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Tiivistelm& - Sammandrag - Abstract

Keksinté koskee uutta menetelméé sulfidimineraalien liuottamiseksi. Se kasittdd murskatun malmin liuottamisen tankkireaktorissa, johon
syodtetdén liuotusliuosta, jonka ORP arvo on lahelld liuotukseen sopivaa ylarajaa, ja reaktorista poistuvan liuotusliuoksen ORP on
malmin liuotukseen sopivan alarajan ylépuolella. Reaktorista poistuva liuotusliuos kulkee

liuotusreaktorin ulkopuolisen raudan hapetusvaiheen lépi. Raudan hapetus tuottaa liukoisen rautasulfaatin, joka sekoitetaan
liuotusliuoksen kierratettyyn osaan sen ORP:n nostamiseksi

arvoon, joka on lahelld malmin liuotukseen sopivan redoksipotentiaalialueen ylarajaa.

The present invention discloses a new process for leaching sulfide minerals consisting of leaching crushed ore in a vat reactor, wherein
the leaching solution is fed with an ORP value close to the upper limit suitable for leaching and the exiting leaching solution leaves the
reactor with an ORP above the lower limit suitable for leaching the ore. The output leaching solution that leaves the leaching reactor
goes through an iron oxidation stage outside the leaching reactor, with the iron oxidation producing soluble ferric sulfate that is mixed
with a recirculated portion of the output leaching solution to increase its ORP up to a value close to the upper limit of the redox potential

range that is suitable for the ore leaching
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“Sulfide Ore Leaching Process”

This application claims priority from U.S. Patent Application No. 61/643,042, titled
“Sulfide Ore Leaching Process,” filed on May 04, 2012, and which is incorporated herein
by reference in its entirety.

FIELD OF INVENTION

This present invention refers to a process for leaching sulfide ores and, particularly,
to a process for leaching chalcopyrite ore for recovering copper.

DESCRIPTION OF THE RELATED ART

Leaching of low grade sulfide ores has been challenging, partic_ularly from primary
sulfides. While secondary sulfides (for example, chalcocite) are amenable to leaching
(similarly to oxide ores), primary sulfides (for example chalcopyrite) are relatively
refractory. In sulfate systems, secondary sulfides require, in addition to acid, an oxidant for
leaching, which is usually in the form of ferric iron. However, the presence of ferric iron
and acid is not sufficient to achieve effective leaching of primary sulfide ores, such as
chalcopyrite. Usually, chalcopyrite leaching requires either:

- high oxidation-reduction potential (ORP) (>500 mV versus Ag/AgCl 3M KCl) and
high temperature (that is, above 60° C), or

- low ORP controlled within an ORP leaching window (usually 380 to 450 mV) at
ambient temperature (20 to 35° C).

Control of the ORP when operating at low temperatures is particularly important to
avoid passivation of the chalcopyrite (Third et al., 2002; van der Merwe et al., 1998;
Hiroyoshi et al., 2001) as this effect is irreversible. Control of the amount of ferrous ions in
solution (where the ratio of ferrous to ferric iron is the main controlling factor of the ORP)
has been known to improve copper leaching extraction from chalcopyrite ore and
concentrate (Hiroshi et al., 1997) and previous reports relating to high ORP control by

either microbiological means (Mufioz et al. 1995, Ahonem et al. 1985, Mufioz et al. 1995)
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or electrochemical methods (Gomez et al. 1996, Wan et al. 1984) have also been
documented. |

The above are well-known to those skilled in the art and has been used in the
leaching of concentrates using tank-type reactors under atmospheric conditions, usually
with fine grind size (Hourn et al. 1995), or taking advantage of the galvanic effect of pyrite
to improve the chalcopyrite leaching extent (Dixon et al. 2005) or under high temperature
and pressure (Dempsey et al. 1999) where the ORP window of operation is widened.

ORP controlled leaching of concentrate has also been reported in agitated tank
reactors under atmospheric conditions where bacterial oxidation is used to control the ferric
to ferrous ratio (and thereby the ORP) either within the reaction vessel or in a separate
vessel (van der Merwe et al. 1998).

Although the above mentioned processes achieve the leaching of chalcopyrite, the
operating cost of these agitated tank leaching reactors is very high, making it prohibitive for
the treatment of low grade ores and, additionally, it would be necessary to use a much
smaller size of particles than the particles used in heap leaching. The need for smaller
particles, in turn, would increase grinding costs. Thus, the process would become
unsustainable for low grade minerals and thus is mainly used for concentrates.

The ORP controlled leaching principle has also been attempted in heaps (Mintek).
Heap leaching could be considered thé most viable alternative for treating low grade copper
ores because it allows the treatment of coarser material avoiding the costs associated with
milling Chalcopyrite heap leaching has not found commercial application due to the
difficulty in achieving and maintaining the right conditions for chalcopyrite leaching
(temperature and ORP control) in a heap system, which are:

- High temperature conditions require sulfur mineral sources or external heating. It
is known that the combination of high temperature and high ORP results in effective

chalcopyrite heap leaching. These high ORP conditions (> 500 mV) are readily achieved in
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aerated heaps, where iron oxidation occurs by bacteria residing in the heaps, and does not
require dedicated control mechanisms. The high temperature required for effective
chalcopyrite leaching, requires the presence of sufficient sulfides (usually, more than 3% of
sulfur content relative to the ore mass) and sufficiently rapid sulfide oxidation (which may
require supplementation of carbon dioxide, to the aeration system, as a carbon source in
order to achieve sufficient microbial cell concentrations for sulfur oxidation). The oxidation
of sulfur or sulfide minerals, results in the release of heat that can raise the leaching
temperature, if properly controlled. However, in lower grade ore, the sulfide content is
often insufficient to generate the required heat for chalcopyrite heap leaching.

- External heating is typically expensive. One of the options for recovering
chalcopyrite from heap leaching is to heat the leaching solution externally using an
artificial source of heating, instead of relying on heating by oxidation of sulfides in the ore.
However, the extent of heat losses from heaps , combined with the extended leaching time
periods, generally make external heating uneconomical. This is true especially in the case
of low temperature climatic iocations.

- High ORP leaching at ambient temperature causes passivation: although high ORP
levels (i.e. complete oxidation of all soluble iron) are readily achievable in heaps at ambient
temperatures (20 - 35° C), high ORP at such temperatures cause passivation effects on the
surfaces of chalcopyrite minerals, preventing the copper from being effectively leached.

- In heap leaching, it is difficult to keep the ORP within a low potential range: to
keep the percolation solution ORP in a heap within a narrow low reduction potential
window (380 to 450 mV, i.e. where the a portion, rather than all, of the iron is oxidized)
required for leaching chalcopyrite at ambient temperatures (20 to 45° C) is difficult for
several reasons:

- The first point is the inaccurate control of the oxygen mass transfer, resulting from

the bottom aeration of heaps and in the gradient effects it generates;
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- A secoﬁd point is related to the fact that ferric iron (or any other oxidant)
percolates in the heap in a plug flow mode (hydraulic conductivity in heaps occurs in a thin
film of solution percolating on the surface of some ore particles), being consumed rapidly
by the oxidation of sulfides, causing ORP gradients in the heap (that is, high ORP at the top
and low potential at the bottom);

- The third point refers to the fact that aeration as a means to induce bacterial
oxidation of ferric iron inside heaps does not provide the level of control required to keep
ORP within a narrow range.

In addition to the aforementioned sulfate leaching systems, leaching of chalcopyrite
in chloride systems have also- been reported (Jones, 2002, Streltsova, 2006). Although
chloride is known to assist chalcopyrite leaching, the use of chloride causes a number of
process problems and disadvantages:

- The elimination of chloride solutions in the processing downstream is problematic
due to the high solubility of chloride; and-Chloride in solution results in higher cotrosion of
plant equipment.

Faced with the aforementioned problems, the present invention provides a leaching
process to recover copper from sulfide ores where the bhysical-chemical characteristics of
the lixiviant (temperature, ORP, pH, additives) are tightly control within an operating
window resulting in a leaching kinetics that is more efficient and cost-effective than the
known in the art.

This invention also aims at providing a leaching process to be used in un-milled
material so the order of magnitude of the feed size is similar to that of heap leaching.

The present invention also provides a leaching process showing leaching rates
higher than those achieved in heap leaching conditions, at the same time being a process
that does not depend on the sulfide oxidation within the ore as a source of heating.

SUMMARY OF THE INVENTION
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In light of the above described problems and unmet needs, the present invention
describes an advantageous and effective controlled ORP leaching process for sulfide ores
that is more efficient and cost-effective ‘than the known in the art, the said process
comprising:

crushed ore leaching in a vat reactor into which an input leaching solution is fed
with a solution containing an ORP (governed by the ratio ferric to ferrous iron) close to the
upper limit of an optimal ORP range adequate for ore leaching, where ferric iron acts as the
oxidant during the leaching reaction with chalcopyrite (Equation 1, Table 1) and is reduced
to ferrous iron in the process (as per the equation below), and from where the output
leaching solution leaves with an ORP above the lower limit of the ORP range suitable for
leaching the ore in question;

where a portion of the output leaching solution leaving the leaching reactor passes
through an iron oxidation stage (Equation 2, Table 1) (du Plessis et al. 2011) in a medium
outside the leaching reactor, the iron oxidation producing soluble ferric sulfate that is mixed
with a recirculated portion of the output leaching solution to increase its ORP to a value
close to the upper limit of the ORP range suitable for leaching the ore.

In a preferred embodiment of this invention, the crushed ore has particles ranging
from 2 mm to 120mm and the ore inside the leaching reactor is substantially submerged in
the leaching solution, so that voids between crushed ore particles are saturated and filled in
with the leaching solution.

Still on the preferred embodiment, chalcopyrite is the sulfide mineral present in the
ore, the leaching solution has an ORP at upper boundary of the leaching window illustrated
in Fig. 1, and the solution contact time with ore is managed, through the hydraulic retention
time relative to the solids retention time, so that the solution ORP remains within the
optimal leaching window indicated in Fig. 1 (i.e. ~380 to 450 mV at temperatures of 25-

450C or >500 mV at temperatures > 60°C.



20145963 PrRH 04 -11- 2014

10

IS5

20

25

WO 2013/163712 PCT/BR2013/000149

In another embodiment of the invention, iron oxidation through bio oxidation (du
Plessis et al. 2011) allows: for precipitation of jarosite (Equation 3, in Table 1) and thereby
removal of a portion of iron from solution, and the co-precipitation and removal of
impurities (for example arsenic, aluminum, chromium, fluorine, and uranium) from the
leaching solution. Jarosite precipitation, in turn provides acid to facilitate ferrous iron
oxidation. The iron oxidation reaction can be supplemented with sulfur or pyrite to provide
additional acid (Equations 4 and 5, Table 1). Importantly, the combined effect of iron
oxidation with acid generation, from either jarosite sulfur or pyrite, generates heat
(Equations 6-8). The relative proportions of the three reactions (Equations 6-8) is controlled
by the addition of sulfur or pyrite and is optimized to achieved the optimal desired iron and
heat balance in the leach circuit, as outlined in Fig. 1. Sulfuric acid from an acid plant may
also be directly added to the reactor to facilitate the acid-consuming iron oxidation reaction.

When the metal (e.g. copper) concentration of the leaching solution achieves a value
suitable for recovery, a bleed is removed from the solution circuit and subjected to the
treatment for recovering the metal in question.

Additional advantages and novel features of these aspects of the invention will be
set forth in part in the description that follows, and in part will become more apparent to
those skilled in the art upon examination of the following or upon learning by practice of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Various example aspects of the systems and methods will be described in detail,
with reference to the following Figures but not limited to, wherein:

FIG. 1 is a graph illustrating the optimal solution ORP for the leaching of copper
from chalcopyrite as>a function of temperature;

FIG. 2 is a flowchart of a preferred embodiment of the leaching process according

to this invention;
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FIG. 3 is a schematic representation of a leaching reactor used in the preferred
embodiment of the leaching process of this invention;

FIG. 4 illustrates exemplary results using a set of different ORP leaching conditions
at, pH 1.5 and 45 °C and

FIG. 5 illustrates exemplary results of chalcopyrite leaching at an ORP of 650 mV,
pH 1.5 and 70 °C.

DETAILED DESCRIPTION OF THE INVENTION

The following detailed description does not intend to, in any way, limit the scope,
applicability or configuration of the invention. More exactly, the following description
provides the necessary understanding for implementing the exemplary modalities. When
using the teachings provided herein, those skilled in the art will recognize suitable
alternatives that can be used, without extrapolating the scope of the present invention.

Fig. 2 is a flowchart showing the main stages of execution of a preferred
embodiment of the process of this invention.

Although Fig. 2 depicts a leaching process aimed at recovering copper from
chalcopyrite ore, it must be understood that this present invention process can be applied to
any other sulfide mineral ore or concentrate.

At the start of the process, the ore is fed into a leaching reactor (indication SI in the
flowchart). The ore is preferably fed crushed, with particle sizes ranging from 2 mm to 120
mm.

The choice of particle size is preferably determined by prior investigation where the
mineral liberation is determined as a function of crush size (i.e. particle size). The extent of
mineral liberation (i.e. exposure to the leach solution), in turn, governs the maximum
amount of metal that can be leached.

The use of crushing resulting in coarse particles (>1mm), rather than milling

(<Imm), results in lower comminution costs.
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In an embodiment of the invention, the ore can be fed and recovered from the
leaching reactor on a continuous basis. Alternatively, the reactor can be operated in batch
mode, in which case the ore remains in the reactor for as long as it is required to achieve the
desired metal extraction.

Fig. 3 illustrates a preferred embodiment of the leaching reactor used in the present
invention. As it can be seen in this Fig., the crushed ore is kept submerged in a leaching
solution inside a constructed reservoir or vessel at ambient pressure conditions.

Intra-particle voids are saturated and filled with the leaching solution, thereby
ensuring maximum hydraulic conductivity.

The said leaching solution consists of a ferric and ferrous sulfate solution at a pH
between 0.5 and 2.5 and an ORP suitable to the temperature conditions (ie. 380 to 450 mV
at temperatures of 25-450C or >500 mV at temperatures > 60°C), Said leaching solution
may also contain solid additives such és carbon, magnetite or liquid additives such as polar
organic solvents. Said solution may also contain an active biomass of ferroxidant bacteria
or archea and a cell density > 1x10° cells/ml and preferably > 1x10° cell/ml.

In the preferred embodiment, which uses the semi-continuous vat leaching reactor,
the ore flows by gravity from the ore feed at the top of the vat to the ore recovery point,
without being agitated during this process. The ore is recovered independently in relation to
the physical properties of the ore (that is to say, in the case of the ore being a crushed
material or fine powder). To that end, an ore recovering system can be used, such as gravity
discharge ihto a conveyor, a mechanical reclaiming device or slurry pump.

The leaching solution is fed into the reactor (indication S2 in the flowchart) with an
ORP close to the upper limit of the optimal ORP leaching window suitable to leaching the
ore of interest while the solution leaves the reactor (indication S3 in the flowchart) with an
ORP above the lower limit of the ORP leaching window. So, in the case of chalcopyrite

containing ore, the leaching solution is fed within the range of 380 — 450 mV, and
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preferably leaves the reactor before the ORP reaches the lower limit of, for instance,
380mV at temperatures 25-45°C. The equivalent feed and preferred exit solution ORP is
500 and 700 mV at temperatures above 60°C.

Optimal leaching is achieved by maintaining the ORP of the leaching solution
within the boundaries as illustrated in Fig. 1. This is achieved by a high solution flux
through the ore, which is in turn achieved because of the high hydraulic flow rates through
the ore within the vat leaching scenario described where all voids participate in solution
flow.

That way, the leaching solution residence time is kept under control in such a way
that the solution leaves the leaching reactor before the ORP of the solution drops below the
lower OPR limit, in order to ensure effective leaching (in the case of chalcopyrite, around
380mV at temperatures of 25 — 45°C or 500 mV at temperatures above 60°C.

In addition to the chemical leaching effect of ferric iron, microbes (i.e. bacteria and
archaea) are known to accelerate and catalyze the leaching effect of chalcopyrite (Li and
Huang, 2011; Gautier et al. 2008). The accelerated leaching effect is dependent upon a high
cell concentration in the leaching reactor.

The leaching flow sheet illustrated in Fig.2 is designed to enhance the cell
concentration of suitable bioleaching microbes. A key feature of the invention relies on the
use of self-multiplying bioleaching catalysts. This is achieved through the integration of the
iron oxidation process unit, with the leaching vat reactor. High cell concentrations
(preferably >10° cells per mL) are achieved in the iron oxidation and precipitation reactor
by methods known in the art (du Plessis et al. 2011).

The high cell concentrations are brought into contact with the chalcopyrite minerals
by the recirculating solution.

The cell concentration and diversity is further enhanced by the addition of sulfur or

pyrite (S21) to the iron oxidation reactor, as is known in the art. Such additions facilitate
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the proliferation of sulfur oxidizing microbial cultures, in addition to iron oxidizing cultures
where they accelerate the oxidation of reduced sulfur species thereby preventing them from
causing chalcopyrite passivation.

In alternative embodiments for the present invention, the leaching solution can also
contain other known elements aiméd at accelerating the chalcopyrite leaching, including
Chloride, silver, activated carbon, or nano-silica can also be included in the leaching
solution or else be present as a result of being leached from the ore. These additives can be
recovered from the leach solution exiting the vats (indicated by S5 in Figure 2) and
returned to the leach (indicated by S7 in Figure 2). However, the presence of these elements
shall not be understood as a needed requirement.

Inside the leaching reactor, the ferric iron in the solution reacts with copper sulfide
minerals, resulting in the mineral dissolution (Equation 1, Table 1), as is known by those
skilled in the art.

Therefore, in the preferred embodiment of the invention where the ore to be leached
is chalcopyrite, the ORP control (based on the ferrous/ferric ratio) within a range in which
the chalcopyrite is not significantly passivated allows for an effective copper recovery from
this sulfide mineral.

Fig. 4 illustrates the effect of various oxidation reduction potentials on the relative
extent of copper extraction at pH 1.5 and 45°C. This graph illustrates the importance of
maintaining the solution composition within a narrow ORP window at 45°C in order to
achieve optimal copper extraction. Important to note is that irreversible chalcopyrite
passivation occurs at an ORP above 450 mV at this temperature. |

Preferably, the pH of the input leaching solution is adjusted by adding sulfuric acid
(indicated by S4) so as to reach a pre-determined pH in the output solution, preferably
between 0.8 and 2.0. This acid can be produced in a conventional acid plant or in a

microbial sulfur oxidation reactor, both of which are known in the art and consume both air



20145963 PrRH 04 -11- 2014

10

15

20

25

WO 2013/163712 PCT/BR2013/000149
11

(S23) and sulfur (S23). Heat gencrated from such sulfur oxidatioﬁ and acid generation, may
be utilized to increase the circulating solution temperature.

The residence time of the solution in the leaching reactor is shorter than the
residence time of tl{e ore. The solution flow rate through the ore should ensure that the acid
and ORP gradients will be overcome to allow for enough control of the process within the
desired ranges of pH and ORP, this being the primary control parameter.

The solution flow can be ascending, from a distribution pipe or manifold at the
lower portion of the reactor as shown in Fig. 3, ensuring that air is expelled from voids
between particles and filled with solution.

In an embodiment of the present invention, the leaching can be accomplished in
multiple phases, on a counter-current basis.

As shown in the Fig. 2 flowchart, based on a preferred embodiment of the present
invention, the output leaching solution flow is divided (indicated by S5), with the first
portion being directed to an iron oxidation and precipitation unit (indicated by S6) and the
second portion, containing soluble ferric iron, being recirculated (indicated by S7). The rich
PLS léaching solution is then subjected to a typical downstream copper recovery circuit i.e.
solvent extraction - electrowinning (indicated by S8).

The flow portion that is directed to iron oxidation is determined by the ratio and
total concentration of ferrous and ferric iron in the output leaching solution (S3), and also
by the required ORP of the input leaching solution (S2).

In the process of the present invention, the iron oxidation is accomplished externally
in relation to the leaching reactor. With the iron oxidation being accomplished externally in
relation to the reactor, it is possible to use this process to control the leaching solution ORP
to the upper set-point (value close to the upper limit) selected from the leaching ORP range
that will be used in the leaching reactor.

Iron oxidation can be accomplished through any suitable means such as a specific
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reactor. The biocatalyzed ferrous oxidation (through bacteria or archea), as is known by
those skilled in the art, is a preferred iron oxidation method as it needs only air and also
because the rate is faster than what is accomplished through abiotic ferrous oxidation under
predominating low pH (that is, pH<2).

An additional benefit is that iron precipitation as jarosite results in the co-
precipitation of a number of elements whose removal from the leaching solution can be
desirable, including arsenic, aluminum, chromium and fluoride.

The soluble ferric sulfate, as result of the iron oxidation process (S6) is combined
with the input leaching solution (S3) in a mixture chamber (S11) aimed at reaching the
desired ORP in the input leaching solution (S2). The combined control of the total iron
concentration, ORP, and the hydraulic flow rate (and time of residence in the leaching
reactor) of the leaching solution (S2), allows for the control of the ORP inside the leaching
reactor, even within a narrow leaching range for the chalcopyrite.

The recirculation solution (S7) can be heated by any suitable heating source (S9)
(for example, solar heating, heat from sulfuric acid production, sulfur oxidation, pyrite
oxidation, or other energy sources as is known in the art ). Heat loss can be minimized
through the leaching circuit and other individual operations within the flowchart. Therefore,
whenever possible, processes known to those skilled in the art shall also be used to
minimize heat loss.

Because the ore is kept submerged in the leaching reactor, it facilitates heat
retention. The use of high leaching temperatures (above 60°C), results in improved leaching
kinetics and smaller leaching reactor. Smaller reactors, in turn, result in lower reactor cost.
Additionally, a smaller leaching reactor reduces the required energy for heating. The
economical trade-off between heating energy and increased .leaching rates needs to be
determined for each specific application scenario. Temperatures above 60°C also allow for

high ORP leaching solutions, above 500 mV, to be used to improve copper leaching
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kinetics without substantially causing chalcopyrite passivation.

The rich leaching solution (S8) is subjected to solvent extraction (S14) and
electrowinning in a way that is known by those skilled in the art. Copper is removed (S15)
from the loaded organic solution using spent acid electrolyte and complementary acid,
resulting in copper-rich electrolyte that is then taken for electrowinning (S16), where
copper cathode is produced (S17).

The vat leaching process facilitates the use of agents to overcome the passivation
effect of chalcopyrite under leaching such as the use of silver, activated carbon, bacteria,
archaea, and nano-silica (the use of agents such to overcome the passivation of chalcopyrite
is known in the art and will not be further detailed herein). The high hydraulic flux of
solution through the ore, and the fact that all voids are filled with solution, allows for the
recovery and re-use of such agents (or catalysts).

In an alternative embodiments of the present invention, the process can comprise
metal sulphide precipitation (for instance, by precipitating copper as CuS using hydrogen
sulphide) instead of solvent- and reduction-based methods that produce copper cathode.

Depending on the ore’s consumption of acid and on the amount of soluble elements
disposed of together with leach residue (S18), there's the likelihood that part of the raffinate
will have to be separated (S19) and subjected to neutralization and precipitation treatment
(S20) aimed at the removal of typical impurities such as magnesium and aluminum sulfates
(if required).

So, this present invention process allows for the control of the solution conditions in
order to secure copper leaching from chalcopyrite ore, with no milling. This method can
further allow for the control of the ORP and higher temperatures, thereby facilitating
copper recovery from low grade chalcopyrite ore.

The invention also allows for operation at elevated temperature (> 60°C) and with a

high ORP >500 mV in order to achieve effective chalcopyrite leaching.
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To this effect, the process of the present invention can also be used for leaching
secondary sulphide ores (e.g. chalcocite), to which a high ORP leach condition (>500 mV)
can be applied even at ambient températures.

In the case of the latter, a first leaching step can be conducted under an ORP control
regime that suits chalcopyrite, and then moved into a different ORP control that suits
chalcocite or covelite.

The process of the present invention can further be used for the extraction of other
metals, including nickel, cobalt, manganese, gold, and uranium.

Based on the exemplified description hereinabove, it becomes clear that the process
of the present invention makes for the control of the leaching solution conditions in order to
accomplish copper leaching from chalcopyrite contained in crushed ore, without milling
being required. So, this present invention process comprises a leaching reactor in which the
ore is submerged and the ORP is kept under control within the ideal range for chalcopyrite
leaching, with the solution entering the reactor being controlled by the ideal range upper
1imit. The reactor's design allows a fast moving hydraulic flow through the ore to facilitate
high rate delivery of the required ferric iron oxidant required for leaching. The high
hydraulic flow rate through the ore allows for the leach solution to leave the leaching
reactor before the solution potential reaches a value that is below the ideal range lower limit
of the leaching ORP for chalcopyrite. Additionally, the reactor's design and the process
configuration are intended to reduce heat loss and prevent oxygen from entering. The iron
oxidation is then initiated externally in relation to the leaching reactor, thereby increasing
the recirculating leaching solution ORP back to the value close to the ideal range upper
limit of the ORP. Sulfur or sulfide containing minerals such as pyrite, are directly added to
the iron oxidation step in order to generate both heat and acid to the leach solution.
Reduced iron and sulfur are oxidized by the biocatalytic properties of microbes. These

microbes, which may be either bacteria or archaea, are utilized and managed as self-
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multiplying biocatalysts to enhance the rate of chalcopyrite leaching.
Finally, it should be understood that the Fig.s show exemplificative embodiments of
the present invention, with the real scope of the invention object being defined only in the

enclosed claims.

R
G* H* H*
. Reaction _
0. ‘ S k
‘33 JmokO2

Ferric Consuming Chalcopyrite Leaching Reaction

CuFeS, + 4Fe** — Cu?* + 5Fe** +28°

144 6
Acid Consuming Ferrous Oxidation Reaction
Fe** + H' +0.25 0, — Fe'* + 0.5 H,0
40 101 402
Acid Generation Reactions
K* + 3Fe** + 280,% + 6H,0 — KFey(SO,),(OH)s + 6H'
36

S%+ 1.5 0, + H,0 — SO, + 2H*
497 633 422

FCSZ + 37502 + 05H20 hnd F83++ ZSO,;Z. +H'
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1192 1566 418

Acid-Neutral Combined Iron Oxidation and Acid Generation Reactions

6Fe®™* + 150, + K + 280, + 3H,0 —

KFe;(SO,),(OH); + 3Fe** 231 366 245

2R + 8% + 20, — 2F* + 80,
576 834 417

Fe** + FeS; + 40, — 2Fc™ +250,%
1232 1667 417

Table 01 -* Thermodynamic parameters at 50°C
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CLAIMS

1. Process for leaching sulfide minerals, characterized by the fact that it comprises:

crushed ore leaching in a vat reactor in which an input leaching solution (S2) is fed with an
ORP value close to the upper limit of an ORP range suitable for ore leaching and from where the
exiting leaching solution leaves with an OPR above the lower limit of the ORP range that is
suitable for leaching the ore of interest; and

where part of the output leaching solution that leaves the leaching reactor (S6) goes through
an iron oxidation stage, external to the leaching reactor, with the iron oxidation producing soluble
ferric sulfate (S11) that is mixed with a recirculated portion (S7) of the output leaching solution
(S3) to increase its ORP up to a value close to the upper limit of the redox potential range that is
suitable for the ore leaching. |

2. Process according to claim 1, characterized by the fact that the crushed ore has particle
sizes ranging from 2 mm to 120 mm.

3. Process according to claim 1 or 2, characterized by the fact that the ore inside the
leaching reactor is kept substantially submerged in the leaching solution in a way that voids
between the ore crushed particles are saturated and filled in with the leaching solution.

4. Process according to claim 1, characterized by the fact that the solution ORP remains
within an optimal leaching window of ~380 to 450 mV at temperatures of 25 to 45°C.

5. Process according to claim 1, characterized by the fact that the solution ORP remains >
500 mV at temperatures > 60°C.

6. Process according to the claims 1 to 7, characterized by the fact that iron oxidation
reaction is supplemented with sulfur or pyrite to provide additional acid in order to generate heat,
the addition sulfur or pyrite being controlled to achieve the optimal desired iron and heat balance in
the leach circuit.

7. Process according to the claims 1 to 6, characterized by the fact that the iron oxidation
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allows for precipitation of jarosite, and in the co-precipitation of the leaching solution impurities.

8. Process according to the claims 1 to 7, characterized by the fact that when the ore of
interest has enough concentration for recovery, a rich leaching solution (S8) is removed from the
process and subjected to treatment for the recovery of the ore of interest.

9. Process according to claims 1 to 8, characterized by the fact that the sulfide mineral
present in the ore is a primary sulfide or a secondary sulfide.

10. Process according to claims 1 to 9, characterized by the fact that the primary sulfide is
chalcopyrite.

11. Process according to claims 1 to 10, characterized by the fact that the secondary sulfide

is chalcocite.
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