-2) : ‘
REAL*8 MONE®,MOREC,LC
DIMENSICN X (18),F(14),V{13)
CIMENSION RX (8) ,RXX (2)
DIMENSION LC(15),VOL (9)
DIMENSION VL (6)
CCMHMCN/AREA1,/V,VL,RX,RXX
CCMMGN/AREA2/MONEW, MOREC,LC
CCMMCN/AREA3/VOL,T,K
CCMMCN/BREA16/FRACL, FRACLR ,
CCMMCN/AREA20/ARRMO,ARFECP, ARFEPY,ARCUCP
FRACL= (MONEW=X {1) *X (2) ) /JMONEW
IF (FRACL.LT.0.) FRACL=1.D-09
FRACLR= (HOREC-X {9)*X (10)) /MOREC
IF {FRACLR,1T.0.) FRACLR=0.LO0
ACIDN=X (4) *X (5) /63. 02D0
LIQUIL COMEFOMENT BALANCES - MO,FE,CU,HNO3
F(1)=V (7) *V(8) *V (9) V(7)*X(5)*X(3)¢(X(6)+X(12))
F(2)=V {T)*V (8) *V (11) =V {7)*X {5)*X (15) +X {17)
F{3)=V(7)*V(8) *V (12) =V (7) *X {5) *X {16) #+X{18)
F(U)=V{7)*V(8) %V {13) =V (7)*X (5) *X (4) =X {7)
C SOLID COMPONENT BALANCES - MO-NEW,40-RECYCLE,FE,CU
F{5)=V{1) 2V (2) =X (1) *X (2) -X (6)
CF(6)=RAX (1) *RXX (2) =X {9)*X (10) =X (12)
F(7)=V{1) =V (3) =X{(1) *X (13) =X {17)
. F(8)=V{1)*V(4) =X (1) *X{14)=-X (18)
C RATE EQUATIONS - MO-NEW,MO-RECYCLE,¥E,CU
IF (X{(1).LE.0.) GO TO 15
F(9)=X (6) =LC (1) *VOL (K) *X (8) *ACILN**2
1% {1.6683D0%X (2) *X{1) / {LC (15) *V (7)) ) *ARRMO
IF(X(9).LT.0.) GO TO 17
F(10)=X (12) -LC (1) *VOL (K) #X { 11) *ACIDN*%2
1%{1.,6683D0%X {10) %X {9) / {LC (15) *V {7)) ) *ARRMO

e

GC TO 18
17 - CONTINUE
F(10)=X(12)-0.D0
18 CCNTINUE

XFEEY=X (13) ~0,8730D0*X { 14)
IF (XFEPY.LT.0.) XFEPY=0,D0
1F (X {14).LT.0.) GO TO 13
F(11)=X (17) =LC (2) *ACIDN*VOL {K) *ARFEPY
1% (0. 8790D0*X {14) *X {1) / (55. 85D0*V (7)) ) ** (2. /3.)
2-LC (3) *ACIDN*VOL (K) *ARFECP* (XFEPY*X (1) / (55, 85DC0*V (7)) ) ** (2. /3,)
F(12)=X (18) =LC (4) *ACIDN*VOL (K) *ARCUCP
1% (X (14) #X (1) / (63, 54D0%V (7)) ) ¥¥ (2. /3.)
GO TC 14
13 CONTINUE
F(11)=X (17) =0.D0
2- LC(3)*ACIDN*VOL(K)*ARFECP*(XFEEY*X(?)/(SS 85D0*V(7)))**(z /3.)
. F(12)=X(18)-0.D0
14 CONTINUE
- GO TO 16
15 CCNTINUE



19

20

11

12

nnaa

- C

Cc
C

F(S)=X{6)=0.D0
IP{X(9).LT.0.) GO TO 19
F(10)= X(12)-LC(1)*VOL(K)*X(11)*ACIDN**Z S
1*(1. 6683D0*X(10)*X(9)/(LC(1S)*V(?)))*ARR&O . =173 -
GC TO 20 -
CONTINUE
F(10)=X (12)-0. D0
CONTINUE
F(11)=X(17) -0.D0
F(12)=X(18)-0.D0
CCNTINUE
SURFACE AREA FACTOR TERMS - MOS2-NEW,M0S2- RECYCLE
IF{FRACL,LT.LC(13)) 60 TO 11
F(13)=X (8) -DEXP{=LC (9) * {FRACL**L{ {10)))
GO TO 12 '
CCNTINUE
F(13)= X(B}-LC(11)+LC(12)*FRALL
CCNTINUE
F(14)=X (11) =RX {7) *DEXP (= BX(8)*LC§14)$PRACLB)
RETUEN
END ,
A ool o o 3 o ool ok ok gk e sl o o e ol o oot o ot ofeale e ol oo ol ol Sleale e o ool e ok ok ok ek ikl kR ok
SUBEOUTINE LEABAL ‘
CALCULATICN OF VARIABLES NCT DIRECTLY DETER&INED BY
THE LEACH EQUATIONS :
IMELICIT REAL*8 (A-H,0-2Z)
DIMENSION V(13),VYL{6),X(18) ,XX{7)
DIMENSION RX(8) ,RXX (2)
LOGICAL SWCHA ,
CCMMCN/AREA1/V,VL,RX,RXX
CCMMCN/AREA4 /X, XX
CCMMCN/AREA21/SWCHA
BAMELIST/LISTXX/XX
REAL*8 MODIS
CALCULATE FINAL STAGE OUTPUT VALUES ~ a TOTAL SOLIDS FLOW RATE
2:MC IN SOLIDS 3:SI02 IN SOLIDS 4:5 IN SOLIDS 5:S IN LIQUID
6:WEIGHTED AVERAGE AREA FACTOR 7:TOTAL FRACTION OF MO LEACHEED
XX {1)=X{1) +X (9)
XX (2)=(X(2) =X (1) +X (10) *X(9) } /XX (T}
XX {3)=VL(5)*VL (1) /XX (1)
MCDIS=VL (2) *VL {1) =XX(2) *XX (1)
CULDIS=VL{4)*VL {(1)=X (14) *X (1)
FEEDIS= (VL (3)*VL (1) =X (13) *X (1)) -0.8790D0*CUDIS
SULDIS=0.6683D0*H0DIS+1.0091D0*CUDIS+ 1, 1ua1no*PBpnzs
XX (4)= (VL (6) *VL (1) =SULDIS) /XX {1}
XX (5)=(V (10) *V (8) *V {7) +SULDIS) / {V(7) *X{5))
XX (6) = (X(8) *X (1) +X(11)*X(9)) /XX {1)
XX {7)= (VL (2) *VL (1) XX(Z)*XX(1))/(VL(2)*VL(1))
IF {(SWCHA) WRITE (6,LISTXX)
EETURN -
END : '
s ol ste s o 3 o ol ol o e 3l 3k o e s e ol o ol e e ek o o ol ok ofe o ol e e e el e e ko ek Xk dee 2 e s ok o e sl e e koo X
SUBRGUTINE FILTER
IMELICIT REAL*8 (A-H,0-2)
DIMENSION X (18) ,XX(7) ,FX{7) ,GX{8)
CCMMCN/AREAU4/X , XX
COMMCN/AREAS/FX,GX
NAPELIST/LISTFX/FX
FILTER - SCLIDS/LIQUID SEPARATION AFTER FINAL LEACHING STAGE
1:TOTAL SOLIDS MASS FLOW 2:MO 3:FE U43CU 5:SI02 6:S 7:A°®



FEX{1)=XX{(1)
FX% (2)=XX{2)
FX (3)= X(13)*X(1)/XX(1) _ ,
FX(4)=X{18) *X (1) /XX (1) _ - 174 -
FX (5)=XX(3) '
FX {6)=XX(#)
FX (7)=XX (6)
RETURN
END
C 2 ok B o %k koK *#***&*********#*********# Pk Aok ok Rk ook ok Rk feeoleolx
' SUERCUTINE REGR
C DETERMINE EFPECT OF REGRINDING ON EECYCLE SOLILS
C AREA FACTOE PARAMETERS
_IMELICIT REAL*8 (A-H,0-Z)
DIMENSION GC (2) ,FX{7),GX{8)
CCMMCN/AREAS/FX,GX
~ COMMCN/AREA6/GC,SPLIT
.- CGMMCN/AREA15/TMGRND
" NAMELIST/LISTGX/GX
" TGEIND=GC (1) /FX{1)
Do 370 I=1,6
GX {I)=FX (1)
370 CGNTINUE
' GX (7)=FX(7)*{1.D0+GC(2) *TGRIND)
GX {8)=1.D0+GC (2) *TGRINT
THGREND=TGRIND/60.D0
EETURN
END
C e 2k 3k K x #*#*******************#******************:@t#**#%t#ﬁ****#
SUBROUTINE REGRSP
C CALCULATE DISTRIBUTION OF SOLIDS MASS FLOWRATE TO REFLOTATION
C AND DIRECTLY TO THE LEACH
IMELICIT REAL*8 (A-H,0-Z)
DIMENSION FX(7) ,GX(8) ,RGX(6) ,GPX (6)
DINENSICN 6C{2)
" COMMCN/AREAS/FX,GX
COMMCN/AREA6/GC,SPLIT
CCMMCN/AREA7/RGX,GFX
- NAMELIST/LISRGX/RGX
NAMELIST/LISGFX/GFX.
Do 380 1I=2,6
RGX {I)=FX (1)
_ GFX (I)=PX (I)
380 - CONTINDE
RGX {1)=SPLIT*FX {1)
GFX {1})=(1.D0=SPLIT)*FX {1)
RETUERN
END
o L EE RS EEE R L L. six o0t e o 3Bt ik ok e ok e ok s ok e ol e e ol ol o ok o e ok e e Al gl Rodeok ok ofeade ol ok o kel ok
SUERCUTINE REPLOT
C FLOTATICN MODEL TO CALCULATE RECOVERIES, MASS FLOWBATES AND
C ANALYSES. MOS2, CUFES2, FES2, INSOL
IMELICIT REAL*8 (A-H,0-2) -
DIMENSION GFX (6) ,FC(4), RHO(9),RPY(9),RCPY(9) RSIL({9) ,RT (9)
DIMENSIGN RFX (6) ,FTX(3)
DIMENSICN RGX(6) ,RXC(8)
. LOGICAL SWCHA
COMMCN/AREA7/RGX,GFX
CCMMCN/BRREAS8/RFX, FTX,RXC
COMMCN/AREA9/FC



460

4ot .

462

463

C

C
C

COMMCN/AREA10/VOLFL, PLOW,NF

CCMMCN/AREA14 /RECMC,RECPY,RECCPY , RECSIL
COMMCN/AREA21/SWCHA 175 -
NAMELIST/RECGVS/RECHO, RECPY,BECCPY, RECSIL
NAMELIST/FLOTS/REX : : :
NAMELIST/TAILS/FTX

GFX (2)=1. 6683D0*GFX(2)*GEX(1)

GFX (3)=2.1482D0* (GFX (3) =0. 8790DO*GPX (4) ) *GFX (1)

GFX (4)=2,8885D0%GFX (4) *GFX (1)

GFX (5)=GFX (5) *GFX (1)

RECMC=0.L0

EFLOW=FLOW+*GFX (1) /4.5D+03

DO 460 I=1,NF

RMQ (I)=((PFPLOW=0, 121280@02*GPX(4)*RECMO#FC(?)*VOLFL) -DSQRT { {PFLOU~-

10.12128D-02*GFX (2) *RECHM0#FC (1) *VCLFL) **¥2,.D0~0, 48512D-02*GFX {2} *
2(1.C0-RECMO)*FC(1)*VOLFL) )/ (0,28256D-02*GFX (2)) - '
RECMC=RECMO+EMO (I) -

RT (I)=VOLFL/ (PFLO¥~-0. 12128D-02*%GFX {2) *RECHO)

CCNTINUE

RECPY=0.D0

-LO 461 I=1,NF

" RPY (I)= (FC (2) *RT (I} /(1. DO+EC (2) *RT (I} })) * (1. DO~RECPY)
' RECEY=RECPY+RPY (I) .

' CCNTINUE

. RECCPY=0.D0

DG 462 I=1,NF

RCPY (I) = (FC (3) *RT(I)/{1.B0+FC (3) *RT (1)) ) * {1, D0 ~RECCPY)
RECCPY=RECCPY +RCPY (I)

CONTINUE

RECSIL=0,DO

DO 463 I=1,NF

RSTL (I)=(FC (4) *RT (I) /(1. DO+FC (4) *RT (I))) * (1, DO~RECSIL)
RECSIL=RECSIL+RSIL(I).

CONTINUE | '

RFX'(1) =GFX (2) *RECMO+GFX {3) *RECPY+GPX {4) *RECCPY+GFX {5) *RECSIL
REFX {2)=0,5994D0*GFX (2) *RECMO/REFX (1)

'RFX{(3) = (0. 4655D0*GFX (3) *RECPY+0. 3043D0*GFX (4) *RECCPY) /REX (1)
RFX (4)=(0.3462D0*GFX (4) *RECCPY) /RFX {1) _

RFX (5) =GFX (5) *RECSIL/RFX (1) -

RFX (6)=0.6683D0*RFX {2) +1.0091DO*RFX (4)+1. 1481D0* {RFX (3) -0.8790D0
. 1*RFX (4))

FTX (1)=GFX (1) -RFX (1)

FIX {2)={0.5994DO*GFX (2) - RFX(2)*RFX(13)/FTX{1)

FTX(3)={GFX (5) ~RFX {5) *RFX (1)) /FTX {1)

IF (SWCHA) WRITE (6,RECOVS)

IF (SWCHA) WRITE(6,FLOTS)

IF {SWCHA) WRITE (6,TAILS)

RETUEN

END
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SUBRCUTINE RECYC

COMBINATION OF REFLOTATION CONCENTRATE AND SOLIDS DIRECTLY
RECYCLED FEOM REGRINDING

IMPLICIT REAL*8(A-H,0-Z)

DIMENSION RXC(8) ,RGX(6) ,GX{8) ,RFX(6),FTX(3) ,FX(7)
DIMENSION GFX (6)

COMNCN/AREAS/FX,GX

COMMCN/AREA7/RGX,GFX

CCHMMCN/AREA8/RFX, FTX,RXC

CCMMNCN/AREA11/N,LL,J
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NAMELIST/LISRXC/RXC
RXC(1)=RGX (1) *RFX (1) :
Lo 390 1=2,6 : - 176 =
RXC{I)={RGX (1) *RGX{I) ¢RFX (1) *RFX (I))/RXC (1)
390 CCNTINUE
RXC (T)=GX (7)
RXC (8) =GX {8)
IF (J.EQ.1) WRITE(6,LISRXC)
IF(LL.LT.J) GO TO 391
WRITE {6 ,LISRXC)
391 CCNTINUE
: RETUEN
END
C *****#*#**#*#**********#**###****#$*#**$$*#*#******#*##*ﬁﬂ*
SUEROUTINE INPOT
C CONVERSICN OF INPUT UNITIS TOC MODEL UNITS
IMELICIT REAL*8 (A=-H,0-2)
DIMENSION V(13) ,VL{6) ,RX({8) ,RXX {2}
DIMENSICN GC(2),G(18), GF(18) FC(4), VOL(9)
CCMMCN/AREA1/V,VL,RX,RXX :
COMMCN/AREA3/VOL,T,K
COMMCN/AREA6/GC,SPLIT
CCMMCN/AREA9/FC
COMMON/AREA10/VOLFL,FLOWY, NF
COMMCN/AREA17/G,GF
V(1)=11.57D0*V (1)
DC 900 I=2,6 _
V(I)=Vv{(I)/100,D0
900 CCNTINUE
V{(7)=V{7)/60.D0
DO _9C2 I=9,13
V(I)=V{(I)/V(8)
902 CCNTINUE
: RX(1) =11, 57D0*RX(1)
DG 9C1 I=2,6 _
RX (I)=RX(I)/100.D0
901 CONTINUE
T=T+273,15
CG{1N=11.57D0*G (1)
6{2)=G{2)/100.D0
G{3)=6(3)/G(5)
G(4)=6(4) /G (5)
G(9)=11.57D0*G(9)
G(10)=G(10) /100.D0
G(13)=6(13),/100.D0
G(14)=G {14) /100, DO
G{15)=G (15) /G (5)
G(16)=G {16) /G (5)
GC{1)=1.003*GC (1)
GC (2)=GC{2) /60.D0
DO %03 I=1,4
FC (I)=FC{I)/60.L0
903 CONTINUE
FLCW=FLO®W/60, D0
RETORN
ENED
***#*#***#***********#***###***********#******#*************
SUERCUTINE QUTPUT
C COCNVERSION OF MODEL UNITS TO OQUTPUT UNITS PLUS ADDITIONAL
C CALCULATIONS

i



IMELICIT REAL*8 (A-H,0-1Z)
REAL*8 MONEW,MOREC,LC,MCTOL

DIMENSICN VL(6) XX{7) JEX(T) ,GX(8) GC(Z) RGX (6) ,GFX {6) ,RFX {6}
DIBENSICN FTX({(3) ,RXC(8), FC(Q) LLC (15) , VOL(9) , X(18)
DIMENSION SNR(9) ,SRR(9) ,SR{9) , V(13),VV(13) RX{8) ,RXX (2}

DIMENSICN SX(9,18)
COMMCN/AREA1/V,VL,RX,RXX
COMMCN/AREA2/MONEW, MOREC,LC
 CCHMCN/AREA3/VOL,T,K
COMMCN/AREAU4 /X, XX
COMMON/RREAS/FX,GX
CCMMCN/ABREA7/RGX,GFX
COMMCN/AREA8/RFX,FTX,RXC
COMMCN/AREAT1/N,LL,J
'CCHMMGN/AREA12/SNR, SRR, SR,SX
CCMMCN/AREA13/EXTRN ,RECRAT,PULPD, HOTOL
. CCMMON/AREATL4/RECHMO,RECPY,RECCPY,BRECSIL
" COMMCN/AREA19/VV
C LEACH CALCULATIONS
C STAGEWISE MO RECOVERIES
L0 705 K=1,N
IMCIN~MONEB+MORBC

SR{K)=(TMOIN-{{S5X{K, 1)*SX(K 2)) + (SX (K, 9)*5X(K,10)3))/Tﬂﬂlﬂ

~ 1%100.D0
705  CONTINUE
EXTRN=86. QOD°02*(SNR(N)*HONEH+SRR{N)*ﬁOREC}
EECRAT=11,57D0%RX (1) /VV (1)
PULED= (11.57D0*BX (1) +YV {1)) /VV(T)
O 700 K=1,N
SX (K, 1) =0.8640D-01%SX (K, 1)
SX {K,2)=100.D0*SX (K, 2)
 SX {K,3)=SX (K, 3) #SX {K,5)
SX (K,4)=5X (K,4) *SX{K,5)
SX {K,9)=0.8640D~01%SX (K, 9)
SX (K,10)=100.D0*SX {K,10)
SX {K,13)=100.D0*SX (K, 13)
SX (K, 14)=100.D0*SX (K, 14)
SX (K, 15)=SX (K, 15) *SX {K, 5)
| SX (K,16)=5X (K, 16} *SX (K ,5) -
700  CONTINUE.
C LEABAL CALCULATIONS
XX (1)=0.8640D=01%XX {1)
XX (2)=100.D0*XX (2)
XX (3)=100.DO*XX (3)
XX {4) =100, DO*XX (&)~
XX {5) =XX {5) #SX (N,5)
XX (7)=100., DO*XX (7) -
C FILTER CALCULATIONS
FX {1)=0.86400-01*FX (1)
pc 7C1 1=2,6
FX (I)=100, DO*FX {I)
701  CONTINUE _
C REGRIND CALCULATIONS
GX (1)=0,8640D-01*GX (1)
Do 702 I1=2,6
GX{I)=100.DO*GX (I)
702  CCNTINUE
C REGRIND SPLIT CALCULATIONS
BGX (1)=0.8640D=01%¥RGX ( 1)
GFX{1)=0,8640D=01*GFX (1)



C

703

C

= et T

REFLCTATION CALCULATIONS

RECMO=100, DO*RECNO
RECPY=100.DO*RECPY
RECCPY=100, DO*RECCPY
RECSIL=100.D0*RECSIL
REX (1)=0.8640D-01*RFX {1) -
DO 703 1I=2,6 '
RFX (I)=100.DO*RFX(I)
CCNTINUE _
FTX(1)=0.8640D=-01*FTX (1)
FTX (2) =100, DO*FTX {2) -
FTX (3)=100.DO*FTX(3)

MOLYBDENUM TOLERANCE CALCULATICNS

MCNEW=86.40DO*MONEW

‘MOTOL={10.DO*FTX (1) *FTX {2) *+EXTRE~-MONZH) /JMONEH

C RECYCLE COMBINATION CALCULATIONS

704

C

Cc

801

807

8u3

855

850

851

RXC(1)=0.8640D-01*RXC(1)
DG 704 I=2,6

RXC (I)=100. DO*RXC(I)
CCNIINUE

EETURN

ENLD

***#*##Jﬁ#*$*$***********####******#**#*mﬁ****ﬁ*************#

SUBEGUTINE OUTPRT

CONTRCL CONVERGED CUTPUT PRINTING

IMELICIT REAL*8 (A-H,0-2)

REAL*8 MONEW,MOTOL

DIMENSION XX{7),FX{7),GX{(8),6C(2) ,RGX(6),GFX{6) ,RFX{6)
DIMENSICN PTX(3),RXC(8),FC(4),VOL(9),X(18),LC(15)
DIMENSION SX(9,18),CSP{9,18)

DIMENSIGN SNE(9),SRR(9) ,SR{9)

DINENSICN V{13) ,VL(6) ,RX(8) , RXX (2)
COMNHCYH/BREA1/V,VL,RX,RXX

COMMCN/AREA2/MONER, MOREC,LC

COMMCN/AREA3/VOL,T,K

COMMCN/AREAL/X , XX

CCHMCN/AREAS5/FX,GX

CCHMMCN/AREAT/RGX,GFX

CCHMCN/AREA8/RFX, FTX,RXC

COMMCN/AREA11/N,LL,J

COMMON/AREA12/SNR, SBR, SR, SX

CCEMCN/AREA13/EXTRN ,RECRAT,PULPD,HOTOL
COMMCN/AREA14/RECMO,RECPY, RECCPY,RECSIL
COMMCN/AREA15/THGRND

COMMCN/AREA18/CSF

WRITE (6,801) N

FOEMAT {'0°,° FINAL LEACHING STAGE(®,I1,') OUTPUT?)
WRITE (6,807)

FORMAT (%+9,° - - : ")

‘HRITE (6,843) EXTRN

FORMAT {*EXTRACTION OF MO TO SOLUTION (KG/DAY)=?,F7.1)
WRITE (6,854) MONEW ' )
FORMAT (*NEW INPUT MOLYBDENUM TO LEACH{KG/DAY)= ' ,P7.1)
WRITE(6,855) HOTOL

FORMAT ( *MOLYBDENUM PRACTIONAL TOLERANCE=?, P8 5)

WRITE (6,850) RECRAT

FOFMAT (*0°,*SOLIDS RECYCLE RATIO=?,F7.3)

WRITE(6,851) PULPD .

FOEMAT (*0',*STAGE 1 INPUT PULP DENSITY (G/L)=*',F7.2)
IF (EULPD.LT.550.0) GO TO 852
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853
852

802

803

804

805

806
808

809

810

839

840

841

842

811

813

814
812

su4

847

849 .

845
848

815
816
817
818
819

820

WRITE(6,853)

FCRMAT (*WARNING:INPUT PULP DENSITY HIGH?)

CCGNTINUE =179 -
WRITE (6,802) '

FORMAT (°0°,?LEACH 'SOLIDS RESIDUE FLOWRATE (TONNES/DAY)?®)
WRITE(6,803) XX{1),SX{N,1),SXN,9)

FORMAT (*TOTAL SOLIDS=¢,F8.,3, 'NEW SOLIDS='®,FB.3,°RECYCLE SCLIDS=

1F8.3)

WRITE(6,804) .

FORMAT (?0°,?TOTAL QUTPUT SOLIDS ANALYSIS (WGT%)®)
WRITE(6,805) XX (2),FX(3),PX(4),XX(3),XX(4)

FORMAT ("MO=" ,F7.3,2X,°FPE=?,P7,3,2X,°CU=9,F7,3,2%, *INSOL="? ,F7.3
1,2X,%5=2,F7.3)

WRITE (6,806)

FORMAT{*0°,°NEW SOLIDS CUTPUT ANALYSIS (wGT%)")
WRITE (6, 808) SX (N, 2) _
FCRMAT(*MO=7,F7.3)

HRITE (6,809)

FOEMAT (*0?,RECYCLE SOLIDS OUTPUT ANALYSIS {WGT%)?)
WRITE(6,810) SX{(N,10)

FOERMAT ("HMO=",F7.3)

WRITE(6,839)

FGEMAT ('0°,*OUTPUT LEACH SOLUTIGN”)

WRITE (6,840) SX(N,5) '

FORMAT (?* SOLUTION DENSITY gG/L)-v F8.2)

 WRITE(6,841)

FOEMAT (*0°®,?LEACH SOLUTION ANALYSIS (G/L)?®) :
WRITE(6,842) SX(N,3),SX(N,15) ,SX(N,16) ,XX(5),SX{N,4L)

FORMAT ('MO=% ,F8,3,3X,?PE=?,F8.3,3X,°CU=*,F8.3,3X,95=,F8.3,3X,
1*HNC3=? ,F8,3)

WBITE(6,811)

FORMAT(¥0*% ,*STAGE CUMULATIVE RECOVERIES OF MO (%HO DISSOLVED) *)

WEITE({6,813)

FORMAT (10X, $TOTAL® , 10X, ?NER SOLIDS?,10X,°RECYCLE SOLIDS®)
DO 812 K=1,¥ '
HRITE(6”814)'K,SR(K),SNB(K),SRR(K)»

FPORMAT (*STAGE?,I1,3X,P7.3,10%,F7.3,16%X,F7.3)

CONTINUE

WRITE (6,844)

IF (N.EQ.1) GO TO 848 -
FORMAT (°=*, 9CALCULATED STAGE FACTORS - FOR STAGES 2 TO N')
LG 845 K=2,N

WRITE(6,847) K

FORMAT (?STAGE® ,I1)

WRITE (6,849) (CSF(K,I),I=1,18)

FORMAT { 18F5. 2)

CCNTINUE

COKTINUE

WRITE (6,815)

FORMAT (70, *REGRIND PARAMETEERS')

_HRITE(6,816)

FORMAT ('+9, R v)

WRITE(6,817) THGEND

9
L4

FCRMAT(°07,*MEAN RESIDENCE TIME IN GRINDING MILL{HINUTES)=°,F7.2)

WRITE(6,818)

FOEMAT (*0% ,*RECYCLE AREA FACTOR PARAMETERS')'

WRITE{6,819) GX(7) ,GX(8)

FORNAT (*B1=?,F8.5,B2=",78.5)

WRITE (6,820) -
FOEMAT (%0°, °STREAM SPLIT - SOLIDS FLOWRATES - (TONNES/DAY) ")



821
822
823
824
825

826

v827

828
829
830
831
832
833
834
835
836

837

838

- 857.

859
858
856

WRITE{6,821) RGX (1) ,GFX (1)

FORMAT {(*DIRECT GRIND TO- RECYCLE ,¥8,3,'GRIND TO FLOTATIOK=",F8.3)

WRITE (6,822)

FOEMAT {'0?,®* FLOTATION RESULTS?)

WRITE (6,823)

FORMAT {*+?,7 °)

HRITE (6,824)

FORMAT (?*0¢,? MINERAL RECCVERIES (%) ")
WRITE(6,825) RECMO, RECPY,RECCPY,RECSIL

FORMAT (*M0S2="?,P7.3,?FES2=?,F7.3,°CUFES2="?,F7. 3, INSOL="

WRITE (6,826) RFX (1)
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e F7.3)

FORMAT (?0°,*MASS FLOWRATE OF CONCENTRATE (TONNES/DAY)=°,F833)

BRITE({6,827)
FOEMAT ("0?, FLOTATION CONCENTRATE ANALYSIS (WGT#%)?)
WRITE(6,828) RFX(2) ,BFX(3),RFX{8) ,RFX (5) ,RFX {6)

FORMAT ('#40=',F7.3, *FE=?,F7.3,CU=? ,F7,3,'INSOL="*,F7.3,'S

HRITE(6,829) FTX (1)

¢, F7.3)

FORMAT {20*,® MASS FLOWRATE OF FLOTATION TAILS (TONNES/DAY)=°,F8.3)

WRITE (6,830)
FOENAT (09, * FLOTATION TAILS ANALYSIS {HGT%)')

'WBITE(6,831) FTX{2)

FORMAT (*MO=*,F7,3)

. WRITE(6,832)

FOERMAT (0%, CALCULATED VALUES FOR BECYCLE SOLIDS®)
WRITE (6, 833)

 FORMAT ("+%,°% .. | L

WRITE (6,834) RXC(1)

FOERAAT {°0°,*RECYCLE SOLIDS MASS FLOWRATE (TONNES/DAY)",FB 3)

_WRITE (6,835)

FORMAT (*0? ,* RECYCLE SOLIDS ANALYSIS (%GT3?)*)

~ WRITE(6, 836) RXC(2) ,RXC{3) ,RXC(4) ,BRXC5), RXC(5$

FORMAT (M0O=?,¥7,3, "FE=? ,F7, 3, 'CU=,F7.3, INSOL"“,F? 3,
WRITE(6, 837)

FORMAT {°09, *RECYCLE AREA FACTOR PARAMETERS®)

WRITE (6,838) RXC(7) ,RXC{8)

SRITE (6,838} RX (7),RX(8)

. FOEMAT(®*B1=?®,F8,5,°B2=",F8.5)
~ DC 856 K=1,N

BRITE(6,857) K

- FORMAT (°0°,°STAGE(°,I1,*%) X VALUES“)

Do 858 I=1,18

- WRITE (6, 859) SX{K,1I)
. FORMAT {(G12.5)

CONTINUE
CCNTIINUE
BETUEN
END

=% ,F7.3)
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APPENDIX D

OTHER SPECIFIC PARAMETERS USED IN MODEL

(1) Grind Constant ké = 0.0570 sec-1

- by analysis of Report 7 and 8 data [4]

. using initial calculated rates of reaction.

A" = area factor for grinding mill imput

A" = area factor for ground solids
Initial leach rates (at 1 min.)

r' a A’

r" o A"

Ratio:

—0— = ——— = -—'.'"""‘""‘“"_J; = 4 L) 43

= kv A!.
g

= 00,0570 A’
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(2) Flotation rates constants:

MoS2 = 1.0 minﬂl
. FeS2 = 0.5*

CuFeS2 = 0.5%

Insol = 0.10

* estimates - may be some control depending on desirability of

recyling FeS2 and CuFeSz.



