Available online at www.sciencedirect.com

", ScienceDirect MINERALS

ENGINEERING

ELSEVIER Minerals Engineering 19 (2006) 1319-1327

This article is also available online at:
www.elsevier.com/locate/mineng

Simulation study of the optimal distribution of cyanide
in a gold leaching circuit

L.R.P. de Andrade Lima *®>* D. Hodouin ?

& Department of Mining, Metallurgical, and Materials Engineering, Laval University, Quebec City, Canada GI1K 7P4
® Department of Materials Science and Technology, Federal University of Bahia, C.P. 6974, Salvador, BA 40810-971, Brazil

Received 25 September 2005; accepted 1 December 2005
Available online 19 January 2006

Abstract

The mineral industry has been using cyanidation to recover gold from ores for more than a century; however, a systematic study of the
best reactant addition strategy in a cascade of agitated leaching tanks is not available in the open literature. A phenomenological math-
ematical model of the gold cyanidation process, calibrated with a set of industrial data from an Australian plant, together with an eco-
nomic performance index is used to analyze this problem. The simulated results show that the best compromise between the two
antagonistic effects, cyanide consumption and gold recovery, which are both function of cyanide concentrations, leads to a reagent dis-
tribution that depends on the leaching and cyanide consumption kinetics, pulp feed characteristics, and economic factors such as the gold
market value. For the specific studied plant, in the operating range of low cyanide consumption and fast gold dissolution, all the cyanide
must be added in the first tank; however, in the operating conditions of high cyanide consumption, cyanide has to be distributed in the

first, second and third tanks.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Leaching by cyanide solutions in aerated alkaline pulp
has been the main process for gold extraction from ores
for more than one century. In spite of the fact that in the last
decades the automatic control of the free cyanide concentra-
tion in the leaching section of conventional gold extraction
processes has emerged as an useful technology, the cyanide
distribution strategy along the leaching cascade is still
empirically selected (Brandt et al., 1986; Uys et al., 1987;
Flintoff, 1993; Rowden, 1997; Caron et al., 1999). This paper
evaluates if an optimal distribution of cyanide along a plant
leaching section might improve the process efficiency.
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Stage reactant distribution in a cascade of reactors is
already employed by the chemical and biochemical indus-
tries and systematic studies of optimal distribution strate-
gies are documented (Levenspiel, 1999; Villermaux, 1993;
Biegler et al., 1997; Moreira and Malcata, 1996). The min-
eral processing industry has widely employed stage reac-
tants addition in flotation (Wills, 1997; Lynch et al.,
1981) but only a few systematic studies analyzing the effect
of the reactant distribution on the process performance are
available in the open literature (see for instance, Bazin and
Proulx, 2001). In gold processing plants, stage reactants
addition is currently used in leaching sections; however,
studies on the optimization of their distribution are not
available in the open literature.

The mathematical modeling and numerical simulation
of gold leaching and gold recovery in agitated tanks by
activated carbon using the process of carbon-in-leach and
carbon-in-pulp have received a lot of attention since the
1970s and several papers are available, such as: Nicol
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Nomenclature

Cen cyanide concentration in the liquid (mg/kg)
Cl gold concentration in the liquid (mg/kg)

Cs gold concentration in the ore (mg/kg)

Cw solid concentration in the pulp (g/g)

J total cost function ($/h)

Jy reference value of the total cost function ($/h)
J relative cost function

Ml liquid holdup (kg)

Ms ore holdup (kg)

N number of reactors in the cascade

Pra,  price of gold ($/g)

Pren  price of cyanide ($/kg)

Preng  price of cyanide destruction ($/kg)
Qcn  cyanide flow rate added (kg/h)

Ql liquid flow rate (kg/h)

Qs ore flow rate (kg/h)

I'Au dissolution rate of gold (mg/kg h)
reN rate of cyanide consumption (mg/L h)
V net volume of the reactor (m?)

Greeks

ps ore density (g/cm’)

pl liquid density (g/cm?)

14 scaling factors of the kinetic constants

Subscripts

0 circuit entrance

e zero order kinetic constant of cyanide consump-
tion

f first order kinetic constant of cyanide consump-
tion

i tank number in the cascade

k kinetic constant of gold dissolution

m optimal value

n circuit exit

et al. (1984), Williams and Glasser (1985), Carrier et al.
(1987), Stange and King (1987), Stange et al. (1990a,b),
Woollacott et al. (1990), van Deventer and Ross (1991),
van der Walt and van Deventer (1992), Stange (1991,
1999), Schubert et al. (1993), Rees and van Deventer
(2001), and Rees et al. (2001). However, only a few works
have discussed the systematic design and optimization of
these processes (Carrier et al., 1987; Stange, 1991, 1999;
Schubert et al., 1993; Rogans et al., 1998; de Andrade Lima
and Hodouin, 2005a; de Andrade Lima, in press).

The problem of optimal design of the number and size
distribution of reactors in a gold ore leaching plant was

Cyanide

recently addressed (de Andrade Lima and Hodouin,
2005a; de Andrade Lima, in press). In these studies, the
reactor configuration was described as a series of ideal con-
tinuous stirred tank reactors (CSTR), and the reactions
were described by kinetic models calibrated with experi-
mental data. The present work uses a similar approach
for analyzing the reactant distribution problem in the case
of a cascade of three equal-sized leaching tanks, which was
never discussed in the open literature. The results presented
in this study are specific for a leaching circuit treating a rel-
atively simple ore, but the methodology used can be
directly applied to other leaching plants and ores, including
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Fig. 1. Schematic diagram of the three-tank leaching plant (¥ is the reactor volume; Qcn is the cyanide feed rate; «; is the ratio of cyanide feed rate

distributed in each tank).
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the carbon-in-leach process, which is not discussed here.
Fig. 1 presents the studied cascade of tanks with the corre-
sponding process variables: concentrations (C) and mass
flow rates (Q) of each stream, and fractions of the total cya-
nide flow rate that are fed to the tanks (o). More details
regarding the plant and process are presented in Section 2.

The paper is organized as follows. Section 2 presents an
overview of the mathematical model used to describe the
gold cyanidation and defines the cost function. Section 3
presents the results of the optimal cyanide distribution
policy, and discusses the sensitivity of the results to the
kinetic and economic parameters. Section 4 presents the
conclusions.

2. Gold cyanidation modelling and simulation

The process model used to assemble the steady-state
simulator to design optimal cyanide distribution strategies
is based on equations developed in other studies to describe
the gold leaching and recovery processes (Carrier et al.,
1987; Woollacott et al., 1990; van Deventer and Ross,
1991; van der Walt and van Deventer, 1992; Stange,
1991, 1999; Schubert et al.,, 1993; de Andrade Lima,
2001, in press; Rees and van Deventer, 2001; Rees et al.,
2001; de Andrade Lima and Hodouin, 2005a). In this
model, each leaching tank in the circuit is described as
CSTRs and the reactions are described by simplified kinetic
models. In the present case, the rate of reaction for gold
cyanidation and cyanide consumption are described by
lumped models calibrated on industrial data. For a tank
where the solid flow rate is Qs, the gold balance in the
ore is
%(CSo—CS)—I’AUZO (1)
where Ms is the ore holdup, Csy and Cs are the input and
output ore gold concentration, and ra, is the gold dissolu-
tion rate. The cyanide balance is given by
% (Ceng — Cen) + % —ren=0 (2)
where Ql and Qcn are the liquid and cyanide flow rates,
Ccng and Ccn are the input and output cyanide concentra-
tions, and rcy is the cyanide consumption rate. Ml, the li-
quid holdup, is obtained through the assumption that the
solid and liquid phases are perfectly mixed

Qs
Ml = Ql Ms (3)

Cyanidation of gold ores is a complex heterogeneous
process, where the leaching behavior of gold depends upon
the nature of the gold bearer as well of its distribution
within the ore with respect to its ability to be reached by
the liquid phase. Also it depends on the quality of the gold
surface exposed to cyanide. Some attempts have been made
to relate the kinetic rate to the particle size (de Andrade
Lima and Hodouin, 2005b) and liberation (Lorenzen and

van Deventer, 1994). However, in the present study, a
lumped kinetic model, based on an overall rate of cyanida-
tion, is used, because it seems to be enough for the
objective of illustrating the importance of a proper selec-
tion of the cyanide distribution strategy, and does not
change the trends that will be identified. Furthermore, it
is assumed that operating conditions other than the cya-
nide concentrations are maintained at constant values
(constant pH and oxygen saturation for all the tanks) (de
Andrade Lima et al., 2002; de Andrade Lima and Hod-
ouin, 2005a; de Andrade Lima, in press).

The cyanide consumption kinetics is also described by a
lumped kinetic model, assuming an average rate for the
particle population. Two superimposed effects are assumed
to explain the rate of cyanide consumption. The first one is
related to the reaction with metal species contained in the
mineral phases. It is modeled as a zero order process, since,
for a given mineralogical composition of the ore, the
cyanicide exposed surfaces are constant. The second one,
described as a first order process, explains the cyanide con-
sumption effect due to the free cyanide content itself, such
as the losses by hydrolysis to hydrogen cyanide and ammo-
nia, and the oxidation to cyanate or cyanogens (Adams,
1990; de Andrade Lima et al., 2002).

The rate equations that describe the gold leaching pro-
cess are calibrated with data from a plant that treats about
400 t/h of ores coming from twelve ore bodies located in
the northern part of the Saddleback greenstone belt,
located in the southwestern corner of the Yilgarn craton,
Western Australia (Wilde and Pidgeon, 1986; Bax, 1996;
de Andrade Lima, 2001; de Andrade Lima et al., 2002;
Groves et al., 2003). The ore contains basalt and small
amounts of marcassite (FeS,), chalcopyrite (CuFeS,),
galena (PbS), sphalerite (ZnS), gersdorffite (NiAsS) and
arsenopyrite (FeAsS), but reactive sulfides, such as, pyrite
(FeS,) and pyrrhotite (Fe;_,S) are almost absent (Wilde
and Pidgeon, 1986; Bax, 1996; Allibone et al., 1998; Groves
et al., 2003). The gold in the ore is well liberated and 20 to
40% is concentrated using gravity methods in the grinding
circuit. The ore size in the leaching circuit is about 50% less
than 38 um. The pulp in the leaching circuit has a concen-
tration of solids of about 45%, and the water used in this
circuit is salted with a total concentration of dissolved sol-
ids higher than 12%. Neither lead nitrate addition nor pre-
treatment is used in the studied plant. The leaching section
of this plant has three mechanically agitated tanks with
nominal volume of 2000 m?, and the free cyanide concen-
tration is measured automatically using a Kegold electrode
and controlled at 450 mg/L by addition of sodium cyanide
at the entrance of the first tank. Oxygen is added to the first
two leaching tanks, and its concentration is not continu-
ously measured, but due to the absence of reactive species
in the ore, for simulation purposes, it is assumed as con-
stant at the saturation value. The pH is also automatically
measured in the outlet of the first tank and controlled at
10.2 by addition of calcium oxide at the comminution sec-
tion of the plant (Bax, 1996).
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The leaching section of the plant was sampled at each
hour, simultaneously with the entry and the outlet side of
each tank, during 37 h. The liquid phase, after filtration
of the sampled pulp was analyzed. The pH was measured
with a standard pH-meter, the cyanide concentration deter-
mined by titration with silver nitrate and rhodanine, and
the concentration of gold measured by atomic absorption
spectrophotometry after the extraction of this metal by
di-iso-butyl-ketone (DIBK). The solids were washed and
the ore gold content measured by fire assay and atomic
absorption spectrophotometry. The concentration of the
solids was also given for each sample. At every 2 h, samples
of the pulp were taken and filtered to measure the concen-
tration of carbon in the tanks and their gold content
measured by fire assay and atomic absorption spectropho-
tometry (Bax, 1996).

The ore flow rate time evolution was measured in the
entrance of the comminution-leaching section of the plant,
but not in the leaching-adsorption circuit entrance (Bax,
1996); therefore, estimated values were produced by assum-
ing that the comminution circuit behaves as a second order
system with a time constant of 0.37 h.

The fitted kinetic models for the three-tank plant
described above are (de Andrade Lima, 2001, 2002)

Fau = 5.50 x 10°Cen(Cs — 0.14)*" (mg/kg h) (4)
ren = 3.43 4 1.47 x 1072Cen (mg/kg h) (5)

where Ccn is the free cyanide concentration in the liquid
phase and Cs is the ore gold content. Because of the
assumption of perfect mixing these values are assumed to
be equal to the output concentration values. The
0.14 mg/kg value in Eq. (4) is the measured residual gold
concentration in the solid phase. The net reactor volume
(V) was estimated as 1160 m>, leading to a nominal mean
residence time of the slurry of about 1.8 h in each tank.
The process simulation was performed by sequential
numerical resolution of Egs. (1)—(5) for each leaching reac-
tor. Fig. 2 shows the simulated results of the concentration
profiles and flow rates in the three-tanks plant. The cyanide
concentrations, ore gold concentrations, and liquid phase
gold concentrations are close to the average measured

values, and the cyanide consumption, the gold dissolution
and the enrichment of the liquid from tank to tank are well
reproduced by the simulator (de Andrade Lima, 2001,
2002).

A performance criterion is required to tune the cyanide
addition strategy. The following cost function that includes
the cyanide cost, the residual pulp treatment cost, and a pen-
alty for the loss of non-dissolved gold is used (de Andrade
Lima and Hodouin, 2005a; de Andrade Lima, in press):

= (Z Qon; + Ccnle> Prox -+ (Q1 4 Qs)Prexa + (Cs,Qs)Pra,
i=1
(6)

where Qcn; is the cyanide flow rate added to the ith tank,
Ccny is the cyanide concentration at the first tank entrance,
N is the number of tanks in the cascade, Prcy is the cyanide
price, Prcng is the cost of destruction of the residual cya-
nide, Cs,, is the ore gold concentration at the last tank out-
let, and Pra, is the gold market value. Typical values
for the cyanide purchase and destruction costs, and for
the gold value were respectively 1.35 $/kg, 1.75 $/t, and
10 $/g, at the time the simulation was performed ($ stands
for US$). The cost function (J*) is given in $ per time unit.
The operation is profitable if the operating and capital
costs are lower than the value of the extracted gold. The
operation profit is optimized relatively to a reference state.
For that purpose, the cost function (J*) is normalized using
a reference cost (J7) as follows:

J =" =J)N; ()

The reference cost is chosen in the case when Qcn; =
100 kg/h, Qcn, =Qcnz =0, Ccng=200mg/L, Prp,=
5$/g, that is J; = 2409 $/h.

3. Results and discussion

In a first simulation run, the normalized cost function
(Eq. (7)) is evaluated for different strategies of cyanide dis-
tribution to the tanks. The amount of total added cyanide
is 0, 10, 100, 200, or 1000 kg/h, and it is assumed to be
injected in only one tank, the first, the second or the third.
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Fig. 2. Results of the simulation of the nominal regime of the three-tank leaching plant. The variables shown are: ore flow rate (Qs), solid concentration in
the pulp (Cw), liquid flow rate (Ql), cyanide concentration in the liquid phase (Ccn), ore gold content (Cs), and gold concentration in the liquid phase (Cl).
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As cyanide is also added before the leaching circuit, the
simulations are performed for different values of this
parameter, assuming that the cyanide concentration at
the plant entrance (Ccng) can be 0, 200 or 475 mg/L. The
simulations are also performed for constant feed gold con-
tent in the ore Csq (0.85 mg/kg) and in the liquid phase
(1.85mg/L) and for three different conditions of the gold
market values at 5, 10 and 15 $/g. Table 1 shows the results
of the normalized cost function (J in %) as a function of the
added cyanide flow rate (Qcn;), the gold price (Pra,), and
the initial cyanide concentration. For each gold price and
initial cyanide concentration, there is a lowest value of J
(value underlined). This is not necessarily an optimal value
since the operating conditions that are applied are located
on a discrete grid of conditions. However, it is clear that
the optimal operating point is varying with the gold price
and the feed conditions. These preliminary simulations
show that, for the ore tested and the operating range
selected, the cost function is the lowest when the addition
of cyanide is made in the first tank. This is related to the
large amount of gold dissolution that takes place in the first
tank of the cascade, for the specific ore tested.

To study the effect of continuous variations of the cya-
nide addition in the first and second tanks (Qcn; and
Qcn,), the gold price (Prp,) was maintained at a value of
10 $/g, for two levels of cyanide concentration at the plant
feed (Ceng = 0 or 475 mg/L). The simulated values of the
normalized cost function (J), as a function of both cyanide
addition rates, are presented as contour plots in Fig. 3(a)
and (b). These plots show a minimum value on the cyanide
flow rate in the first tank axis (Qcn;), which, for these two
cases, clearly shows that the optimal result occurs when the
cyanide is added in the first tank only. The monotonic
behavior of these surfaces indicates that there is no prob-

Table 1
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Fig. 3. Contour plots of the normalized cost function (J) as a function of
the free cyanide flow rates in the first (Qcn;) and the second tank (Qcn,)
for cyanide concentration in the leaching section entrance (Ccng) equal to:
(a) 0 mg/L; (b) 475 mg/L.

Normalized cost (J in %) as a function of the cyanide addition strategy in the leaching tank cascade (Qcn;), for various gold prices (Pra,), and initial

cyanide feed concentrations (Ccny)

Qen; (kg/h) Qcn; (kg/h) Qcns (kg/h) Ccng (mg/L)

0 200 475

PrAu ($/g) PrAu ($/g) PrAu ($/g)

5 10 15 5 10 15 5 10 15
0 0 0 35.17 105.75 176.33 0.65 31.23 61.82 0.79 23.97 47.15
10 0 0 28.65 92.15 155.65 0.22 29.81 59.41 1.06 23.96 46.86
0 10 0 28.94 92.73 156.52 0.49 30.35 60.22 1.13 24.11 47.08
0 0 10 31.15 97.15 163.16 0.82 31.02 61.21 1.23 24.30 47.37
100 0 0 0.54 30.89 61.25 0.00 2433 48.66 4.16 25.11 46.07
0 100 0 6.10 42.01 77.92 1.37 27.07 52.77 4.68 26.15 47.62
0 0 100 16.55 62.91 109.27 3.35 31.03 58.71 5.41 27.61 49.81
200 0 0 0.04 24.29 48.54 2.87 24.45 46.04 8.39 27.96 47.54
0 200 0 493 34.07 63.21 4.54 27.81 51.07 9.14 29.48 49.81
0 0 200 15.47 55.15 94.84 7.24 33.20 59.16 10.29 31.77 53.25
1000 0 0 37.01 53.38 69.76 42.22 58.34 74.45 49.46 65.26 81.06
0 1000 0 39.76 58.88 78.00 43.76 61.42 79.07 50.46 67.27 84.08
0 0 1000 47.88 75.14 102.39 47.13 68.14 89.16 52.42 71.19 89.96
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Table 2

Minimal normalized cost (J) and optimal cyanide addition rates (Qcn;,,, as
a function of the feed ore gold content and cyanide concentration
(Csp, and Ccny)

CSO CCnO anlm an2m an3m J (%)
(mg/kg) (mg/L) (kg/h) (kg/h) (kg/h)
0.3 0 95.72 0 0 11.04
0.3 200 0 0 0 11.04
0.3 475 0 0 0 13.84
0.85 0 240.0 0 0 23.96
0.85 200 142.3 0 0 23.96
0.85 475 7.85 0 0 23.96
10 0 378.9 0 0 39.05
10 200 281.1 0 0 39.05
10 475 146.7 0 0 39.05
300
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Fig. 4. Effect of the gold leaching kinetics (£, parameter) on the optimal
free cyanide distribution in the first tank (Qcn,,) for three values of the
gold price (Pray): (a) 5 $/g: (b) 10 $/g; (c) 15 $/g.

lem to find the optimal values using classical minimization
methods, such as the conjugate directions method (Biegler
et al., 1997) that is used in this study.

The optimal cyanide distribution (Qcn;,,) and normal-
ized cost function (J in %) are calculated using the above
method for feed cyanide concentrations (Ccng) equal to
0, 200 and 475 mg/L, a gold price (Pra,) equal to 10 $/g,
and for varying ore gold content in the leaching plant feed
(Csp = 0.3, 0.85, and 10 mg/kg) (see Table 2). In all optimal
cases, cyanide must be added only in the first tank, because
of the fast dissolution of gold in this specific ore. For a rich
ore, the cost function (J) is independent of the cyanide con-
centration at the circuit entrance, because the cyanide
added in the tank compensates exactly the missing amount
in the circuit feed. In the case of an ore of low gold content
and a moderate cyanide concentration, the optimal flow
rates are zero. This is an indication that a cyanide concen-
tration of 200 mg/L is already too high for a low-grade ore.

The optimal cyanide distribution pattern described
above is valid for the specific ore investigated. It is interest-
ing to study how this pattern varies with the kinetic param-
eters involved in the cyanidation process. The cyanide
consumption kinetics may strongly depend on the slurry
chemical composition, in particular chemical species, such
as iron and copper-bearing minerals, consume cyanide
and can significantly change the process profitability. Also
the gold dissolution kinetics may vary with the type of ore
and the particle size distribution. In order to analyze the
sensitivity of the optimal cyanide distribution pattern to
the changes of the cyanide consumption and gold dissolu-
tion kinetics, several simulation tests were carried out, mul-
tiplying the reference values of the coefficients of Eqs. (4)
and (5), by a scaling factor ¢ that reduces or increases their
values. In all cases, the minimum of the normalized cost
function (J in %) and the best cyanide flow rate distribution
are calculated. The results are analyzed for feed cyanide
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Fig. 5. Effect of the gold leaching kinetics (£, parameter) on the
normalized cost function (J) and the gold recovery in the leaching plant
(apw =1 — Cs,/Csg) for three values of the gold price (Pray).
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concentrations (Ccng) equal to 0 mg/L, for a gold price
(Pray) equal to 5, 10 and 15 $/g, and for constant feed gold
contents in the solid and liquid phase of 0.85 mg/kg and
1.85 mg/L.

To study the sensitivity of the optimal tuning to the gold
dissolution kinetics, the reference value of the kinetic con-
stant is multiplied by a factor £, equal to 0.02, 0.1, 0.2, 0.5,
1 and 2. In the tested range, all the cyanide must, again, be
added to the first tank, and the results are summarized in
Figs. 4(a)—(c), and 5. As expected, the lowest is the dissolu-
tion rate, the highest should be the cyanide concentration,
but the lower are the gold recovery and the revenue of the
operation. Obviously, for slow gold dissolution, the size of
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Fig. 6. Effect of the cyanide consumption kinetics (£, parameter) on the
optimal free cyanide distribution in the first tank (Qcny,,) for three values
of the gold price (Pray): (a) 5 $/g; (b) 10 $/g; (¢) 15 $/g.

the plant should be increased for lengthening the ore resi-
dence time. On the contrary, an increase of the dissolution
rate improves the operation profitability.

To study the sensitivity of the optimal tuning to the cya-
nide consumption kinetics, first, the reference value of the
zero-order kinetic coefficient is multiplied by a factor &,
equal to 0.1, 1, 10, 50, 100, and 150. Again, all the cyanide
must be added to the first tank, and the results are summa-
rized in Figs. 6(a)—(c) and 7. Obviously, the plant profitabil-
ity decreases as the cyanide consumption increases, thus
limiting the gold recovery. The reference value of the first
order kinetic coefficient of cyanide consumption is then
multiplied by a factor & equal to 0.1, 1, 10, 30, 40, 50,
100, 200, and 500, and the results are summarized in Figs.
8(a)—(c) and 9. Here the cyanide distribution pattern is quite
different, since it is necessary to distribute the cyanide into
the three tanks, because the cyanide consumption rate is
proportional to its concentration. The profitability of the
plant decreases as the cyanide consumption increases. The
study shows that when the cyanide consumption increases
due to the presence of ‘cyanicide minerals’ or due to changes
in the pH, the temperature or the exchanges with the gas
phase, it is important to change the distribution of the
reagents in the leaching circuit to avoid premature and use-
less consumption of the cyanide.

As shown by the above results, the gold price is also a key
factor in the tuning of a leaching circuit that treats a rela-
tively simple ore, without cyanide-soluble copper, reactive
sulfides, preg-robbers, and polysulfides, in a conventional
cascade of agitated tanks as in the present case. As a conse-
quence, this factor must be taken into account not only for
the global development of gold mines, but also for the cur-
rent tuning of the leaching operations in these plants.

The economic importance of a proper tuning of the
cyanide addition to the leaching circuit, can be roughly
understand by simply saying that a decrease by 1% of the
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gold recovery in the leaching plant, a value which corre-
sponds to only a decrease of the overall plant recovery of
approximately 0.4%, corresponds to an annual loss of
350,000% for a gold at 10 $/g, and that an over-consump-
tion of cyanide by 5%, in the leaching circuit only (i.e.
not considering the cyanide added in the grinding circuit),
corresponds to a loss of 180,000$ per year. The economic
impact associated to the right distribution of cyanide is sig-
nificant. It can be evaluated by taking, as an example, the
first case presented in Fig. 8 where there is a distribution of
cyanide into two tanks (& = 30). If instead of distributing
cyanide in the two first tanks (258 and 72 kg/h respectively)

-
[o2]
o

—A— 5849()
—&— 108/g(J)
—@— 15%/g(J)
—A— 5 $/g (0a)
120 4 —&— 10%/g (o)
—O— 158/ (o)

N
o
L

Normalized cost (%) / Gold recovery in the plant (%)
o 3
1 1

0.1 1 10 100 1000
&
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normalized cost function (J) and the gold recovery in the leaching plant
(apw =1 — Cs,/Csg) for three values of the gold price (Pray).

o
2

one adds the same quantity (330 kg/h) only in the first
tank, an increase of the cost function (J*) from 3401 to
3406 $/h is obtained, which, in this specific case, represents
an annual loss of approximately $45,000, exclusively due to
an inadequate reagent distribution.

4. Conclusions

A steady-state simulator of a gold leaching circuit, pre-
viously calibrated to experimental data from an Australian
plant, was used to systematically demonstrate that a better
cyanide distribution in a leaching reactors cascade could be
achieved. This study shows that there is an optimal tuning
of a gold leaching circuit, which makes a trade off between
the gold recovery and the reagent cost. The optimal tuning
depends upon the cyanide reagent price and the cyanide
reject treatment cost, and is sensitive to the gold market
value. When the gold value is high, it is economically
important to improve the gold recovery by increasing cya-
nide concentrations in the tanks. The optimal tuning of the
leaching plant depends also on the extent of dissolution
performed before the leaching circuit, a parameter that
may vary and must be taken into account in the search
for optimal leaching plant tuning. For the specific plant
analyzed in this study, the simulated results show that in
the case of low cyanide consumption and fast gold dissolu-
tion kinetics, the optimal distribution of the cyanide con-
sists in feeding all the cyanide in the first tank. However,
a parametric analysis conducted with respect to the gold
dissolution and cyanide consumption rates shows that, in
the case of very high cyanide consumption, additions in
the second and even in the third tanks are required. It is
expected that the results and the methodology presented
in this work will be helpful to understand the reactant dis-
tribution in other leaching plants and will be useful to
improve the cyanide control.
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