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Abstract: Analytical models are of vital importance to study the dynamics of complex systems,
including the heap leaching process. In this work, a methodology to study the dynamics of copper
recovery in the heap leaching by means of fit of analytical models that capture the leaching dynamics
product of variations of leaching agents as a function of the feeding is proposed, establishing a first
mode of operation keeping the leaching agent fixed (H2SO4) and a second operation mode, where Cl−

is added to accelerate the reaction kinetics of sulfide minerals (secondary sulfides). Mineral recovery
was modeled for the different modes of operation, dependent on the independent variables/control
parameters time, heap height, leach flow rate, and feed granulometry. The results indicate that the
recovery of ore from sulfide minerals is proportional to the addition of Cl−, reaching recovery levels
of approximately 60%, very close to 65% recovery in conventional oxide leaching, using only H2SO4

as leaching agent. Additionally, high copper recoveries from sulfide ores are achieved at medium
Cl− concentrations, but the increase in recovery at high Cl− concentrations is marginal.

Keywords: leaching; oxides; sulfides; copper; phenomenological modeling; production planning

1. Introduction

There is constant growth in the copper industry; however, Flanagan [1] indicates that
the estimated global copper mining production increased slightly to 21 million tons in
2021 from 20.6 million tons in 2020. A report generated by the International Copper Study
Group [2], on the other hand, indicates that since 1900, the world production was less
than 500 thousand tonnes copper, world copper mine production has grown by 3.1% per
annum to approximately 21 million tonnes in 2021, while a report of Research & Markets [3]
indicate that the mined copper production is expected to reach 29.19 megatons by 2027,
whereas refined copper production is projected to reach 32.80 megatons by the end of 2027.

Chile is the world’s largest producer of copper and has the largest copper reserves.
Chile’s production is expected to grow in the coming years owing to the increasing invest-
ment in new technologies [3]. Chile has a participation of 29% and 23% of the reserves of
this commodity [4]. Copper oxides that are processed by hydrometallurgy are increasingly
scarce in Chile, while copper sulfides are found in greater quantities [5]. On the other hand,
39.2% of fine copper production is produced through the hydrometallurgical processes,
while most of the production (60.8%) is by flotation processes, processes that generate
large environmental liabilities, such as tailings dams (negative externalities that have been
reduced in recent years [6–9]).

It is estimated that in Chile, for each ton of copper that is produced by flotation
processes, 151 tons of tailings are generated [5]. On the planet most of the copper min-
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erals correspond to sulfides and a minor part to oxides. Pyrometallurgy treats sulphide
minerals, including the flotation, smelting and electro-refining processes, and hydromet-
allurgy with oxidized minerals, breaking down into the leaching, solvent extraction and
electro-extraction stages [10]. Both working mechanisms have proven to be profitable in
the industry; however, pyrometallurgy presents the main disadvantage of making SO2
emissions into the atmosphere, generating serious environmental problems [11]. However,
there is development of the concept of an electrochemical device that can reduce the emis-
sion of SO2 gas based on SO2-Despolarized Water Electrolysis forming H2 and H2SO4 as
products, which can be performed in the same metallurgical process using solar energy [12]
integrating the concept of green mining. This technology is considered as an alternative
for the control of fugitive emission in the pyrometallurgy process, according the following
reactions [13]:

H2SO4(aq) → H2O(g) + SO2(g) + 0.5O2(g)

SO2(g) + 2H2O(g) → H2SO4(aq) + H2(g)

Mine planning, both for open pit and underground mining, is traditionally applied in
the industry using methodologies that consider a considerable amount of the information
as deterministic. Most of the information used for mining calculations may or may not
present variations; in the case of presenting them, its speak of uncertainty in the data
generates a risk in the expected result. Considering the above, it is relevant to have tools
and plans that allow generating greater economic value and that in turn are flexible in
the face of changes in the different possible scenarios [14]. Some of these tools are the
generation of representative phenomenological models of process dynamics, either through
the generation of mathematical models such as equations systems [15] or models based on
machine learning [16].

The leaching process has been studied and modeled by various authors [15], and
although the effect of the dissolution of copper sulfides (chalcopyrite) [17–19] in chloride
media, such as seawater because it is 97% more abundant than fresh water [20], has been
modeled, the comparative analysis on an industrial scale of heap leaching in acid media
with variations in chloride (Cl−) concentrations, has not been studied in depth. Additional
leaching studies in chloride media include modeling the kinetics of chalcocite leaching
in acidified cupric chloride (CuCl2) [21] or ferric chloride (FeCl3) [22] media under fully
controlled pH and potential or analyses of copper speciation and activities in high chloride
leaching solutions [23]. In salty solutions, the dissociation of H2SO4 is according to the
following reaction [24].

Cl− + H2SO4 → HSO−4 + HCl

Hydrogen sulfate (HSO4
−) is also called bisulfate, is a salt based of sulfuric acid.

In the solution is an ion and it contributes to generate Acid Chloride (HCl). That is the
response to the improvement in the leaching process. The formed of HCl promotes a rapid
kinetic the dissolution of the mineral according to corrosion phenomena during the anodic
subprocess [25].

Through this work, a methodology for calculating the improvements in copper re-
covery of the heap leaching phase is shown, through variations in production modes and
an analytical approach of modeling and simulation. The dynamics of the heap leaching
process is evaluated through the fit of analytical models [26], which will represent the
different ways of operating the leaching phase, depending on the characteristics of the
mineral in feeding, while that the incorporation of uncertainty is given through the Monte
Carlo simulation [27]. The first case represents the current situation (or base case), de-
termined by the leaching of both copper oxides and sulfides with sulfuric acid (H2SO4),
while the second case represent the proposed situation (changes in the operating modes of
leaching process), leaching copper oxides with H2SO4, and copper sulfide minerals, adding
chlorides ions (Cl−) [28]. The inclusion of uncertainty (associated with parameters of the
feed mineral such as granulometry or type of mineral, or operational variables such as the
type of leaching agent to be used) in operational planning optimization models of heap
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leaching has the potential to become an important advance in the way in which mining
projects are managed, and specifically, the modes of operation of the threads of the mineral
processing industry.

2. Materials and Methods
2.1. Heap Leaching

Heap leaching is a phase of mineral processing that is given by accumulations of
mineralized material that is carried out mechanically, forming a kind of continuous em-
bankment 6 to 8 m high, slightly inclined to allow drainage and collection of solutions (see
Figure 1). The heaps are watered with a solution of sulfuric acid to extract the copper from
the oxidized minerals. Heap leaching and landfill leaching involve dripping H2SO4 leach
through large heaps or ore dumps under normal atmospheric conditions. Oxide minerals
and chalcocite are easily leached [29,30], while that bornite and native copper are leached
under conditions of biological oxidation. Chalcopyrite, on the other hand, is not leached
significantly under ordinary heap leach conditions [31].
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Figure 1. Dimensions (a) and cross section (b) of a conventional leaching heap [15].

The leaching process has been studied and modeled by different authors [14,32–38];
however, modeling and simulation of analytical models that consider both the uncertainty
in the input variables and the variation of the operating parameters of the heap have not
been studied yet (as the variation in the ore fed). The present work considers the variation
of the mineralogical content of feeding in the heap leaching process, and several models
that involve the geological uncertainty associated with the distribution of minerals with
the concentration of the pure leaching solution (PLS) are fitted [39]. The dynamics of
the process is modeled through analytical models and Monte Carlo simulation, which
allows the uncertainty (derived from mineral type) in the heap leaching operations to be
neutralized [40]. For process modeling, it is necessary to define variables such as types of
events, design of flow diagrams and events as different operational modes, considering
that an operational mode represents the configuration of resources in certain scenarios.
Then, to create more robust plans, it is necessary to modify the operation objectives, so that
instead of maximizing the recovery of ore in an expected scenario, maximize the expected
recovery resulting from the n scenarios considered [41,42], assuming that the underlying
distributions of the independent variables belong to a non-deterministic environment.

In mineral processing, it is common to find processes and systems whose analysis,
through mathematical methods, is extraordinarily complex or even impossible to carry out,
since most of the variables are continuous. By modeling the dynamics of heap leaching,
it is possible not only to obtain a better understanding of the dynamics of the process,
but also to plan production based on feed by simulating the operation over a given time
horizon. In the proposed approach, the modeling of the operations could be simulated for
a limited number of periods in the planning time horizon, incorporating the domain of
the independent variables as well as the intrinsic uncertainty of mineral feed. Geological
variation can be managed by altering between modes of operation, modes that provide a
comprehensive response to changes in mineralogy. Then, the decision to switch between
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modes of operation depends on the levels of existence based on current and predicted
knowledge. An operation mode is defined as a certain configuration of the productive
resources, to adapt both to the characteristics of the operative parameters and to the
variation in feeding [43].

2.2. Modeling of Heap Leaching Process

As indicated in the previous section, the leaching process has been modeled in various
ways by various authors, both at the particle scale and at the heap scale. At the particle
level, the oxidation process, in conventional leaching, is controlled by any of the following
three processes [44]:

1. Process controlled by diffusion through the product layer: formation of a product
layer around the material that resists diffusion of the oxidant to the surface of the
material and slows down leaching.

2. Chemically controlled process: the product layer is absent or its presence does not
affect the free movement of the oxidant to the surface and the reaction between the
surface and the reagent is much slower than the diffusion of the oxidant.

3. Film Diffusion Process—Bulk leach solution resists movement of oxidant to the surface
and this can slow leach kinetics.

The aforementioned model (or derived from) has been applied to model the leaching
dynamics of various minerals, such as sulfides ores [45,46]. Then, at the heap level, it is
also possible to find aggregate models that consider that the behavior of the heap could be
modeled using a system of first-order equations, where the leaching phenomenon occurs
at different size and time scales [37,38,47]. The modeling of the system of heap leaching
as the solution to a system of first order equations [34,48] or through techniques such as
CFD [49] is used by various authors, in addition to the application of novel paradigms such
as machine learning [36].

Heap leaching is the method par excellence to extract metal from low-grade deposits,
since compared to other extraction methods it provides a low capital cost, derived from the
intensive use of energy, contrasting with a slow and inefficient ore recovery, in addition to
marginal changes in the extraction of the valuable mineral [33,50]. Heap leaching has been
modeled using different methods by various authors; however, the present investigation
fits an analytical model where it is considered that ore recovery behavior is modeled by a
system of first order equations [33], and proportional at different size and time scales [37,38].
Then, the aggregate mining recovery, considering the conditions of heap height, particle
size and recovery in infinite time, is given by Equation (1), where the variables and/or
parameters Z, kθ , kτ , µs, εb, DAe, ε0, ω, r represents heap height, kinetic constant at heap
height level, kinetic constant at particle level, surface velocity of leaching flow through the
bed, volumetric fraction of the bulk solution in the bed, effective diffusivity within particle
pores, porosity, reaction delay, and radius, respectively. In addition, λ is the kinetic weight
factor, and α, β and γ are mathematical adjustment coefficients.

R =
α

Zγ + β

(
1− λe−kθ

µs
εbZ (t− εbZ

µs ω) − (1− λ)e
−kτ

DAe
ε0r2 (t−

εbZ
µs ω)

)
(1)

The domain of operational variables are shown in Table 1 and correspond to the
domain of the process in a pilot plant of a mine in Chile’s Antofagasta region, while the
parameters εb, DAe, ε0 y ω were set in 0.03, 0.086 cm3/cm·d, 0.03 y 0 days [50], respectively.

Table 1. Levels of the operational variables of the analytical model.

Variable/Level Low Medium High

Z (cm) 600 800 900
µs () 9 28 57

r (mm) 1.0 2.5 3.5
t (days) 90 105 120
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3. Results and Discussions
3.1. Adjustment of Analytical Models

The analytical model shown in Equation (1) was fitted for copper recovery from the
heap leaching process for the operational data of a copper mine site in Antofagasta region,
Chile. It modeled copper recovery from oxidized and sulfide copper minerals (the adjusted
equations are shown in Equations (2)–(6)), while the recovery curves versus time are shown
in Figure 2. For modeling purposes, it is considered that both the leaching tests on oxidized
copper minerals and copper sulfides (secondary), the presence of the other mineral (copper
sulfides and oxides, respectively) are marginal.
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Considering the values of variables/parameters presented in Table 1, analytical models
were fitted for recovery versus time for copper oxides (Equation (2)) and copper sulfides
(Equation (3)) minerals, leaching only H2SO4, and Cl− ions addition for sulfide minerals at
concentration levels of 20 g/L (Equation (4)), 35 g/L (Equation (5)) and 50 g/L (Equation
(6)). In addition, its assumption that in an infinite operating time the mineral recovery
is equal because chalcocite and others secondary copper sulfides are not refractory to
conventional leaching processes [30,51]. Copper recovery from oxides and sulfide minerals
by adding only H2SO4 is shown in Equations (2) and (3), while that copper recovery from
sulfide minerals by adding H2SO4 + Cl− at concentrations of 20, 35 and 50 g/L are shown
in Equations (4)–(6), respectively, where the random variables of the models are Z, µs, r
and t (whose domain is indicated in Table 1), the parameters εb, DAe, ε0 and ω were set
from historical measurements and contrasted with the literature [50], and the mathematical
fit parameters were calculated using least squares.

ROx[Z, µs, r, t] =
132.345

Z0.0831 + 0.0609

(
1− 0.7e(−0.0231 µs

εbZ (t− εbZ
µs ω)) − 0.3e

(−0.3025 DAe
ε0r2 (t−

εbZ
µs ω))

)
(2)

RSul f [Z, µs, r, t]ClConc.=0 =
128.380

Z0.0875 + 0.0651

(
1− 0.7e(−0.0085 µs

εbZ (t− εbZ
µs ω)) − 0.3e

(−0.3016 DAe
ε0r2 (t−

εbZ
µs ω))

)
(3)

RSul f [Z, µs, r, t]ClConc.=20 =
129.069

Z0.0864 + 0.0759

(
1− 0.7e(−0.0145 µs

εbZ (t− εbZ
µs ω)) − 0.3e

(−0.3010 DAe
ε0r2 (t−

εbZ
µs ω))

)
(4)

RSul f [Z, µs, r, t]ClConc.=35 =
130.928

Z0.0858 + 0.0678

(
1− 0.7e(−0.0192 µs

εbZ (t− εbZ
µs ω)) − 0.3e

(−0.3021 DAe
ε0r2 (t−

εbZ
µs ω))

)
(5)
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RSul f [Z, µs, r, t]ClConc.=50 =
131.332

Z0.0847 + 0.0594

(
1− 0.7e(−0.0205 µs

εbZ (t− εbZ
µs ω)) − 0.3e

(−0.3022 DAe
ε0r2 (t−

εbZ
µs ω))

)
(6)

where R is defined as copper recovery depending on the variables of Table 1, excluding
the parameters that represent the leaching kinetics depending on the types of minerals,
variables not usually sampled in the mining operation (estimated values of operators) and
Cl− ion concentrations added. Additionally, goodness-of-fit indicators of the recovery
models presented in Equations (2)–(6) are shown Table 2. Error measures (MAD and MSE)
indicate that all the analytical models fitted present a good fit to operational data.

Table 2. Goodness-of-fit statistics of analytical models.

Equation MAD MSE p Value
(Residuals Normality)

(2) 0.136464313 0.041459923 <0.01
(3) 0.041547655 0.003484736 <0.01
(4) 0.028614690 0.002489411 <0.01
(5) 0.136871445 0.042610117 <0.01
(6) 0.120720494 0.031967063 <0.01

3.2. Scenarios Modeling

Considering variation in the mineral feeding and the alternatives of leaching agents,
two production campaigns are defined, as Mode 1 and Mode 2.

• Mode 1: Leaching of oxidized and secondary sulfides minerals only with H2SO4
as a leaching agent. Leaching of oxides and secondary sulfides with sulfuric acid
(leaching of secondary sulfides with H2SO4 slows down mineral extraction from the
rock, increasing the time required until one is marginal, or a smaller proportion of
the valuable mineral is recovered, if considering the constant leaching time (how it
usually works under operational conditions in the mining industry) [17]. Then, Mode 1
consists of two operation strategies:

◦ Strategy 1: leaching of oxidized copper mineral using only H2SO4.
◦ Strategy 2: leaching of sulfide copper mineral using only H2SO4.

• Mode 2: Leaching of oxidized minerals by H2SO4 and sulfide minerals at different
levels of Cl− ions concentration (20, 35 and 50 g/L). Leaching of secondary sulfides
with Cl− ions accelerates copper recovery from sulfide mineral [52–55]. Different
chloride addition configurations are considered in order to determine the levels that
improve mineral extraction.

◦ Strategy 3: leaching of oxidized minerals with H2SO4 and sulfide minerals by
adding chloride at a concentration of 20 g/L.

◦ Strategy 4: leaching of oxidized minerals with H2SO4 and sulfide minerals by
adding chloride at a concentration of 35 g/L.

◦ Strategy 5: leaching of oxidized minerals with H2SO4 and sulfide minerals by
adding chloride at a concentration of 50 g/L.

The potential impact of different production campaigns of operation modes to the
heap leaching based on material feeding characteristics is to study the operation strategies
showed above, strategies that maximize or improve mineral recovery. In addition, after
change operation modes, adding Cl− ions, copper recovery from the sulfide minerals over
time is increased, tending to obtain recovery curves like the oxidized minerals (copper
recovery being proportional to Cl− ions concentration).

As a base scenario (Standard operation), the leaching phase presents two minerals
with which to operate defining an only operation mode (Mode A), feeding oxides and
secondary sulfides. On the other hand, a single proposal for the distribution of leaching
agents is considered, leaching only with H2SO4. From Figure 3, a low expected mineral
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recovery is observed when leaching sulfide minerals only with H2SO4, which is due to a
lower leaching kinetics, while the recovery from oxides is considerably higher (considering
heaps duration times is constant in 120 days). Then, the weighted mineral recovery for both
types is 64.7% in the case of oxidized minerals and 43.4% in the case of sulfide minerals.
As an alternative scenario (operation mode varying leaching agents), the leaching phase
presents two modes of operation: operation of oxidized minerals and sulfides minerals
(secondary sulfides) at different Cl− ion concentrations. In the second operation mode, in
64% of the cases, the leaching was carried out on oxides minerals, while in 36% of the cases
it was on sulfide minerals. On the other hand, the average mineral recovery for oxides
minerals was 64.7%, while for operation scenarios for sulfide minerals with Cl ions added
it was 53.1%, 59.5% and 60.9%, for Cl− concentrations of 20, 35 and 50 g/L, respectively.
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From the contrast of the results of the different operating modes, it is possible to con-
clude comparing strategies 4 and 5 (considering the addition of 35 and 50 g/L, respectively),
that the variation in the expected mineral recovery is marginal at constant leaching times
(due to the increased opportunity costs of maintaining a heap leach longer).

3.3. Uncertainty Analysis
3.3.1. Descriptive Statistics Base Case

Regarding the simulated scenarios, a variability analysis was carried out to study the
impact on production resulting from the incorporation of modes of operation, disaggregat-
ing the analyzes of the base case and the proposed alternative, respectively.

In the current scenario, the Chilean mining industry work the oxides and sulfide
minerals (secondary sulfides) by leaching with sulfuric acid, which is quite efficient in
leaching oxides, but has lower recoveries in the case of sulfides, which requires a longer
exposure time of the leaching reagent, which translates into an increase in production
costs, since the statistical analysis indicates that the copper recovery after 120 days of
leaching is approximately 64.7% for oxide minerals and 43.4% from sulfide minerals, as
indicated in Table 3. Then, the dispersion of recoveries distributions is relatively low, and
its distributions are significantly different, validated by a test of hypothesis of comparison
of means, from which it is possible to conclude that the mean of the copper recovery from
oxides minerals it is significantly higher than of sulfide minerals (p value < 0.001).

Table 3. Base case copper recovery statistics.

Ores/Stats Mean Standard Deviation Normality (p Valor)

Oxides 64.655 1.367 <0.005
Sulfide 43.416 1.784 0.149



Metals 2023, 13, 465 8 of 12

3.3.2. Descriptive Statistics Proposed Case

In case of the proposed scenario (statistical analysis in Table 4) an increase in produc-
tion is observed in front of increases in chlorides concentration, comparing its mean values;
however, the dispersion associated with the sampled distributions could indicate the lack
of evidence necessary to ensure that the recovery of the proposed method is greater than
the base case at high levels of addition of Cl− ions and leaching time.

Table 4. Recovery statistics for sulfide minerals.

Cl Conc./Stats Mean Standard Deviation Normality (p Value)

Cl 20 g/L 53.107 1.693 0.125
Cl 35 g/L 59.489 1.704 0.058
Cl 50 g/L 60.935 1.601 0.010

From the development of a hypothesis test to compare the mean recovery values, for
the leaching of sulfides without adding Cl− ions, in addition to the configurations of 0,
20, 35 and 50 g/L, it can be concluded that there are significant differences between the
4 means considered in the hypothesis testing. However, when developing the hypothesis
test considering only the configurations with the highest concentration (35 and 50 g/L),
there is not enough evidence to ensure that the means of both scenarios differ, so it is
possible to conclude that the increase in the Cl− ions concentration from 35 to 50 g/L does
not necessarily increase the efficiency of copper recovery from secondary sulfides.

3.3.3. Scenarios Comparison

As expected, production data were generated from both scenarios, it is important
to determine if the population means of both independent groups differ from each other,
so the recovery of copper by leaching oxidized and sulfur minerals using H2SO4 as the
only leaching agent, and the copper recovery using H2SO4 for oxidized minerals and
H2SO4 + Cl− ion for copper sulfides, whose individual distributions are presented in
Figure 4. Developing the t-test for two samples, the difference between the population
means is greater than the hypothetical difference (µ = 0), i.e., the value of the average copper
recovery considering a dynamic structure of leaching agents (H2SO4 + Cl−) is significantly
higher than in the base case (H2SO4), validated by a p value less than the significance level
(p < 0.001), indicating that the model is statistically significant.
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4. Conclusions

The mineral deposits are usually heterogeneous, which requires introducing variations
in the productive phase. In this research work, the dynamics of heap leaching at different
levels of leaching agent concentration are analytically modeled, simplifying the feeding
of oxides and sulfide minerals; however, the framework could be extended to different
types of mineral originating in a variety of geological domains in a mine, provided that
mineral exploitation is technically and economically feasible to develop it through the
hydrometallurgical processes.

As a result of this research, the simulation of different scenarios of equal probability
for each operation mode was developed, prior adjustment of analytical models of copper
recovery, in order to develop a comparative analysis of the recovery before modifications
in the leaching agents depending on the mineral feed. The analysis of the operational
information, it was generated recovery models adjusted to the operational conditions of
processing (considering as independent variables the leaching time, height of the pile,
average granulometry in the feed, and velocity of the leaching flow). The incorporation
of different operating modes in the processing of copper minerals has the potential of
giving greater flexibility to the production process to adapt to changes in the feeding, thus
improving the reaction kinetics of the minerals against different leaching agents. The use of
different modes of operation has the potential to improve strategic planning of the mining
plan, making flexible the value chain by making better use of resources and improving
mineral recovery, regardless of the mineralogical characteristics of the mine feeding.

The adjusted models present good indicators of goodness of fit, which indicates
that they are useful tools to study the dynamics of the response behavior (developing
simulations) against variations in the independent variables. The hypothesis test indicates
an increase in the mineral average recovery by incorporating a dynamic of operating modes
depending on the mineralogy of the feeding in the heap leaching phase, increasing the
expected recovery of copper sulfide ores, from approximately 43% to 60% (at medium
and high Cl− levels), very close to the expected recoveries from acid leaching of oxidized
minerals (approximately 65%).

Quantifying the increase in copper recovery by incorporating feeding uncertainty into
the processing of both oxides and sulfide minerals together with simulation framework is
an opportunity to optimize the studied process, in order to develop a strategic planning that
maximizes production by searching for optimal variables/parameters that allow improving
efficiency, considering those that can be monitored (porosity) and/or controlled (leaching
reagents and concentrating).

From the results of the study, it can be deduced that there is the potential to improve
the aggregate recovery of ore when considering a planning of changes in the modes of
operation depending on the diet, that is, it is possible to improve the beneficiation through
dynamic changes in the leaching agents in function of fed mineralogy. Future research lines
that are being considered are modeling the leaching process through machine learning
algorithms, such as artificial neural networks, decision trees or algorithms based on decision
trees, or Bayesian networks. In addition to including another operational parameters or
variables not considered in this study and that could have a potential impact in explaining
the mineral recovery.
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