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Abstr act

Heap leaching is gaining in popularity as a low cost technology for mineral extraction from low-grade ores.
Unique to heap leaching is the relatively coarse upper particle size, typicaly 12-25 mm for crushed and
agglomerated ores and larger for run-of-mine dump leaching operations. Leaching from such large particles is
poorly understood and commonly assumed to follow shrinking core type behavior, athough this is a gross
simplification in most cases.

At the particle scale, leaching is governed by the way in which mineral grains are distributed within a single
particle and how well they are accessible through pores and cracks to leaching reagents flowing through the heap
bed. This review investigates the current state of knowledge with respect to the understanding of leach
mechanisms and mineral distributions prevailing, in large particles in heaps and the tools to characterize these.
Thisis including the study of Key parametersin heap leaching, Visualization techniques for ore characterisation.
The connection between comminution and leaching behavior, Particle models within heap leach modeling.

The economics of heap leaching are strongly governed by the trade-off between slow rate of leaching from large
particles and the cost of crushing finer. A sound understanding of the underlying mechanisms will greatly inform
future technology choices in the area of heap leaching.
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1. Introduction
High-grade ore resources in the world are in decline and therefore increased attention is given to lower grade and
more complex ores. Complex sulphide ores are in many cases difficult to treat with conventional mineral
processing methods, and the concentrates produced are often not clean enough, which renders these ores difficult
to commercialese (Sandstrém, and Petersson, 1997).
With the typical ore grades that are mined dropping and the economic and environmental cost of energy
increasing, less energy intensive metal extraction techniques are becoming more attractive. One of these methods
is heap leaching, which has gone from a rdatively obscure extraction technique used only for difficult ores or as
a waste recovery process to a mainstream technology. For instance, currently heap leaching accounts
approximately for 20 percent of the worldwide copper production (Linus, 2010, Padilla et al., 2008).
From its first implementation for the recovery of gold from low-grade ores by cyanidation in the early 1970s,
heap leaching has developed into a key hydrometallurgical technology, in conjunction with solvent extraction
and electrowinning, for the recovery of base metals, primarily copper from both oxides and secondary sulphides,
but has been considered more recently also for nickel, zinc and uranium.
However, with each new development, it becomes increasingly apparent that the successful application of heap
leaching technology will ultimately depend on our having an ever more complete understanding of the
fundamental processes underlying it. Much work has been done toward the development of this understanding,
on many different fronts. Heaps are finally coming to be viewed for what they have always been: complex but
versatile unit operations, which can only be designed and operated, to their full potential with the aid of
sophisticated modeling tools (Dixon, 2003).
This paper gives a comprehensive overview of the current understanding of leach mechanisms of, and mineral
distributions prevailing within, large particles and modeling approaches taken. The economics of heap leaching
are strongly governed by the trade-off between slow rate of leaching from large particles and the cost of crushing
finer. A sound understanding of the underlying mechanisms will greatly inform future technology choicesin the
area of heap leaching.
2. Heap leaching
Heap leaching from low-grade ores has become a major contributor to the extraction of economically
important metals, notably copper, gold, silver, and uranium (Padilla et al., 2008). Crushed or run-of-mine ore
(ROM) is piled on an impermeable pad and leaching reagents are introduced by irrigation from the top. The
desired mineral is extracted and the solution becomes increasingly loaded as it percolates through the pile.
Leaching may be facilitated by microorganisms resident within the ore bed. The pregnant leach solution (PLS)
is collected by a drainage system at the base of the pile and channeled to the PLS pond. The PLS is then
pumped to the processing facility where the value metal is recovered. The “barren” leach solution is pumped to

the barren solution pond from where, after solution make-up, it is reapplied to the surface of the heap



(Watling, 2006). Despite the current widespread use of heap leaching in industry, the processis still limited by
low recoveries, long extraction times, and high operation costs, especially in terms of acid consumption.
Hence, there is a need to optimize heap operations in terms of extraction operating costs. The knowledge that
informs such optimization is derived from the investigation of the interactions between the physical, chemical
and biological processes that drive a heap; such investigations can be carried out with the aid of mathematical
models (Dreisinger, 2006, Acevedo, 2002, Mdlado &t al., 2009).
2.1. Heap leaching and conventional methods
Heaps and dumps present a number of advantages and disadvantages (Table 1) compared to conventional
milling and flotation of sulphide ores (Acevedo, 2002, Brierley, 2008). In the immediate future, heap leaching
islikely to be a major area of expansion, though new patented processes (Thiel and Smith, 2004, Nathsarma, et
al., 2008). In the United States, approximately one-third of gold and nearly 30 percent of total new copper
production come from heap leaching. Nearly al new copper and gold mines involve some ore processing by
heap leaching (Acevedo, 2002, Brierley, 2008).

Table 1: Advantages/disadvantages of heap leaching.

Advantages Disadvantages
Low capital and operating costs Lower recoveries than mill/float or mill/leach
Absence of milling step, may_require crushing and Long leach cycles and hold-up
agglomeration
Simplicity of atmospheric leach processes Lengthy pilot test programme
Can be used to treat low-grade ores, wastes and small deposits Large footprint
Absence of liquid-solid separation step allows countercurrent
operation
Metal tenor may be built up by recycling solution over heaps
Simplicity in equipment and operation Acid-mine drainage from spent heaps

Shorter start-up times

Less intensive environmental regulatory concerns

Acceptable yields

Operated correctly, heap bioleaching offers economic recovery of resources that would be too marginal for
other process routes, such as concentration followed by smelting or autoclaving (Petersen, and Dixon, 2007).

This method is employed with abandoned and/or underground mines where the ore deposits cannot be mined
by the conventional methods sincethey are either low grade or of small deposits or both. Heap bioleaching has
become a reasonably well established technology for the extraction of low-grade secondary copper sulphides
and the oxidation of refractory gold ores. At present, the technology is being developed also for the recovery

of primary copper sulphides using thermophilic microbes (Nathsarma et al., 2008, Petersen, and Dixon, 2007).



2.2. Kinetic aspectsin heap (bio)leaching

Although the concept of heap bioleaching appears to be very simple, the sub-processes taking place within the
heap are rather complex and their interactions not yet fully understood. Dixon and Petersen (2003)
distinguished between different processes ranging from the macro to the grain-scale, asisillustrated in Figure
1. At the macro scale, kinetic is governed primarily by transport of mass and energy into, through, and out of
the heap structure. This involves the solution, heat and gas flows across the heap. Macro-scale processes are
essentially the “flow” processesin the heap, i.e. solution flow, gas flow and heat flow.

At the aggregate scale, gas uptake into liquid phase, intra-and inter-particle diffusion within the stagnant
zones, and bacterial growth and oxidation are all contributing to the leaching kinetics. Aggregate scale
processes as ‘meso’-scale, occur at the level of a cluster of ore particles. The important processes at this level
are oxygen uptake into solution, diffusion of dissolved chemical species through the inter-particle pores, and
microbial processes.

Oxygen is a key reactant in heap bioleaching, as the microbes can oxidize ferrous iron and sulfur only to the
extent to which oxygen is available in the system. Oxygen uptake into solution is a temperature dependent
mass transfer step. The mass transfer coefficient is subject to measurement, and has been highlighted as an
important parameter in heap leach modeling (Bouffard, 2003, Petersen, 2010).

The dissolved chemical species (reactants and reaction products), must diffuse through stagnant solution
occupying the bed voidage in order to be recovered in the leaching solution, or to take part in chemical
reactions within the ore particles. The extent of the effect of this inter-particle pore diffusion on extraction rate
and mineral leaching depends on the length of the diffusion pathway, which may be significant for systems
with poor solution distribution (Dixon and Petersen, 2003).

At the particle scale, leaching is governed by the way in which mineral grains are distributed within a single
particle - this is referred to as the topological effect. Mineral grains may be present as anything from free
grains to encapsulated local spots inside a particle. Their distribution and accessibility within particles directly
determine the leachability of the target mineral. Furthermore, in low-grade ores the mineralogy of the gangue
matrix is also of some significance, as it can interfere with mineral leaching and biological phenomena. The
assumption that the mineral grains are uniformly distributed in the ore particle, coupled with relatively fast
mineral dissolution, lends itsdlf to the shrinking core kinetics model (Park and Levenspiel, 1977). In redlity,
the minerals may occur as free grains or in grain clusters, and may be distributed on the particle surface or as
inclusions in veinlets within the ore.

Another important process at the particle level is the transport of reactants to, and reaction products from,
reaction sites within the particle. This process is diffusion governed, and is limited by the size and porosity of

the ore particle, the diffusion gradient, and the diffusivity of the species.



Finally, at the grain scale, the chemical and electrochemical interactions at the grain surface determine the
leaching kinetics (Harneit et al., 2006). The key mineral leaching reaction in bioleaching of a sulfide mineral is
the oxidation of the metal sulfide (MeS) by ferric ions (Ogbonna, 2006):

MeS + 2Fe’ — » M&* + 2F€”* + S
The chemical reactions are primarily a function of temperature (characterized by the activation energy), and
concentration of reactants. Although the principal mechanisms of such reactions are understood, the exact
values of critical parameters for each specific case are subject to measurement (Dixon and Petersen, 2003).
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Figure 1: Schematic representation of sub-processes in heap bioleaching (Source: Dixon and Petersen, 2003).

3. Leaching rate during the heap processes

Metal extraction rates in heap leaching typically show an initially fast leaching rate, reaching up to 50-60 present
copper extraction over the first few months, followed by a slower constant rate period reaching up to 80-90
present copper extraction over the following 12-24 months (Figure 2). This is believed to represent the changein
leaching from the readily accessible grains on the particle surface to the more inaccessible grains within particles



(Watling, 2006). Typical recovery in base metal heap leaching is about 60-70 present(Dreisinger, 2006, Thiel
and Smith, 2004, Brierley, 2001) over a 1-2 year period, after which operation is usually discontinued dueto the
slow rates. Rapid leaching occurs in al size classes only initially, leading to near complete conversion in the
smallest size, but only partial conversion in the larger sizes. After thisinitially rapid phase leaching slows down
dramatically, and there is no significant difference in the rate of leaching of either mineral. This was explained
by the fact that after depletion of easy-to-leach surface minerals ferric iron does indeed have to migrate deeper
into particles via a pore network and the reduced ferrous form return to the surface to be re-oxidised. Hence, it is
likely that the grains near the surface will be depleted much more rapidly, and a slower-leaching mineral at the
surface might dissolve preferentially over a fast-leaching mineral deep inside a particle (Ogbonna, Petersen, and
Laurie, 2006).
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Figure 2: Metal extraction rate in heap leach process (Source: Ghorbani et al., 2009).

In the bacterial leaching of sulfide minerals, ferric iron is the key oxidizing agent and soluble iron species are the
main determinants of redox potential. Active iron oxidizing bacteria, such as Acidithiobacillus ferrooxidans,
L eptospirillum ferrooxidans, maintain high Fe**/Fe** ratios due to continued oxidation as part of their respiratory
process. Precipitation of iron hydroxide and jarosite phases in the leaching system may suppress the metal
solubilization by preventing the contact between the leaching agent and the mineral. The solubility of iron
species is defined by their concentration in solution and pH.

The bacterial leaching process requires acidic conditions, the acidity often being simultaneously produced by the
oxidation of pyrite and hydrolysis of ferric ion. The acid may be neutralized in various acid-consuming reactions
such as the leaching of carbonates and some silicate minerals. Asin all biochemical and chemical processes, the
rates of leaching reactions are also temperature dependent. Therefore, evaluation of the temperature effects on
the bacterial leaching is considered to be particularly important (Ahonen, and Tuovinen, 1995, YIN et a., 2008)
The solid/liquid contact area, which in low-poraosity rocks is mainly a function of particle size of the material, is

a major factor in determining the kinetics of the leaching reactions. Typical to leaching processes is their



selectivity with respect to certain minerals or groups of minerals. Leach solution is also able to penetrate into
micro-fissures and micro-pores of the rock mass, thus reducing the need for energy consuming crushing and
grinding operations. The optimization of a leaching process thus requires quantitative information on the effect
of grain size, as well as on the propagation of the leaching effect inside the mineral grains.

Permeability is critical for the recovery rates from a heap (as well as from dump and in-situ operations). If the
heap material is too compact, the leaching operation time increases as the reagent liquid will only slowly
percolate through the heap. If permeability in the heap is uneven, the leaching solution might cause channeling,
leaving parts of the heap untreated. Therefore, fine particles are often agglomerated to ensure a better overall
permeability.

3.1.Particle size distribution in the heap

The term ‘particle’ has a number of meanings when considering the heap leach process. For the ore supplied to
the heap, it is the particle size distribution of the crushed ore. This is a wide range generally from 50 mm to sub-
micron. Most heap leach operations now recognise the need to agglomerate the ore to improve the percolation
rate and minimise channeling in the heap. The agglomerated ore has a different size distribution with a slight
increase in the top size but a very large decrease in the small size. Ores present in heaps have a relatively coarse
top particle size, typically 12-25 mm for crushed and agglomerated ores and larger for run-of-mine dump
leaching operations (Figure 3). Leaching from such large particles is commonly assumed to follow shrinking
coretype behavior, although this is a gross ssimplification in most cases. There are virtually no literature sources,
which offer any evidence for the validity of this assumption in the given context. Recent experimental evidence
suggests that in fact leaching from large particles occurs only at the surface and in subsurface regions, which are
accessible from the surface by cracks and pores (Liddell, 2005, Malmstrom et al., 2008, Sracek et al., 2006). This
indirectly also relates leaching behavior to the method by which the ore has been crushed prior to leaching.
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Figure 3: Particle size distribution in heap leaching process (Source: William, 2010).



3.2.Mechanism of the leaching from large particles

It is worth emphasizing that, when coupled sequential phenomena are involved, the slowest step will control the
overall rate of the process if it significantly slower than the other processes. As can be seen from the shrinking
core model the change in particle size has an inverse squared effect on the effective leach rate. Any small
increase in effective particle size can have a significant effect on the overall diffusion leach rate. One of the
challenges in understanding heap leaching is to determine the actual effective particle size (of the meta-particle)
being leached (Graeme, 2003). Due to larger ore particles, sizes encountered in heap leaching, chemical
diffusion within the solution filled rock pores always affect extraction rates. However, mixed leaching kinetics
occur when slow reacting mineral grains(e.g., chalcopyrite) ore very large mineral grains are present within the
ore. In these cases the mineral dissolution rate must be considered along with diffusion (Bartlett, 1992).

Leaching of minerals from whole ore particles, where the key reagent has to migrate from the particle surface,
will result in arim-leaching effect in larger particles, where al mineral near the surface is depleted first before
the leach front can migrate further into the particle, and even the rate of chalcocite leaching, which is
intrinsically rapid, is controlled by the rate at which ferric iron diffuses into the particle. Furthermore, pyrite and
covellite ‘scavenge’ ferric iron migrating in from the surface before it can reach unreacted chal cocite deeper in
the particle, as shown in Figure 4.

AsFigure4 and 5 indicate, leaching in the larger particles proceeds in layers from the surface in, with chalcocite
leaching first, followed by covellite and pyrite in parallel, whereas further leaching of any component deeper
inside the particle is inhibited for lack of ferric iron, thus creating a rim- or surface layer leaching effect. In the
smallest size class, this effect does not occur since the rate of ferric diffusion is not limiting over the much
shorter diffusion distance. If there exists competition between different mineral phases, then thisis likely to be
skewed in favour of the slower-leaching mineral once the fast-leaching mineral has been depleted from the
surface, rather than leaching more of the fast-leaching mineral deeper inside the particle The effect is
exaggerated with increasing particle size.
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Figure 4: Schematic representation of ferric diffusion through rim leach. Figure 4: Cross section of an ore particle.
The abundance of the target minerals near the surface is in fact quite critical in determining the overall rate of

leaching and the likely economic extraction from an ore of a given particle size distribution. For lower



porosities, the rate of release of minerals from within the ore particles would be even slower and may in fact
restrict feasible mineral leaching from the particle surface (or a shallow surface layer).

Leaching in the larger particles proceeds from the surface inwards, whereas further leaching of any component
deeper inside the particle is dependent on ferric iron migrating towards it, thus creating a rim-or surface layer
leaching effect. In the smallest size class this effect does not occur since therate of ferric diffusion is not limiting
over the much shorter diffusion distance (Figure 5) (Graeme, 2003).
3.2.1Chemical Weathering

Oxidation of sulphides in arock by chemical and biochemical leaching is a natural phenomenon; similar to the
process that occurs in heap leaching. Investigating of mechanism of weathering could provide useful
understanding of heap kinetics, especially for leaching from large particles. The intrinsic properties of the
sulphides (chemical composition, crystal structure, defect density and distribution, etc.) largely control their rate
of oxidation, but also varies with the ambient physio-chemical settings (Stromberg and Banwart, 1999, Gerke et
al.,1998, Evans and Banwart, 2006, LOpez et al., 2007) For example, marcasite and framboidal pyrite will oxidize
quickly while crystalline pyrite will oxidize slowly(Malmstrom et al., 2008).

Of particular importance is the presence of a fluid phase (e.g., oxygenated water) that facilitates the oxidation
process by providing for avariety of reactions to occur at the fluid-mineral interface as well as serving to remove
oxidation products from the interface that may otherwise impede further reactions. The nature and extent of
reactions occurring at the sulphide-solution interface are very much dependent on the composition of the
solution, which in turn is influenced by the enclosing mineral assemblage (except at very high flow rates).
Therefore, rock-forming minerals that occur together with a sulphide or an assemblage of sulphides also
indirectly affect the rate of oxidation of the latter. To elucidate the oxidation of sulphide mineralsin arock, both
the chemical and physical aspects of mineral-solution interaction have to be considered (Malmstrém et al., 2008,
Evans and Banwart, 2006, L Opez et a., 2007).

a. Chemical aspects

Since all sulphide minerals were formed in the presence of an oxygen-depleted fluid under conditions far
removed from the oxygen-rich atmosphere of the earth surface (Lefebvre et al., 2001), they are unstable when
exposed to an oxygenated environment. In the presence of a contacting fluid phase, the relative stability of
sulphide minerals can generally be assessed with the aid of pH-Eh diagrams, provided the persistence of
metastable mineral phases, either primary or formed during oxidation, is taken into consideration (Malmstrom et
al., 2008, Evans and Banwart, 2006). Since, under acidic conditions, most metals tend to remain in solution as
dissolved ions, and a variety of processes (including microbial mediation and e ectrochemical reactions) readily
occur to accelerate the oxidation of various sulphides, the ability of the associated non-sulphide minerals to

control the solution pH is perhaps the most important factor influencing the rate of oxidation of sulphides in a



rock. In-situ neutralization of the acid generated during sulphide oxidation by reactions with the associated non-
sulphide minerals usually lead to the formation of secondary mineral coatings on the reacting sulphides.
Depending on the nature and thickness of the coatings thus formed, oxidation of the relevant sulphide(s) occurs
at areduced rate or is totally arrested.

Mineral-solution interaction involving rock-forming minerals, especially non-silicates, in a sulphide containing
rock also affect the oxidation rate of the associated sulphides by modifying the composition and ionic strength of
the solution concerned. For example, upon investigating the mechanism of pyrite oxidation in agueous mixtures,
pyrite oxidation rates increased linearly with substrate concentrations of CaCO; and NaHCO;, whereas solutions
of CI" and SO,” inhibited pyrite oxidation. Thus, dissolution of halite and gypsum in a sedimentary rock
containing pyrite would impede the oxidation of pyrite while the dissolution of carbonate would enhance the
process. While other iron sulphides are likely to behave similarly as pyrite, the influence of different salt types
and ionic strength on the rate of oxidation of other metallic sulphidesis not clear (Malmstrém et al., 2008, Lopez
et a., 2007, Lefebvre et al., 2001).

b. Physical aspects

The extent that a mineral assemblage can affect the chemistry of an associated liquid phase (solution) is largely
determined by the duration of contact between the reacting minerals and the solution. The longer the contact
time, the more closely the solution chemistry will be governed by the relevant mineral-solution equilibrium
(Malmstrom et al., 2008, Evans and Banwart, 2006).

4. Key parametersin heap leaching

During the leaching process, physical, chemical and biologic reactions take place in the ore bed under irrigation,
and natural subsidence, dissolution, deposition and solute transfer occur as a result. Hence the pore structure of
the bed continues to evolve and has temporal and spatial variability (Kirjavainen and Heiskanen, 2007).
Bacterial and chemical leaching are influenced by environmental, biological and physico-chemical factors,
which affect the yield of metal extraction(Table 2)(Sandstrém, and Petersson, 1997, Ahonen, and Tuovinen,
1995, Pradhan et al., 2008, Souza et al., 2007, Dwivedy, 1995, Malik et al., 2004, Prosser, and Box, 1983).
Correct chemical and physical conditions must exist for the percolation leaching system to function: a suitable
ore particle size, access of oxygen and humidity to the mineral surfaces, reduced acid consumption, the presence
of sulphides susceptible to bacterial oxidation, and minimal precipitated basic ferric salts, which might block the
percolation channels(Olubambi et al., 2007, Deveci, 2004). Acid consumption by gangue minerals is a very
important parameter for heap leaching performance, because the major rate-limiting step is the lateral diffusion
of acid and a faster rate of acid gangue dissolution effectively lengthens the distance over which the acid must
diffuse, and makes it more difficult for acid to penetrate to the back of the pores (Helle et a., 2005).



sulphuric acid is usually a major processing cost. Maintenance of the pH in the preferred range between one and

two for microbial iron and sulphur oxidation is also important for ferric ion and acid regeneration by the
microbial population (Helle et al., 2005).
In addition, the geometry of the heap may also affect the bioleaching process and rate of recovery. For these

leaching systems to function, the leach environment must be kept in such conditions that the bacteria
requirements are adequately met (Helle et al., 2005, Suzuki, 2001, Kirjavainen, and Heiskanen, 2007).

In addition, the geometry of heap may also affect the heap leaching process and rate of recovery. For these

leaching systems to function, the medium must be kept under such conditions that the bacterial requirements are

adequately met. When the environment can maintain these optimal conditions, an adequate yield of copper can

be abtained (Drouet and Navrotsky, 2003).
Table 2. Factors and parameters influencing bacterial mineral oxidation and metal mobilization (source: Pradhan et al.,

2008, Kirjavainen, and Heiskanen, 2007).

Physical and chemical parameters Biological parameters Properties of the minerals Processing

to be leached
- Temperature - Microbial diversity - Mineral type - Leaching mode
- pH - Population density - Acid consumption, (in situ, heap,
- Redox potential - Microbial activities - Mineral composition dump, or tank
. Water potential . Spatial distribution of . Mineral dissemination leaching)
- Oxygen content and availability microorganisms - Grainsize - Pulp density
- Carbon dioxide content - Metal tolerance - Surface area - Stirring rate (in
- Mass transfer - Spatial - Porosity case(_)f tank
- Nutrient availahility - Didtribution of - Hydrophobicity Ieach|r_19
- Iron(l11) concentration microorganisms, attachment . Galvanicinteractions operations)
- Light to ore particles, . Formation of - Heap geometry
. Pressure . Adaptation abilities of secondary (in case of heap
. Surfacetension . microorganisms, and leaching)

- Presence of inhibitors and etc

inoculums

4.1. Propertiesof heap leach ores

Copper sulphide ores exhibit close similarities and complexities in their mineralogical associations and

properties, which often pose challenges during their hydrometallurgical processing (Olubambi et al., 2008).

These complexities therefore necessitate a detailed mineralogical characterization of such ores in determining

an optimal processing route for its constituent minerals and metals. The impact of mineralogy on leaching and

bioleaching should not be ignored. Extensive mineralogical analysis of ore types around a deposit is required
before developing a flow sheet(Olubambi et a., 2007, Helle et al., 2005, Olubambi et al., 2008a,b,

Shayestehfar et al., 2008, Dai and Jeffrey, 2006, Senanayake, 2005, Balaz, 1994).

The factors that are

influenced by the mineralogy of an ore are (Dai and Jeffrey, 2006, BaléZ et al., 1994, Senanayake, 2007):
(1) The degree of comminution required for effective liberation of the desired mineral;

(2) Applicability of physical beneficiation techniques for upgrading the ore;




(3) The nature and quantity of lixiviant to be used;

(4) Leach liquor characteristics,

(5) Residue mineralogy.
Mineral phase characterisation, an important objective for mineralogists and process metallurgists, requires the
recognition of specific minerals as well as complete quantitative phase analysis of assemblages. In mineral
processing applications in particular, an adequate appreciation of the mineralogy and its effects on treatment
processes is required to make effective decisions on technology development for a given resource. The
mineralogy of oresis akey factor in predicting their expected behavior during subsegquent processing (Pownceby
et al., 2007).
4.1.1. Crystallography direction
It is well recognised that the surfaces of crystals are not atomically smooth, even under ideal equilibrium
conditions. They contain numerous microtopographical features. Some of the more important of these are
presented schematically in Figure 6, which shows crystalline terraces (atomically flat regions), steps and kink
sites. Arrows indicate the relative number of orthogonal directions in which atoms (ions) may move from the
different surface sites in order to become solvated. The height of the steps may vary from atomic to polyatomic
size and mineral surfaces cleaved under carefully controlled conditions exhibit numerous steps varying in height
from < 5 nm to > 100 nm. Consequently, milled minerals should exhibit a variety of micro-topographical
patterns, composed of steps of different heights separated by terraces of varying size and shape that are
generated during fracture and abrasion of the mineral particles (Tromans et al., 2002, Tromans and Meech,

1999).
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Figure 6 Schematic diagram showing a Terrace-Step-Kink structure of mineral surfaces and the general location of terrace,
step and kink gtes for dissolution (source: Tromans, and Meech, 2002).

Tromans, and Meech, (2002), have discussed surface-controlled mechanisms of mineral dissolution. They

recognised the presence of more reactive and less reactive surface sites and the enhanced reactivity of edge



(step) sites. Attention is confined to differences between terrace and step sites only, because these are far more
numerous than kink sites and are likely to be more important in determining overall mineral dissolution rates.

4.1.2. Mechanical imperfections

The initial bacterial activity on the surfaces of the sulphide minerals occurred mostly along former cracks,
fractures, lineation, grain boundaries, and zone contacts, contacts between different generations or compositions,
ets. Mechanical imperfections are deviations in the sulphide crystal structures. Such defects usually contain high
amounts of strain energy. This energy is released when the strain in the crystal is released, and can thus be of use
the bacterial during the oxidizing process. The rate of oxidation will therefore be higher at sites of defects,
containing strain energy (Dai and Jeffrey, 2006, Chandraprabha et al., 2003, Ubaldini et al., 1997).

4.1.3. Composition

A comparison of the rates of leaching of the various compositional zones within the mineral crystals suggests
that the composition of the sulphides plays a fundamental role in the mode of bacterial oxidation. Figures 7 and
8 show the relatively As-rich zones in the S-rich arsenopyrite and pyrite crystals has preferentially oxidized by
the bacteria, at arate faster than the As-poor zones. These As-rich zones contain the major proportion of
submicroscopic gold present in the sulphides. Therefore, this preferential oxidation of high gold- bearing areas
accounts for the enhanced gold liberation during the early periods of bacterial oxidation.

This preferential oxidation of the As- rich areas can be interpreted to indicate that the bacteria have a preference
for the element As and/or Au. This can be explained considering that the incorporation of Au and As atoms
within the As- rich zones in the S- rich arsenopyrite will create strain in the crystals, due to the difference in
sizes between Au and As atoms and the atomes they replace in the sulphide structures. Therefore, dueto the high
amount of strain energy available in the As-rich areas, initial bacterial oxidation will proceed at these sites at a
rate faster than in the relatively unstrained As-poor areas in arsenopyrite and pyrite is therefore the result of the
presence of defects, created by additional As an Au atoms present in the sulphide crystal lattice (Chandraprabha
et al., 2003, Ubaldini et al., 1997, Aghamirian and Y en, 2005).



Figure 7: an Angnes pyrite crystal, showing two generations of pyrite: the first generation(1) congtitutes concentric zones
with rhythmic variationsin As content; the second As-poor generation(2), crystallized after a period of resorption( e ectron
backscatter images)(source: Chandraprabha et al., 2003).
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Figure8: A zoned arsenopyrite crystal with S-rich area( dark grey) and As-rich areas( light grey) before oxidation(a) and
after being bacterialy oxidized for 6 hours(b). The As-rich area has been oxidized, while the S-rich regions were not
attacked at all (electron backscatter images) (source: Chandraprabha et al., 2003).

4.1.4. Particle Size and shape

Particle size and shape are the factors, which determine the surface area of the particles. With a few exceptions,
the reactions involved in mineral treatment are heterogeneous (i.e. the reaction takes place at the boundary
between phases) and, hence, the rate is expected to be proportional to the interfacial area. The most significant
point to be made about these two factors is that there are a number of instances where the rate is not dependent
on the particles size (Deveci, 2004, Mazuelos et al., 2001, Stromberg, and Banwart, 1999). Leaching kineticsis
affected by the particle size of the material that is leached and generally, a smaller particle size gives faster
leaching kinetics since finer particles have alarger surface area.

It shows that particle size distribution alone does not provide relevant mineralogical information for
understanding bioleaching behavior.

Attention should not be solely given to particle sizes, but more to the mineralogical and elemental distribution
within the sizes and the interaction of the minerals/phases within the ore. The mineralogical and elemental
distribution within the various particle sizes not only affects the mineral-microbe interaction and the galvanic



interaction, but also the precipitate formation on the surfaces, which in turn plays arole in the metal dissolution
process. Therefore, to obtain optimum results during base metals recovery from complex sulphide ore,
processing must start from a completdly detailed mineralogical study (Olubambi & al., 2007).

4.15. Graindistribution and free surface

The mineral grains can be classified, according to their accessibility to leach solutions, into five classes (Figure
9) (Ross, 1990):
a) Grains exposed to the leach solutions at the surface of particles(e.g. grains numbered 1, 2 and 4);
b) Grains exposed to the leach solutions via pores or cracks(e.g. grains numbered 9, 10 and 11);
¢) Grains which become exposed to the leach solutions only after other grains have reacted(eg. grains
numbered 14);
d) Grainsfrom which pores or fissures that do not debouch at the particle surface depart(e.g. grains numbered
18 and 19);
€ Grainslocated inside the particles and not connected to apore (eg. grains numbered 21 and 24).

Figure 9: Grain distribution in single particle of ore.

Type (d) and (e) do not contribute to the rate, at least in the early stages of leaching, but can become involved in
the leaching process if, as a result of the prolonged contact with leach sulotions, new cracks and fissures are
generated in the gangue, thus making them accessible to leach silutions. For the particles of the type shown in
Fig. four rate regimes can beidentified according to their size:

The particle size is comparable with the size of the mineral grains; this is the case of high-grade run of — mine
ores or of concentrates. In this case, the reaction rate is close to that for the fully liberated grains and the inert
metrix plays a minor role Leaching is surface- chemical- reaction controlled. This regime is manifested by a
shrinking of the particle as the reaction proceeds.

The particle size is larger than that of the mineral grains, although he latter are all accessible to the leach
solutions from the start of the reaction. Most of the surface of the mineral grains is surrounded by impervious
inert gangue and leach solution can only acced thereto through the pores and/ or cracks. Leeching is therefore



still surface-chemical- reaction controlled, but the gangue reduces the rate by blocking access of the leach
solutions to most of the surface. Thus, diffusion control comes into play. Particle size does not affect reaction
rate.

The ratio between particle raduse and embedded mineral grain radus is even larger than in the two preceding
cases. The characteristic feature of this situation is that not all the grains are accessible at the start of leaching,
although the overall rate is still controlled by the surface chemical reaction. Accessibility to the inner grainsis
hindered by the outer mineral grains and the inert gangue. The rate exhibits a further reduction, this regim is
observed in the largest particles sizes: the kinetics is diffusion-controlled or mixed (diffusion and surface
chemical reaction controlled). The effect of the gangue is to increase the diffusion path length- thereby reducing
the overall rate still further (Rossi, 1990).

4.1.6. Porosity

The rate of reaction of a particle with a reagent in a fluid phase in which it is immersed is usually controlled
either by molecular diffusion through a boundary layer extending into the fluid or by the reaction at the surface.
If the particles contains cracks ore holes, which are open to the fluid, reagent diffusion into the interior of the
particle, and reacts there. Under steady state conditions, the rates of diffusion and reaction are the same, and this
state is maintained by a concentration gradient of the reagent within the holes. If the chemical reaction is slow,
the concentration gradient is shallow and that in the bulk fluid. Under these circumstances, the reaction proceeds
on the walls of holes at virtually the same rate as on the external surfaces. In other words, the area over which
reaction takes place is not the external area but the total area, including that of all open pores (Cariagaa et al.,
2005). Asiit is not unusual for the internal area to be far greater than the external area, the porosity becomes a
dominant factor. Frequently, the first experimental evidence found for this is that the rate of reaction is
independent of particle size. Also, as with polycrystalline material, the particle may disintegrate as reaction
proceeds, but thisis unlikely to lead to a significant increase in the rate because the total area does not increase.
It must be emphasized that the pores which are of paramount important to the reactivity of a mineral usually
have at least one dimension < 0.1 um. they cannot be observed with a microscope, although in a few synthetic
materials they have been observed with an electron microscope. Their extent is normally determined by sorption
of gases, such as nitrogen or water vapor, and mercury penetration (Bachu and Cuthiell, 1990, Thomas € al.,
2008).

If the chemical reaction is fast, the concentration gradient is steep, and reagent is consumed before it penetrates
into the particle. Under these circumstances, the internal surfaces play no part and particle size is the important
factor, aswith non-porous particles.

Another situation arises with fast reaction particles of < 10 pm diameter. With normal agitation, the thickness of
the diffusion boundary layer is greater than the radius of the particles. The rate of diffusion across this layer is

determined by its thickness, which almost independent of particle size. Thus, the overall rate of reaction also



becomes less dependent on particles size, but it is still sensitive to agitation (Cariagaa et al., 2005, Mufioz et a.,
1997)

4.1.7. Geotechnical characteristics of theore

The understanding of the heap leach kinetics can be advanced by the analysis of the geotechnical characteristics
of the leached ore (Graeme, 2003).

These characteristics can indicate potential problems and can be used to determine the semi-quantitative changes
in field kinetics as compared with column kinetics.

The application of this approach allows a more rigorously based determination of ‘scale up factors than has
been the case the date.

Significant geotechnical parameters such as bulk density/ stress characteristic, limit moisture Capacity and
particle density are used to determine the effect of changes on the diffusion controlled leach rate. By
consideration of the geotechnical reaction of the ore, mass the leach rate changes are related to changes in these
variables.

4.2. The connection between comminution and leaching behaviour

While minerals response to breakage is influenced by their mineralogical properties, comminution in turn affects
mineral and elemental distribution within particle size ranges. Mineralogical differences within varying particle
sizes therefore affect their responses and behaviour in different conventional and bioleaching media. Owing to
the differences in the mineralogical compositions at different particle sizes, there exist some variations in
microbial-mineral interaction. This might result from the differences in the eectrochemical galvanic
interactions, as galvanic interactions depend on the mineralogical association between the phases present(Cruz,
et al., 2005, Mehta and Murr, 1983, Liu et al., 2008, Urbano, A.M. Mdéndez et al., 2007, Berry et a.,1978).
4.2.1. Concept of exposure and liberation

Since most minerals have some unknown grain size distribution, texture, exposure, and spatial distribution
within the ore particles, they must beinitially "unlocked" or "liberated" before separation can be undertaken. The
procedureis to crush the ore so that the valuable mineral grains are exposed and can be extracted during the heap
leaching process (Miller et al., 2003). The concept of exposure and liberation of a particular mineral in an ore
feed may be graphically expressed as shown in Figure 10. In a typical mineral dressing process, the ore feed
must be reduced by fracture into particles with sizes smaller than the valuable mineral grains. These liberated
mineral grains can then be separated from each other and concentrated based on their distinct physical and
chemical properties. Considering hydrometallurgical extraction of metallic values, the mineral grains need not
necessarily be liberated as free grains; since partial exposure of mineral grains may provide sufficient surface
front for chemical attack by leaching solution (Hsih et al., 1995).



As mentioned above, crack distribution plays a key role in partial exposure of mineral grains. This relates
leaching behavior to the method by which the ore has been crushed prior to leaching. Thefirst processing step of
amineral processing plant is usually the crushing of the raw material. Rocks with large diameters excavated in
the mining operation and are then reduced in size by crushers suitable for subsequent process steps. The design
of a crushing plant is based on the material to be crushed. Several types of crushers using different physical
effects of comminution (e.g. compression, impact) can be chosen. Especially crushers in the first and second
stage (jaw, gyratory and roll crushers) use the effect of comminution by compression of single particles within
the processing zone of the machine (Unlanda and Szczelina, 2004).

High-pressure grinding rolls (HPGR) technology has been available for over 20 years. In this time, it has become
a standard comminution device for cement clinker grinding. The HPGR is between 20 and 50 present more
efficient than conventional crushers and mills (Daniel, 2007). The comminution principle (compression as a
breakage mechanism) involved is different from that in conventional crushers or tumbling mills (impact as
breakage mechanism). As a result, the product from a HPGR is different, and may be expected to have a
different behaviour in downstream processes (Aydogan &t al., 2006). The HPGR breaks particles predominantly
in an autogenous way, unlike other comminution devices. The grinding force is transferred from one particle to
the next, with a small proportion of the particles coming into direct contact with the rolls (Michad John Danidl,
2007). Figures 11a, b) show the fracturing that occurs because of the application of high pressure. Cracks often
occur at the grain boundaries resulting in liberation of the minerals, and giving leach solutions better access to
the particles. Figure 12) compares the extraction from the leaching of a semi-refractory gold ore from South
Africa crushed by HPGR and a cone (impact) crusher. This confirms that the leachability of the ores was better
after high pressure grinding, particularly for coarser size fractions. Perceved fracture mechanisms taking place

in HPGR inter-particle comminution.
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Figure 10: The concept of exposure and liberation of minera by hydrometallurgy and that by physical separation process
(Source: Hsih et al., 1995).



a Conventional crusher HPGR

Figure 11: HPGR product properties, a. Crushed Particle, b. inter-granular cracks of two zinc ore particles (Source:Y ousef

et ., 2010).
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Figure 12: Leachahility of gold ore from South Africa (Source: Daniel, 2007).
4.3.Visualization techniques for ore characterisation

In recent years, automated mineralogy has become established as an essential enabling technology for the
reiable acquisition of satistically sound comprehensive mineralogical and metallurgical data. This has had a
revolutionary effect on the industrial use of such data in the study of geology, mining and mineral processing.
Previoudy, using manual methods, it was not feasible to attempt this work because the large data sets required
could not be assembled on aredlistic timescale. There was a rdiance on individual expert mineralogists and this



was not scalable. The speed, reliability, details and repeatability of the modern automated measurements have
now made this type of analysis routine (Gottlieb, 2008). Usually such studies are conducted in order to evaluate
and improve process efficiency. This quantitative data is usually derived from mineralogical classified images of
the ores or plant products in question. The ability of image-based techniques to quantify liberation and
association parameters of ore minerals makes them highly preferable to assay-type approaches. A large range of
techniques is available for the acquisition of image data, and the ability of each of these systems to discriminate
between mineral species varies widely. The ability for mineralogical discrimination is largely dependent on the
cost and complexity of the system, the time available for analysis, and the spatial resolution of the output, 2-D
and 3-D images. Simple image analysis of Red-Green-Blue (RGB) colour images, and even more complex
systems such as hyperspectral imaging spectrometry, can acquire images rapidly but often have limited mineral
identification ability. On the other hand, substantially more complex and slower systems based on e emental
analysis using X-ray detection, electron microprobe analysis (EMPA), and energy dispersive spectrometer
equipped scanning electron microscopes (EDS-SEM), can achieve extremely accurate discrimination between
mineral species. The EDS-SEM systems, such as the QEMSCAN and the Mineral liberation analysis (MLA),
have made huge advances in speed and accuracy in the last 20 years, and have become the dominant
mineralogical imaging system used in the mining industry today(Pownceby et al., 2007, Benvie, 2007).The
demand for accurate compasition and phase distribution analyses in complex ore assemblages is increasing
rapidly as mineral processing studies become more sophisticated. Significant grain boundary fracture will
enhance the exposurée/liberation of minerals during comminution. However, thereis no convincing experimental
evidence to describe the extent to which this actually occurs in practice or to indicate what processes can be
employed to enhance intergranular fracture (Benvie, 2007). However, an improved understanding of the leaching
from large particle systems can be achieved with the use of an advanced diagnostic and nondestructive
technique, namely high resolution 3-D X-ray Computed Tomography (Miller et al., 2003, Yang et al., 2008,
Solymar, and Fabricius, 1999, Lin and. Miller, 2005, Garcia, Lin and Miller, 2009). To illustrate the potential of
X-ray Tomography for exposure/liberation analysis in a heap leach context, an example is given in Figure
13(Miller et al., 2003).
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Figure 14: 3D semi-transparent image of a packed bed of copper ore particles (1.68 -1.19 mm). Dark gray representsthe
copper-bearing mineral grains and light gray represent the host rock. Three sectioned 2D images along the cutting planes of
X-, ¥-, and z-axes areincluded to reveal textual details (Source: Miller et al., 2003).

5. Particle models within heap leach modeling

Considerableinterest in hydrometallurgical metal extraction processes has led in recent years to the devel opment
of a number of mathematical models for these processes, including both heap leaching and acid rock
drainage(Malmstrom et al., 2008, Sracek et al., 2006a,b, Stromberg and Banwart, 1999, Evans and Banwart,
2006, Lefebvre, Hockley, Smolensky and Gélinas, 2001, Lefebvre et a., 2001, Bouffardl and Dixon, 2001). A
critical assessment of the significant, public-domain, heap leach models has been undertaken by Dixon (2003).
Although a number of experimental studies have been carried out which have allowed better understanding of
the phenomenon and its operation, few studies have been carried out with the objective of optimizing the
process, either experimentally or through the use of models(Petersen, and Dixon, 2007, Bartlett, 1992b, Mason
et a.,1997, Leahy et al., 2007).

In general, heap leaching is simulated in columns charged with ore that are irrigated from the top and aerated
from the bottom and then scale-up modeling is conducted based on these tests. Several column tests and some
small pilot heap tests are required prior to design and construction of full-scale heaps. However, even
comprehensive column test programs do not guarantee accurate prediction of full-scale heap behavior if not done
with a comprehensive model (Lizama et al., 2005).

Most of the early heap bioleaching models dealt with leaching at the particle scale ( Bartlett, 1992, Davis and
Ritchie, 1986, Davis et al., 1986, Davis and Ritchie, 1987, White and Caenepedl, 1979, Braun et al., 1974,
Roman and Olsen, 1974). More recent bioleaching models emphasize the effects of bulk scale phenomena, such
as liquid flow, gas flow, and temperature distribution, on heap performance(Dixon and Petersen, 2003, Ogbonna
et al., 2006, Leahy et al., 2007, Dixon, 2000, Leahy et al., 2005, Moreno et al., 1999, Pantelis et al., 2002,



Sidborn et al., 2003, Petersen and Dixon, 2002). Although both particle scale and bulk scale effects are important
in heap bioleaching, little has been done to systematically integrate particle scale models into bulk scale models.
Most existing bulk scale models account for the effect of particle topology using simplified models such as the
shrinking core model, applied to an average particle size. Implicit in this is an assumption regarding the relative
significance of particle scale phenomena, and which process (diffusion or reaction kinetics) is limiting at the
particle scale. A conventional shrinking core approach would work only for gangue particles that are
homogeneously porous and have mineral grains well distributed throughout (Liddell, 2005, Velardo, et al., 2002,
Veglio et al., 2001). The shrinking core model has been shown to be a poor predictor of leach kinetics based on
the crushed ore size distribution. However, the model itself is a very useful tool to analyse commercial heap data
(Graeme, 2003). Shrinking core models have proved to be extremely useful in describing the leaching behavior
of many ores and flotation concentrates. although they tend to be used as empirical tools rather than in any
predictive way: data is obtained from batch leaching which is fitted them according to the different shrinking-
core equations, and then the one that gives the best fit is chosen as best representative of the system, There are
no reliable criteria to predict a priori the rate-controlling regime in which a given system will operate. Clearly,
obtaining these criteria will require a greater understanding of the controlling processes on a microscopic level
(Liddell, 2005, Vdardo et al., 2002, Veglio et a., 2001).

Part of this difficulty in understanding leaching reactions lies in their heterogeneous nature and the variability
from one ore or concentrate to ancther. However, another part stems from the fact that the conventional
shrinking-core equations have been narrowly focused on the dissolved reactant and the particles being leached
(Liddell, 2005). Models usually assume spherical geometry of the particles, although ore or concentrate particles
are never spherically symmetric. Deviation from the spherical shape leads to an increase in the surface-to-
volume ratio (Rossi, 1990). Furthermore, particle scale effects in heap bioleaching are influenced by other
factors, including the particle size distribution, the ore mineralogy, surface properties, pore size distribution and
microbial interactions.

Hence, the overall rate at which a mineral is dissolved from an ore particle is quite often the manifestation of a
complex network of individual phenomena, each proceeding at its own intrinsic rate. For finely ground particles
such as those encountered in tank leaching processes, leaching rates are typically controlled by the intrinsic
kinetics of mineral breakdown. In a heap or dump leaching, however, mineral grains are usually embedded
within larger ore particles or solution-filled agglomerates, and thus accessible only by diffusion through a
network of pellet pores, if at al. In general, the intrinsic kinetics of leaching is usually be represented by an

equation for the rate of mineral conversion of the general form:

(1'—1(: k(T.d,) f(C)w(ld- X)

wherek (T, do) isarate constant which is afunction of temperature (usually Arrhenius's law) and initial mineral

grain size (or surface area), f(C) is a function of the solution composition represented symbolically as C (e.g.



ferric ion, ferrous ion, proton concentrations) and w(1—X) is a function of the fraction of mineral unreacted,
which represents the changing topology of the mineral surface over the course of leaching. While the thermal
and chemical functions are readily evaluated experimentally with small, fully liberated, mineral grains, the
topological function must be evaluated with the ore particle themselves containing liberated and occluded grains
of divers shape and sizes. Here the usual assumption of homogeneous distribution of monosize grains isinvalid
and the chemical and diffusion-controlled modeling approaches may fall short with these types of ore samples.

A generalized topological function initially proposed by (Dixon and Hendrix, 1993) is written as:

w(1-X)=(1- X)'
Where the exponent ¢ may vary over the course of the leach, taking values greater than or equal to 2/3 (the

shrinking sphere model) and may be as high as three when the distribution of effective grain sizeis particularly
wide (Dixon and Hendrix, 1993). The parameter ¢ can in principle, be evaluated for each particle size and a
collection of particle sizes can instead be modeled as a single-size class with a weighted average, although this
approach remains entirely empirical (Bouffard and Dixon, 2001).

6. Summary and outlook

In order to effectively understand and formulate models for (bio) leaching from large particles, fundamental
study of the rate controlling factor(s) is important. Comprehensive understanding would be achieved by the
systematic investigation of leaching behavior at the surface and the interior of large particles in the context of
chemical leaching and bioleaching of ores. In more specific terms, it is need to investigate leaching behavior of
orewith the following aobjectives:

- Todeterminethe effect of topology (surface properties) on the kinetics of (bio) leaching processes;

- Toinvestigate intra-particle diffusion phenomena and their rdationship with the pore and crack network,

particle size distribution and mineral ogy;

- To formulate appropriate modeling approaches to large particle leaching, this would allow optimization of

heap leach operations in the trade-off between rates of extraction and degree and mode of comminution.

In order to understand more clearly the reagent diffusion through the large particles and to provide true and
reliable physical parameters to formulate the relevant modeling approaches to large particle leaching, it is
necessary to study the 3-D property of diffusion first. However, the use of traditional experimental methods
cannot realize this as they are usually destructive and required physical serial sectioning, which is a reliance on
individual expert mineralogists and this is not easily scalable. An improved understanding of the leaching from
large particle systems can be achieved with high resolution 3-D X-ray Computed Tomography (CT) asit is non-
destructive and processes could be followed directly during the treatment. Although some researchers have been

donein this regard, but since this technique is new in mineral processing, further methodological work should



focus on adaptation and improving of this technique in the field of mineral processing, to see how X-ray
Computed Tomography (CT) can help to comprehensive characterization of ore samples mostly coarse particles
and also understanding of underlying processes.

Observation from using this technique can be coupled with the results from the other modern automated
mineralogy measurements, more traditional column leach experiments, and solution chemistry considerations in
order to identify the progression of heap leaching. With such insight, it would be possible to describe leaching
from within large particles with a more accurate model, and then use this tool in the economic optimization of

heap leaching operations.
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