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ABSTRACT

Pretreatment of copper ore prior to heap leaching includes crushing and
agglomeration processes which were studied in this thesis research. Crushing is a high
energy consuming process. In mining operations generally jaw and gyratory crushers are
used for primary crushing and cone crushers are used for secondary crushing. During the
past couple of decades High Pressure Grinding Roll (HPGR) crushers are being
considered by mining companies due to lower energy consumption. In the present
research copper ores (copper oxide and copper sulfide ores) were crushed by a jaw
crusher and by HPGR and the products evaluated for particle damage, as well as by
column leaching to determine the rate and extent of copper recovery.

X-ray computed tomography analysis and laboratory column leaching
experiments on copper oxide samples revealed that products from HPGR crushing have
more particle damage and higher copper recoveries when compared with products from
jaw crusher crushing. As expected copper recovery increased with a decrease in particle
size for the copper oxide ore. However, at smaller particle sizes (below 20 x 40 mesh)
copper recovery became independent of the crushing technique.

In the case of the copper sulfide ore, copper recovery was found to be
independent of the crushing technique despite the fact that more particle damage was
observed in products from HPGR crushing. This unexpected behavior for the copper

sulfide ore might be due to the high head grade (0.8% Cu for the copper sulfide ore and



0.3% Cu for copper oxide ore) or strong leach solution (pH of copper sulfide ore leach
solution is 1.1 and pH of copper sulfide ore leach solution is 2). Column leaching results
also show that about 80 to 90% of copper was recovered from the copper sulfide orein a
very short leaching time irrespective of crushing technique. As expected, copper
recoveriesincreased with adecrease in copper sulfide particle size.

In the second portion of the thesis research the agglomeration of copper ore for
heap leaching was studied. Liquid bridge agglomerates that are prepared with leach
solution are not sufficiently stable and may break apart during the heap leaching
operation, thus reducing permeability of the leach pad and extent of copper recovery.

In this phase of the thesis research an attempt was made to improve the quality of
the agglomerates by using stucco as a binder. Agglomerate size, permeability and column
leaching tests were conducted to evaluate the quality of the agglomerates. Experimentd
results reveal that a mixture containing 85 to 90% ore, 7 to 10% sulfuric acid solution and
3 to 5% stucco binder produces high quality stucco binder agglomerates that |each as well

as, if not better than, liquid bridge agglomerates.
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CHAPTER 1

INTRODUCTION

Copper is the third most used metal by man (iron and aluminumadagad and
consumed in greater quantities than copper). The critical needpper began in 1850,
with the use of electricity [1]. Given its malleability, dditgi conductivity of both heat
and electricity, ability to withstand corrosion, and its esthetaracteristics, copper has
established crucial importance in virtually all areas of devel@rel newly developing
economies most notably in the areas of construction, transport, anddslid{ielectrical
and electronic applications [1]. Due to these revolutionary techicalodevelopments,

global copper output increased 300 fold since 1850 (Table 1.1).

1.1 Copper Production M ethods

Copper reserves are mostly present in the form of oxide and sulfide minerals.
Copper mining is performed either underground or in open pits. Laterite ores copper
oxide minerals such as cuprite and hydrous carbonates (malachite, azurite)p@iital,
chalcocite, bornite, cubanite, and enargite are common examples of copder sulf
minerals[2]. Most of the copper ores contain only a very small percentage of copper

minerals, and even less molybdenum and precious metals.



Table 1.1 Copper production (Adapted from reference 1).

Production| Growth Main Producing Countries
vear Kilotons | (%/ Year) (%Share)
1750 10 China (70) Europe (30)
1800 15 0.8 Europe (53) China (47)
1850 53 2.6 UK (23)
1900 490 45 USA (56)  Spain (11)
1910 890 6.1 USA (56) Mexico (6)
1920 960 0.8 USA (58)  Chile (10)
1930 1540 4.8 USA (42) Chile (14) Canada (9)
1940 2360 4.4 USA (33) Chile (16) Canada (13)
1950 2490 0.5 USA (33) Chile (15) Zambia (11)
1960 4420 5.9 USA (22) Zambia (13) Chile (1R)
1970 6340 3.7 USA (25) USSR (15) Chile (1)
1980 7740 2.1 USA (15) Chile (14) USSR (13)
1990 8990 1.5 Chile (18) USA (18) USSR (10)
2000 13230 3.9 Chile (35) USA (8) Peru (7
2007 15520 2.3 Chile (36) Peru(8)  USA (8)

The remaining minerals, of little value, are discarded. Avehagel grade in most
of the mines is less than 1% copper. Depending on the ore type (oxgldfide) the
copper extraction process is designed. Hydrometallurgical $gese such as heap
leaching is used to extract copper from copper oxide ore and cgpper sulfide ores.
Subsequently copper is extracted from the leach solution by solw&acten and
electrowinning. In the case of the Pyrometallurgical process, a copfide saincentrate,

produced by froth flotation is smelted at high temperature and refined elgcaibyy



1.1.1 Hydrometallur gy

Hydrometallurgical processes are used to extract copper [trangrade ores,
especially copper oxide by heap leaching (Figure 1.1). Copper oretfr®mmine is
crushed typically with jaw crushers to pass about 0.5 inch top Bmee.crushed ore
along with acid solution is introduced into rotating agglomeration drumsthé
agglomeration drums fine ore particles are bonded to coarseradielgs via liquid
bridges. The agglomeration product is stacked on the heap leach padtt@ abeters in
height.

Sulfuric acid solution is introduced on the top of the heap leachrzhdissolves
copper as the solution passes through the heap. Copper recovery fioeagHeach pad
depends on the particle size distribution, of the ore particle dgnaagl quality of
agglomerates. About 20% of worlds annual copper production is froaniheg3].
Bioleaching and autoclave [4] leaching are also performed dependi ore type and

grade in order to improve the leaching efficiency.

Copper Ore

b
Crushing

v

Agglomeration

v
Stacking

b
Heap Leaching

b

Electrowinning

Figure 1.1 Typical hydrometallurgical process for recovery from heeghileg.



Pregnant leach solution (copper rich solution) from the leach padsicentrated
and purified by solvent extraction. During this solvent extractitages copper is
separated from the acid solution using extractant to stabilize coppa organic phase
[5]. After stripping copper from the organic phase, copper metabtuped as cathodes

during electrowinning.

1.1.2 Pyrometallurgy

About 80% of world’s annual copper production is from the pyrometailofg
copper sulfide ore [6] (Figure 1.2). Copper ore from the mine is alusite a gyratory
or jaw crusher. Discharge from crusher feeds a grinding cidwte, sag mills and ball
mills further reduce the ore particles to about 75 microns & 3ikis slurry of fine ore
particles is conditioned with chemicals to separate the copgietesniineral particles by

flotation [7]. In About 80 to 90% of the copper is recovered during flotation.

Copper Ore

b
Crushing

¥
Grinding
I
Flotation
I
Filter Plant

v

Smelter

A
Eefinery

Figure 1.2 Typical pyrometallurgical process for copper recovery fubinde ore.



The copper concentrate from flotation is sent to filtration tconeathe water and
to dry the concentrate. Dry concentrate is introduced into theisghltnaces. Smelting
furnace produces matte (high grade Cu/Fe sulfides). The mattnt to the convertor
where blister copper is produced. The blister copper is cast into saaode refined
electrolytically as final product.

In the present thesis research, pretreatment of copper oreg@heap leaching

(crushing and agglomeration) has been studied.

1.2 Pretreatment Stages Prior to Copper Heap L eaching

In addition to the chemistry of leach solution, crushing (parside distribution),

agglomeration, and heap structure also effect the extent and rate of copper recovery

1.2.1 Crushing

Copper ore from the mine is reduced in size to about half inch topbgize
crushing. Gyratory crushers, jaw crushers and cone crushecsrareonly used in the
mining industry.

It has been reported that most of the energy in mineral procegsargtions is
consumed in comminution [9]. As the copper ores are of low grade, minmg@anies
are showing great interest in modifying the crushing circuibntler to improve the
comminution efficiency and also reduce the energy consumption.

High-pressure grinding rolls (HPGR) have achieved consideréigletian over
the last several years given their high capacity and reducegyecensumption [21].

Particle damage and breakage in the HPGR is due to high inter partstestgenerated



when a bed of solids is compressed as it moves through the gaebdiwo pressurized

rolls [10 -16]. More detailed explanation of HPGR equipment is presented in CBapte

1.2.2 Agglomeration

Run-of-mine or crushed ore is stacked on the leach pad and thensth@gopkof
the heap leach pad is irrigated with leach solution that percddgtgsavity through the
heap. This leach solution dissolves the valuable metal and a coppesaiution
discharges at the bottom [17, 18].

Copper recoveries from the heap leach pad are hindered due to therdine
particles migration, thereby reducing the permeability of theo heach pad [18]. To
mitigate the permeability of leach pad and to improve the leacesmpnse of the low
grade ore, copper ore is agglomerated prior to heap leaching33B About 66% of
copper mines that crush the ore perform agglomeration [18, 28]. Duhag t
agglomeration process crushed copper ore is mixed with acid sdlutortating drum.

A detailed explanation of the agglomeration process is provided in Chapter 3.

1.2.3 Heap Structure
The design of heap leach pad influences the copper recovery [19{r(etina of
the heap can be classified into four categories
e Conventional or “flat” pads
e Dump leach system
e Valleyfills

e On/off pads



Conventional leach pads are relatively flat, either graded smootterrain
contouring on gentle alluvial fans such as in the Chilean Atacksert, Nevada and
Arizona, and the ore is stacked in relatively thin lifts (5 to Ifpncally). Dump leach
systems are similar or can include rolling terrain; the tédomp” usually means that
the lifts are much thicker (up to 50m).

Valley fill systems are just that—leach “pads” designacdhatural valleys using
either a buttress dam at the bottom of the valley, or dihgvéll within the valley.
On/off pads (also known as dynamic heaps) are hybrid systemedatively flat pad is
built using a robust liner and over liner system [stacking]. Then a singh¢ ¢ife, from 4
to 10m thick, is loaded and leached. At the end of the leach dyelspent ore is
removed for disposal and the pad recharged with fresh ore. Usualiggaa automated,

using conveyors and stackers [19].

1.3 Resear ch Obijective

In this thesis research, experiments were done to examinerubbhing and
agglomeration steps in ore pretreatment prior to heap leachirtge brusher evaluation
experiments, copper ores were crushed by a traditional jawerr(is6 - 19] and by
HPGR. Patrticle size analysis, X-ray computed tomography siedl®0 — 25, 36], and
column leaching experiments [3, 26, 27] were performed on the crosbdd evaluate
the effect of ore type, crusher type, and particle size dicleadamage (microcracks),
mineral exposure, and copper recovery.

In the case of agglomeration experiments, the main objectivéontast the use
of stucco as a binder in the agglomeration process. After obtaipiogising

results(good quality agglomerates) from preliminary tests, @rpatal variables



including the binder amount, acid solution amount, etc. were examined atalisst
preferred conditions for the production of quality agglomerates asndeé&sl by
agglomerate size analysis, permeability test, column leachingdtstical conductivity

test and visual inspection [17, 18, 28 to 35].

1.4 Organization of Thesis

The thesis considers two important pretreatment steps prior o leaehing,
crushing and agglomeration. After the introduction in Chapter 1, crushing condjaens (
and HPGR) for heap leaching are evaluated and compared in CRa@erce HPGR
crushers have been reported to be more energy efficient, produatdHPGR crushing
are compared with products from the jaw crusher for both copper oxadendrcopper
sulfide ore samples. Crushed ore size analysis, x-ray computedraphy analysis, and
laboratory column leaching tests were performed to evaluateefthet of crushing
conditions on particle damage and the leaching response.

In Chapter 3, agglomeration issues that affect the heap mgaobperations are
considered. The use of stucco as a binder in agglomeration for helhindeis described
in detail. Agglomerates that were formed with stucco binder evaluated by
determination of the agglomerate size distribution, permeabiligsarements, column
leaching tests, electrical conductivity tests and visual ingpedetailed experimental
procedures, results and conclusions from the above mentioned tests samtegoran
Chapter 3. Finally the conclusions and future research recomnmrglatie made in

Chapter 4.



CHAPTER 2

EVALUATION OF CRUSHING AND

ASSOCIATED ISSUES

2.1 Introduction

Comminution circuits must be designed in such a way that thelyotineenergy
efficient and at the same time produce the desired partzdedstribution. In the case of
heap leaching, high mineral grain exposure and micro crack form&bm crushing
would be expected to result in increased copper recovery during éeeapnlg. This is
because leach solution would penetrate through the micro cracksohamiilizes the
mineral grains. In the present research the effect of crixgbe(jaw crusher and HPGR),
copper ore type (oxide, sulfide) and particle size (0.25 inch to 100)noesparticle
damage and copper recovery were studied.

Description and the operation of jaw crushers are well known and dsicusthe
literature. In contrast, HPGR crushing is a relatively, newrtelogy. It has been
reported that HPGR crushers are more energy efficient anel ¢theshers continue to be
evaluated for use in the mining industry [10]. HPGR is predominas#y in the cement
industry and was introduced at the mining industry for the first firmArgyle diamonds

mine, Australia.
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HPGR has two counter-rotating rolls (Figure 2.1). One of the i®lfsxed and
other is floating. The material to be fractured is fed througlydpebetween the rolls and
is crushed by the mechanism of interparticle breakage. The pressunesfangris
transmitted by a hydraulic system via the floating roll ara eésntrol variable for HPGR

crushing.

2.2 Sample Preparation

Figure 2.2 presents the flow sheet of sample preparation. About 450Hdajhof
copper oxide and copper sulfide ore samples first were crushedaupiimary crusher.
Crushing was done to try and achieve the same product size distribution for eaatgcrushi

condition.

Hydraulic Feed _
Piston Floating roll Fixed roll

Produét

Figure 2.1 Schematic of HPGR.
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Copper Oxide Ore Copper Sulfide Ofe

Primary Crusher

P

A 4 A A

Low Pressure Medium Pressure| High Pressure
Feed Jaw Crusher HPGR HPGR HPGR
(~2 N/mnf) (~4 N/mnf) (~6 N/mnf)

Figure 2.2 Sample preparation flow sheet.

The crushed material from each ore type was split into 5 pgdt&d for each
part). After splitting 4 parts from each ore type were crudoeither. One split for
subsequent crushing by the jaw crusher and the other three splits were use@Ror HP
crushing at different operating conditions. THesBlit from both ore types was retained
and introduced as the feed sample.

These final products (5 parts from each ore type) were sent tdnilersity of
Utah from a copper mining company. Sections 2.3 to 2.6 provide a detmdession of
experimental procedures and results. Copper head grades are about 0.3% famadpper
ore and 0.8% for copper sulfide ore samples. Table 2.1 presents tbe aopper

minerals in the copper ore samples that were considered in this thesisresearc

Table 2.1 Major copper minerals in copper oxide ore and copper sulfide ore.

Copper Oxide | Copper Sulfide
Ore Ore
Major Copper Chalcocite
Minerals Chrysocolla Covellite
Chalcopyrite
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2.3 Methods and Results

2.3.1 Particle Size Distributions of Crusher Products

Particle size analysis was the first test performed owrrighed samples. Figures
2.3 and 2.4 present the similar particle size distributions of capq@e ore and copper
sulfide ore achieved with the different crushing methogsv&ue from the Figures 2.3

and 2.4 is used to correlate the patrticle sizes obtained from different crushirogisnet

Particle Size Distribution of Copper Oxide Samples

100

T
04l

e 1 T O SUTU U ST TN SO S US U SUPTT SUUUTUE SO ST SRR

L]

Cumulative Percent Passing
e gl |
o[-l

-

L2

*

0 : : i i : : i i : :
& 1 M B 3 )
A B et e L

o

Particle Size (mm)

Feed, P, = 9.0 mm

Jaw, Py, = 3.4 mm

Low Pressure HPGR, Py, = 3.7 mm
Medium Pressure HPGR, P,, = 3.2 mm
High Pressure HPGR, P;, = 29 min

B4 O ®

Figure 2.3 Patrticle size distributions of copper oxide ore samples for
different crushing methods.
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Particle Size Distribution of Copper Sulfide Samples
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Feed, Pgg =8.2 mm

Jaw, Pgp = 3.0 mm

Low Pressure HPGR, Pggp = 3.6 mm
Medium Pressure HPGR, Pgg = 2.8 mm
High Pressure HPGR, Pgp = 2.8 mm

-4 o #»

Figure 2.4 Particle size distributions of copper sulfide ore samples for
different crushing methods.

From the above Figures 2.3 and 2.4 it is clear that the high predf @&
product is slightly finer than the products from the jaw crusher pi@ssure HPGR, and
medium pressure HPGR. ThgyRalues for the high pressure HPGR samples are 2.9mm
and 2.8mm respectively for copper oxide ore and copper sulfide ore sgifFigleres 2.3
and 2.4). Whereas thgdvalues for the other crushing conditions generally are greater

than 3.0mm for both ore types. Another observation from the parti@edsiribution
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data is that the copper sulfide ore appears to be softer than the copper oxideertheSi
Pgo values for copper sulfide samples is less when compared tggdthaltes of copper
oxide samples for all the crushing conditions (Figure 2.3 and 2.4).

Each size class of the crushed material was then examinegl Xisay micro
computed tomography to determine the extent of particle damagehanextent of

mineral exposure.

2.3.2 Mineral Exposure and Particle Damage

As a result of particle size reduction by crushing, mineraingexposure and
particle damage (micro cracks) occurs. The amount of valuableahgrains that are
present at the surface of the ore particles influences the c@mosery values from heap
leaching. Similarly micro crack formation in the partichesuld result in increased
copper recovery from heap leaching. Both phenomena make the coppeal graes
more accessible to the leach solution and increased leachingckingtray micro
computed tomography was used to analyze the mineral exposure and particle.damag

In addition to mineral exposure analysis and particle damaga;column
leaching tests were performed to see if cone-beam X-ragortomography (XMT) can
be used to quantify the leaching reaction progress and the cagpaiéi of surface wetting
and diffusion during column leaching for unsaturated flow conditions. Inrégard,
copper oxide ore samples (particle size of 2.0 x 0.850 mm) fromgheressure HPGR
(6 N/mm) product and the jaw crusher product were used in column leachingresri
to further evaluate the effect of particle damage due to cruséatmpique on leaching

rate and extent of reaction. These results are reported in the section 2.3.2.5.
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2.3.2.1 X-Ray Micro Computed Tomography (XMT)

X-ray micro computed tomography (XMT) had its origin in the roaldservices
and has now been applied to nonmedical and industrial applications [20 [RERBY
using XMT mineral grain exposure analysis has been performed prigyithesextent of
the damage in crushed products has not been evaluated previously byXMJindn
general tomography refers to the cross-sectional imagfngnoobject from either
transmission or reflection data collected by illuminatingdbgct from many different
directions. Thus, the image from an X-ray CT scan is a cras®isal representation of
the X-ray attenuation during transmission through the object under readgoni X-ray
CT techniques have an inherent advantage in providing detailed imagesiotethal
structures of opaque materials in a nondestructive manner.

Cone-beam geometry X-ray Micro Tomography (XMT) is well exiifor the
guantitative determination of the mass density distribution of theclearivith a size of
less than a few hundred microns. Rather than rotating the X-ragesand detectors
during data collection, as in medical CT technology, the specimenaied. Instead of
generating a series of two-dimensional sliced images tmoendimensional projections, a
three-dimensional reconstruction image array is created dirgotly two dimensional
projections. Figure 2.5 shows a schematic diagram for the cone-gpe@ametry x-ray
micro-CT system. X rays from a micro focus X-ray generator ar@lhadttenuated by a
specimen that is made to rotate in equal steps in a full @bdat a single axis close to
its center. At each rotational position, the surviving X-ray photonsdatected by a
planar two-dimensional array (image intensifier) large endogtontain the shadow of

the specimen.
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X-Ray Microtomography System

a

Specimen

-

_———

Micro-focus 8 g

X-ray Source i 2D Dete;tor

Rotational
Axis

Figure 2.5 Schematic of x-ray micro computed tomography system
(Adapted from reference 20).

These two-dimensional projection images are collected using camvantideo
technology. The video signal is then converted to a two-dimensiagitdldarray by an
image processing system. Finally, a three-dimensional inragg ia reconstructed from
the collected set of projection images. This reconstructionitdgors a generalization in

three dimensions of the widely used convolution-back projection method [20 to 25] [36].

2.3.2.2 Sample Preparation

A total of five particle size fractions (+6.3, 6.3 x 4.75, 4.75 x 2.0, 2.0 x 0.850,
0.850 x 0.425 mm) were scanned for each ore and for each crushing metteod. Thi
corresponds to a total of 50 scans of packed particle beds using 10 @md-@8blution
and 29 scans using 40n resolution. Table 2.2 summarizes the weight and number of

particles used for the XMT scans.
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2.3.2.3 Mineral Exposure

Particle recovery in heap leaching operations can be estinateal specific
particle size distribution, once the relationship between grain expasdrgarticle size is
determined for the ore sample [20 to 26]. It is therefore extyenmeportant to
characterize the percentage of the exposed valuable mineral grains ia #seadiunction
of particle size. X-ray micro tomography (XMT) can be usedHerdirect determination
of the percentage of exposed valuable mineral grains in multiphasgesawhich vary
in size from 100 mm down to a few hundred microns. Voxel resolutidnglisas ten
micrometers was achieved with in this research using the poofgction CT system
available in the Department of Metallurgical Engineering.

Representative samples of particles from five different isitsrvals were taken
and put into a cylindrical container for XMT analysis. Scannimgetwas varied
depending on the voxel resolution and the number of views. For examp2@-fhoicron
voxel resolution and 512x512x300 data set, the scanning time is abohbtalnd full
three dimensional reconstructions requires approximately an addio@ddour. Figures
2.6 and 2.7 represent mineral exposure results for copper oxide ore and copper sulfide or

as a function of both particle size and crushing method.

Table 2.2 Copper oxide ore and copper sulfide ore samples prepared by different
crushing methods for X ray computed tomography analysis.

. . . Voxel Copper Copper

Pa”'r‘;"lfns'ze Weéght N;;‘r‘t?j;gf Resolution Oxide Sulfide
microns %Cu %Cu
6.30 4106 10 to 20 40 0.32 0.89
6.30 x 4.75 4106 20 to 40 40 0.32 0.83
4.75 x 2.00 4106 70 to 90 40 0.28 0.78
2.0 x 0.85 0.3t00.4 100 to 200 20 0.28 0.71
0.85x0.42 [ 0.06 to 0.08 >200 10 0.28 0.88
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Figure 2.6 Relationship between mineral exposure and particle size (cofjeeom).
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Figure 2.7 Relationship between mineral exposure and particle size (soffger ore).
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It is noted that more than 90% of the copper mineral grains inohygec sulfide
ore sample are exposed for most of the size fractions less6thmam (Figure 2.7);
however, only the size fractions less than 2 mm gave 90% coppeahgren exposure
in copper oxide ore samples (Figure 2.6). As expected, the copper-bgiaimg of the
copper oxide sample are much smaller and more disseminated imsitiest rock. In
addition, it is important to note that these exposure curves have a common shape which is
related to the grain size distribution of the copper minerals. 8laganship between the
percent of grain exposed and particle size provides the basigefprediction of copper
recovery for a known particle size distribution (PSD). Combiningrdselts of the
chemical and the mineral exposure analysis, the practical rgco¥ecopper can be
estimated for a specific particle size distribution.

As expected, the exposure decreases with an increase in pazecl€he slope of
the curve is much more pronounced below 2.0 mm for the copper oxide sample
indicating that grain the exposure can be increased signifidanthcreasing the amount
of material in the intermediate size classes (Figure 2.6).

Grain exposure of copper oxide ore samples was less than thatfwurawpper
sulfide ore samples but exposure was affected by crusher tytaepfiats are spread out
in copper oxide exposure data for different crushing methods (FigyteCdpper oxide
column leaching results show that greater recovery was gigrechleved for all particle
sizes prepared by HPGR high pressure crushing condition. For ther cytfide ore
samples mineral exposure was high and independent of crusherFigpee 2.7).
Exposure does not vary much with particle size and generally gteate 90%. Data

points are concentrated at particular exposure values in coppetestdfi different
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crushing methods (Figure 2.7).The higher copper recoveries foulfidesore may be

expected to due to greater exposure.

2.3.2.4 Particle Damage

The effect of crusher type on particle damage was studied forobeshand all
size classes. Micro crack formation during crushing should resuticreased copper
recovery from heap leaching. This is because the leach soliold penetrate through
the micro cracks and solubilizes internal mineral grainsotal of 5 size classes and 5
crushing methods were studied to determine particle damage for both ooy and
copper sulfide ores. In the Figures 2.8 and 2.9 the X-ray computed tghpgeans of
copper oxide and copper sulfide sample are presented. Micro cracldeatified with
red color arrows.

Particles with cracks are counted for each ore type and crustatigpd and are
presented in the Figures 2.10 and 2.11. The corresponding data is presetited i
Appendix A. From the Figures 2.10 and 2.11 two conclusions can be made.

1. High pressure HPGR is producing more cracks than the restisicg method
in most of the particle size classes.

2. As particle size is decreased amount of cracks is inae@ms&opper oxide
samples.

3. For high pressure HPGR copper oxide samples crack density iedreas 40%
to 80% as the patrticle size is decreased from 1/4inch to 200mesh.

4. Such trend is not clear in copper sulfide samples (about 80% &ka@ee seen in

all high pressure HPGR copper sulfide samples irrespective of partie)e si
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Figure 2.9 X-ray computed tomography scans for copper sulfide samples.
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Figure 2.10 Particle damage for copper oxide samples.
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Figure 2.11 Particle damage for copper sulfide samples.
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2.3.2.5 Mini Column Leaching

Ten grams each of jaw crusher product (10 x 20 mesh) and higuprd4PGR
product (10 x 20 mesh) of copper oxide ore were selected to exammecohimn
leaching characteristics. Disappearance of chryscosocotite,phalcopyrite and others
was tracked by XMT using 40 micron voxel resolution. XMT scans dene at 2 hours,
6 hours, 1 day, 11 days and 29 days of leaching. Figure 2.12 show intemslfgraiigh

pressure HPGR and Jaw crusher products after 29 days of mini column leaching.

Copper Oxide High Copper Oxide Jaw
Pressure HPGR Crusher

(10 x 20 M) L (10 x 20 M)

—

dissolved
grains dissolved
grains

Figure 2.12 Tracking mineral grains during minicolumn leaching of copper oxide ore
samples (2.0x0.85 mm), from high pressure HPGR and jaw crusher products.
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Selected grains are indicated to illustrate the disappearaoce & the grains
did not dissolve due to a lack of exposure, kinetic factors associgtedrain size, and
decrease in crack density. The overall tend shows grains ihighepressure HPGR
product dissolve to a greater extent than grains in the jaw crysbduct during
minicolumn leaching. Some of the dissolved copper grains are igénfifired circles in

the Figure 2.12.

2.3.3 Laboratory Column L eaching Experiments

After preparation and particle size analysis of the crushed pspdotneral
exposure, particle damage and mini column leaching tests wedetethas a function
of crusher type and ore type. Finally laboratory column legcleixperiments were
designed to better understand the effect of crusher type and orenye leaching

response.

2.3.3.1 Sample Preparation

Copper oxide ore and copper sulfide ore samples from five differetitodse
were size classified in to six different size fractiofigiure 2.13 gives the flow sheet of
sample preparation. Sixty samples were prepared from two mee {gpxide and sulfide),
five crushing techniques (fee, jaw, low pressure HPGR, mediunsysee$iPGR, high
pressure HPGR) and six different size classes (+1/4”, ¥4" x4410M, 10 x 20M, 20 x
40M, 40 x 100M) (Figure 2.13). In order to validate the results, each tabplumn

leaching experiment was duplicated.
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Copper Oxide Ore Copper Sulfide Ofe

Primary Crusher

Low Pressure Medium Pressure| High Pressure
Feed Jaw Crusher HPGR HPGR HPGR

(~2 N/mnf) (~4 N/mn?) (~6 N/mn?)

A 4
Particle Size

+1/4"
1/4" x 4AM
4 x 10M
10 x 20M
20 x 40M
40 x 100M

Figure 2.13 Sample preparation flow sheet for laboratory column leaching.

Forty five grams of ore material that is required for laboyatmlumn leaching
was sampled from each of the above 60 samples (Figure 2.13)ruy alsite riffles
(Figure 2.14). The average head grade for the copper oxide sr@.3¢% Cu, and for the
copper sulfide ore was 0.8% Cu. Tables 2.3 and 2.4 summarizes the hga aidhe

copper oxide ore and copper sulfide, respectively, sample ore.

2.3.3.2 Experimental Procedure for Laboratory Column Leaching
Laboratory column leaching tests were carried out with a digp@syringe (60
cc volume), packed with 45 grams of sample. Columns were ididaien the top with

an intravenous (V) system using acidic leach solutions which were provided by the
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Figure 2.14 Typical chute riffles.

mining company. Two different leach solutions were used for legatopper oxide ore
and copper ore sulfide samples.

Before the experiment started, copper oxide leach solution and cesplfide
leach solutions were filtered, because they contained some arfitiese solutions
were used to fill the IV systems. The solutions were passed through the columias anc
8 L/m?/hour flow rate.

No solution recycling was done. In spite of the filtration, sometimes
agglomeration occurred in which case the tubing for the IVesyswvas blocked. To
overcome this problem, flow rates for the IV systems wereketk regularly. Each
sample is leached for 240 hours. Pregnant leach solutions werdembbéthe bottom of
the column on an hourly basis. Solutions were kept in disposable scortillaals to
analyze for copper concentration.

Figure 2.15 and Figure 2.16 show a schematic and photo for the column leach
experiments. Each experiment was run with a duplicate to check oepttoelucibility of

the experimental results.
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Table 2.3 Head grade for copper oxide ore samples.

%Cu, Head Grade From Copper Oxide|  %Cu, Head Grade From Copper Oxide
Replicate 1 Replicate 2
Low Medium High Low Medium High
PressurePressurePressurg PressurePressurePressurg
Size Feec Jaw HPGF HPGF HPGF] Feec Jaw HPGF HPGF HPGR
+1/4" 027 033 024 031 0.32 033 027 022 028 02
1/4x4M| 026 026 025 026  0.32 027 034 029 025 03
4 x 10M 0.3 031 022 024 0.28 0.32 0.3 024 029 03
10x20M] 029 027 026 025 0.2 033 032 0.3 031 0ps
20x40M| 0.3 029 026 027 0.29 033 032 029 031 0RB1
40x100M 035  0.32 0.3 031 0.3] 037 033 032 034 0J36
Table 2.4 Head grade for copper sulfide ore samples.
%Cu, Head Grade From Copper Sulfide]l  %Cu, Head Grade From Copper Sulfide
Replicate 1 Replicate 2
Low Medium High Low Medium High
PressurePressurePressurg PressurePressurePressurg
Size Feed Jaw HPGR HPGR HPGR Feed Jaw HPGR HPGR HPGR
+1/4" 0.46 0.49 0.73 0.75 0.89 0.9 0.58 0.71 0.15
1/4 x 4M 0.65 0.72 0.66 0.81 0.89 0.63 0.59 0.7 0.78 0J/5
4 x 10M 0.72 0.66 0.62 0.7 0.78 0.62 0.67 0.72 0.76 0fra
10 x 20M 0.7 0.62 0.61 0.64 0.71 0.72 0.72 0.68 0.78 0J77
20x40M] 0.95 0.97 0.79 0.91 0.84 0.74 1 0.99 0.95 0.p3
40 x 100M|  1.02 1.03 0.93 1.04 0.94 0.83 0.8 - 1
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Figure 2.16 Laboratory column leaching setup showing IV irrigation
and disposable syringe bodies containing ore samples.

Three thousand samples were collected in disposable scintillatisnh@awvever,
higher copper concentrations could not be measured directly from thg IQuctively
Coupled Plasma instrument. Therefore, each solution was diluted dotaat 6f 10 to
determine the copper content in the leaching solutions. This procedsif®lleaved for
all samples.

Samples of the copper oxide leach solution and copper sulfide leatlors®l
were sent to the mining company to determine the copper corteanirathe solutions.
Also the copper concentration was determined using the ICP instrumettie
Metallurgical Engineering Department at the Universityusdh (U of U). The copper

concentration and pH of the inlet solution are listed in Table 2.5. Analytical results f



30

Table 2.5 Comparison of copper concentration and initial
pH of the leach solution.

Cu (g/L)
Results from
Solution Mining Results from pH
Name Company UofU
Copper Oxide 0.13 0.13 2
Copper Sulfide 0.18 0.19 1.1

the mining company and from the ICP at the U of U are alnmmpsalgTable 2.5) and

demonstrate the validity of the results.

2.3.3.3 Laboratory Column Leaching Results

The inlet leach solutions contain some amount of copper (Table 2.5). Timencol

leaching recovery was calculated for each sample as a function of time fro

(Ct B Co)vt

= 2.1
Roy Copper Content of Feed D

Row = Percent copper recovery from leaching

C = Copper concentration in pregnant leach satstet time t (g/L)
Co = Copper concentration in inlet leach solutigf_)

Vi = Volume of pregnant leach solution atetitr{V)

The detailed plots of recovery vs time are preseme\ppendix B and C.
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2.3.3.3.1 Copper Recovery as a Function of Parf8de and Crusher Type
Figures 2.17 to 2.19 show the copper recovery dffedays of leaching as a
function of particle size and crusher type for ttopper oxide ore samples. Detailed
explanation of Figures 2.17 to 2.19 is presentefiopendix B.
From the Figures 2.17 to 2.19 two conclusions aamhbade regarding the copper
oxide ore.
1. More copper is recovered from high pressure HPGRuymts in most of the cases.
2. As the particle size decreases copper recovergases from about 50 % to 80%.
These results are in correspondence with partide analysis (Figure 2.3),
mineral exposure (Figure 2.6) and particle damé&gi(e 2.10). For examplegfalues

for high pressure HPGR samples are less when ceahparsamples from other crushing

methods (Figure 2.3).

Copper Oxide Ore - Replicate 1
Copper Recovery From Column Leaching After 10 Days
Feed O Jaw O LowHPGR E M edium HPGR B High HPGR
100
P
B 80 g omm =
: sl D N \
¢ 60 -k -- - - --
8— 40
g
O]
¥ 207 - - -- - - --
0
+1/4" /4 x 4M 4 x 10M 10 x 20M 20 x 40M 40 x 100
Particle Size

Figure 2.17 Copper recovery from copper oxide araes for different
crushing methods and particle sizes (Replicate 1).
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% Copper Recovery
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Figure 2.18 Copper recovery from copper oxide araes for different
crushing methods and particle sizes (Replicate 2).
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Figure 2.19 Average copper recovery from coppetd@®xire samples for
different crushing methods and patrticle sizes.
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As particle size is decreased percent copper ggaposure for high pressure
HPGR sample is increased from 75% at 7mm size % 860.1mm size (Figure 2.6).
Similarly percent particles cracked increased a0 to 90% for high pressure HPGR
sample as the particle size is decreased from #®/£20 x 40M (Figure 2.10). Figure
2.19 presents the average copper recoveries frgypecooxide ore column leaching
replicates 1 and 2.

Figures 2.20 to 2.22 shows the copper recoveri@sfasction of particle size and
crusher type for copper sulfide samples. Detailgulamation of Figures 2.20 to 2.22 is
presented in Appendix C. From the Figures 2.202@ 1 is clear that,

1. More copper is recovered from copper sulfide orepdasthan from the copper oxide
ore samples, Which might be due to the higher lgeade (0.8%Cu), higher exposure
values (Figure 2.7) and greater particle damaggu(Ei 2.11) than that of copper

oxide samples.

Copper Sulfide Ore - Replicate 1
Copper Recovery From Column Leaching After 10 Days

Feed O Jaw O Low HPGR E M edium HPGR B High HPGR

100
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0 T T T
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Figure 2.20 Copper recovery from copper sulfidesammples for different
crushing methods and particle sizes (Replicate 1).
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Figure 2.21 Copper recovery from copper sulfidesammples for different
crushing methods and particle sizes (Replicate 2).

. Copper recovery tends to be independent of crushetpod and also particle size.

. This unexpected behavior might be due to the highdhgrades of copper sulfide
samples (about 0.8%Cu). Copper oxide samples haae ¢ about 0.3%Cu.

. This unexpected behavior might be due to the highdhgrades of copper sulfide
samples (about 0.8%Cu). Copper oxide samples haae ¢ about 0.3%Cu.

. Leaching solution that was used from copper sulfidesamples is stronger than that

used for copper oxide ore samples (Table 2.5). @ls might effect the copper

recovery response.
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Figure 2.22 Average copper recovery from coppdidaisamples for
different crushing methods and patrticle sizes.

2.3.3.3.2 Comparison of Mineral Exposure and CoRasoveries as a

Function of Particle Size for Different Crushingr@ions

In addition to replicating the laboratory colummadting experiment, comparison

has been made between copper recovery and mingrat@e to further examine the

recovery values from laboratory column leachingbl&a2.6 and Figures 2.23 to 2.32

show the comparison between copper recovery afleddys leaching and exposure

values for copper oxide ore and copper sulfidesaraples. From the Figures 2.23 to 2.32

it is clear that copper recoveries from the différerusher samples follow the same trend

as their grain exposure values. As expected bothréicovery and exposure values

increase with a decrease in particle size. Coppawvery from column leaching is less

than the exposure due to low leaching time (10 )days



Table 2.6 Percent copper recovery after 10 dayhieg and
percent grain exposure for copper oxide ore ange&op

sulfide ore laboratory column leaching
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Figure 2.23 Exposure and copper recovery from ktiboy column leaching after
10 days as a function of particle size for copped® ore feed samples.
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Figure 2.24 Exposure and copper recovery from ktiooy column leaching after

10 days as a function of particle size for copped® ore samples
prepared by jaw crushing.

Copper Oxide Ore - Low Pressure HPGR
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Figure 2.25 Exposure and copper recovery from ktiooy column leaching
after 10 days as a function of particle size fquper oxide ore samples
prepared by low pressure HPGR crushing.
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Figure 2.26 Exposure and copper recovery from ktiooy column leaching
after 10 days as a function of particle size fquper oxide ore samples
prepared by medium pressure HPGR crushing.
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Figure 2.27 Exposure and copper recovery from ktboy column leaching
after 10 days as a function of particle size fquper oxide ore samples
prepared by high pressure HPGR crushing.
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Figure 2.28 Exposure and copper recovery from ktlboy column leaching after

10 days as a function of particle size for coppéfide ore feed samples.
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Figure 2.29 Exposure and copper recovery from ktiooy column leaching
after 10 days as a function of particle size fquper sulfide ore samples

prepared by jaw crushing.
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Figure 2.30 Exposure and copper recovery from ktiooy column leaching
after 10 days as a function of particle size fquper sulfide ore samples
prepared by low pressure HPGR crushing.
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Figure 2.31 Exposure and copper recovery from ktiooy column leaching
after 10 days as a function of particle size fquper sulfide ore samples
prepared by medium pressure HPGR crushing.
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Figure 2.32 Exposure and copper recovery from ktiooy column leaching after 10
days as a function of particle size for copperigalbre samples prepared by

2.4.1 Particle Size Analysis

high pressure HPGR crushing.

2.4 Summary and Conclusions

High pressure HPGR produced a slightly finer pbetisize distribution when

compared to other crushing methods for both coppéte and copper sulfide samples

(Figures 2.3 and 2.4). By comparing thg Yalues, it appears that the copper sulfide ore

is softer than the copper oxide ore.

2.4.2 Mineral Exposure

As expected, grain exposure decreases with anaseran particle size. Grain

exposure in the copper oxide ore samples was 8s8(90% at 2 mm) when compared
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with grain exposure in the copper sulfide ore sa&sgb5% at 2mm) but exposure was
affected by crusher type. Data points are spreathahe copper oxide exposure data for
different crushing methods (Figure 2.6). This treisdsupported by copper oxide
laboratory column leaching results, which show the¢ater recovery was generally
achieved for all particle sizes prepared by HPGRBhhpressure crushing condition
(Figure 2.17 to Figure 2.19).

For the copper sulfide ore samples mineral exposashigh (95% at 2mm) but
independent of crusher type (Figure 2.7). Data tgsoare concentrated at particular
exposure values for the copper sulfide ore witHed#int crushing methods (Figure
2.7).This unusual behavior account, in part, faghkr copper recovery from copper

sulfide ore during column leaching (Figure 2.2Figure 2.22).

2.4.3 Particle Damage

High pressure HPGR crushing produces more craeksdther crushing methods
in most of the particle size classes (Figures 2rid) 2.11). As patrticle size decreases the
percentage of cracked patrticles increases fordppear oxide ore samples.

For high pressure HPGR copper oxide ore samplespdreent of cracked
particles increased from 40% to 80% as the parSide is decreased from 1/4inch to
200mesh (Figure 2.10).

Such a trend was not evident for the copper subrgesamples (about 80% of the
particles are cracked in all high pressure HPGRpeppulfide samples irrespective of

particle size) (Figure 2.11).
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2.4.4 Mini Column Leaching

Figure 2.12 show internal grains for HPGR-high poes and Jaw crusher
samples which have dissolved after 29 days duringcolumn leaching. The over all
trend shows that copper grains dissolve at a fagterin the case of minicolumn leaching

of high pressure HPGR products.

2.4.5 Laboratory Column L eaching

2.4.5.1 Copper Oxide Ore

Copper recoveries are high for most of the higlsgwee HPGR samples (Figures
2.17 to 2.19). As expected, copper recoveries asgevith a decrease in particle size.
Copper recovery values show the same trend as gsqnosure data (Figures 2.23 to

2.27).

2.4.5.2 Copper Sulfide Ore

Copper recovery is independent of the crushing atetiince about 80 to 90% of
copper is recovered during the initial period @&fdeing (Figures 2.20 to 2.22). Recovery
values are higher than those for the copper oxidesamples. This high recovery from
the copper sulfide ore samples is due to the higbad grade, greater grain exposure and
perhaps a more aggressive leach solution. Coppeveey values show the same trend as
grain exposure data (Figures 2.28 to 2.32).

The evidence suggests that high pressure HPGRasesehe leaching of copper
oxide ore under the conditions considered. Whentbas|eaching of copper sulfide ore

samples, under the conditions considered, is ingre of crusher type despite greater
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particle damage from high pressure HPGR samplabidregards, it is expected that the
effect of damage would be more significant for to@per sulfide ore if a less aggressive
leach solution were used. The leach solution fer ¢bhpper oxide ore was at pH 1.1,

whereas the leach solution for the copper sulfigewas at pH 2.



CHAPTER 3

BINDER FOR AGGLOMERATION IN

COPPER HEAP LEACHING

3.1 Introduction

The heap leaching method is used to recover copper from low gresleDuring
copper heap leaching crushed ore is stacked in approximatelytéflifte. Sulfuric acid
leach solution is introduced on the top of heap leach pads (FigureAS.ijis leach
solution percolates through the heap in unsaturated flow (Figure J@perc is
solubilized and retained in the leach solution which is collectéeatoe of the heap in
the Pregnant Leach Solution (PLS) pond (Figure 3.2). The percoledicly solution also
causes migration of fine particles within the heap. Migratedsfmay clog the natural
flow channels, and form impermeable sections of the heap. When this hapeedesch
solution flows around the impermeable sections in the heap, lethesg sections un-
leached or partially leached, thus lowering the overall recoMéfly To overcome the
problem of fine particle migration, copper ore may be agglomerptent to heap
latching if the fine particle (-200 mesh) content is gredtan 5% in the crushed material
[18]. Liquid bridge agglomeration, generally employed in heap paéiparis performed

in revolving drums (Figures 3.3) and is thought to serve two purposes [32].



Figure 3.1 Copper heap leach pad.

Leach
Solution

Capper

" Min emf_

Figure 3.2 Heap leach pad with 9 m lift, CT scan showing percolation
of the leach solution in a packed bed of ore particles.
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Figure 3.3 Agglomeration drums at a copper heap leach operation.

The first purpose is to take the advantage of the agglomeridnig (acid
solution, 80% water and 20% concentrated sulfuric acid) to initi@téetiching reaction
and to improve the leaching response of low grade ore. The second pwifpose
agglomeration is to cause capillary adhesion of fine minerakjestio coarse particles
through the formation of liquid bridges in order to create more @aihe heap leach
pads.

Liquid bridge agglomeration produces weak agglomerates and does Iyot ful
address the fine particle migration issue. The weak force of iadhlestween the acid
solution and ore patrticles can be strengthened with the use of HibderS.C. Bouffard
presented the nature, dosage, and chemistry of the solution andsbusbal for

agglomeration at various copper heap leaching operations [18]. Ativaffearder must
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not only create strong adhesion between particles but also musindet the copper
recovery. A number of potential binders such as lignin, cellulose, nethylose, tall
oil, sodium silicate have been evaluated by other researcher#\[88]in the literature it
is stated that gypsum might be a possible binder to improve the ad@lityeof the leach
pads [35]. Further discussions of procedures for the use of gypsum biademaot
provided, nor were any results given. In fact gypsum would not be suasbh binder
because attachment to and adhesion between particles is noedxath experiments
in our laboratories with gypsum as binder confirmed this expectationh®other hand
the use of calcium sulfate hemihydrate (stucco) has not beem@&aus and, although
gypsum is the ultimate product of the stucco binder reaction, theatarl and growth
of the dihydrate during hydration should lead to improved agglomeigity. Figure
3.4 presents a schematic of the anticipated agglomeration procegsstistco as a

binder.

Stucco

Water and
Acid Tank

Radial Stacker Evenly Distributes
the Agglomerates on the Leach Pad

Figure 3.4 Schematic of stucco binder agglomeration process.
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In this regard the objective of this part of the thesis reseaashavinvestigate the
guality of agglomeration by using modified stucco as a binder. Aggiaon was done
in a pilot scale plastic drum mixer with 18 pounds of crushed o2ar{th x 3 mesh) and
2 pounds of fine ore particles (-200 mesh) as feed material [18]afiloent of water,
acid and binder were the variables considered in these experiments.

The stability of agglomerates were evaluated by deterromati the agglomerate
size distribution, permeability of the packed bed of agglomeratesmaooleaching of
agglomerates, and visual inspection [22, 30, 32]. Electrical condudiaaty were also
performed with the agglomerates to determine moisture contentsuidoess of using
stucco as a binder for acid heap leaching operation is reportéds inhiapter and the

results have been used for a provisional patent application [36].

3.2 Methods and Results

3.2.1 Experimental Procedure

A plastic drum mixer (cement mixer) that rotates at 20 Rild with 5 degree
inclination was used for agglomeration experiments (Figure 3.5). pEmntcle size
distribution of the feed material for agglomerates ranged fromn@tb to -200 mesh
(Figure 3.6).

The copper ore sample used for agglomeration experiments wathiafaldivar
copper operations in Chile. Table 3.1 shows the copper grade and mipexfitbg ore
samples. It is evident that the major mineral component is clit@ctodlowed by

brochantite.
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Figure 3.5 Feed, plastic drum cement mixer, agglomerates.
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Figure 3.6 Particle size distribution of the feed.
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Table 3.1 Feed sample mineralogy of the copper ore used
for agglomeration experiments.

Particla Size| Chemical Analys|s Mineralogical Analysis (100% base copper species)
Cu Head Grac CuFes, Cu,S Cus CuS(,.3Cu(OH Othel
mm % % % % % (%)
254x19.1 1.21 0.40 85.00 - 14.10 0.50
19.1x 12.7 1.16 1.10 82.60 - 15.20 1.10
12.7x9.5 1.26 13.20 71.70 - 15.10 -
9.5x 6.36 1.25 - 82.50 - 17.50 -
6.36 x 3.18 1.31 7.00 75.60 0.80 15.80 0.80
3.18x1.7 1.30 6.20 76.90 0.70 15.40 0.80
1.7 x 0.425 1.29 3.80 77.30 - 18.90 -
0.425 x 0.150 2.33 8.00 75.60 0.20 16.20
0.150 x 0.075 2.99 4.30 81.50 0.20 14.00 -
-0.75 2.67 2.40 85.00 0.40 8.70 3.50

3.2.2 Agglomerate Size Distribution

Before sieving, each sieve was cleaned and their individual serghbrded.
Then the sieves were assembled in descending order of opening #izeh&Vdried
agglomerated sample on the top screen, all the sieves weren shakasieve shaker for
three minutes. Once this procedure was completed each sievecigagdavagain and the
mass for each size class obtained by difference betweeawvetght of the sieve with and
without the material in that size class [30].

By the above mentioned procedure the particle size distributiongtdragrates
was obtained for agglomerates prepared with 0g, 50g, 100g, 250g and 5QQgcof s
binder. In these experiments, the amount of acid solution (80% water and 20%
concentrated sulfuric acid) and the amount feed material (20 pounds) was kegutconst

Comparison of agglomerate particle size distributions is preséemtEigure 3.7.
From the agglomerate size distributions two conclusions can be riaée.First
conclusion is that the fine particles (10% minus 200 mesh) in the tieethe

agglomeration drum adhere to the coarser particles and therefore agemot the
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Figure 3.7 Agglomerate size distributions.

agglomerates size distributions when stucco binder is used (FigQteTBe Second
conclusion is that the agglomerates become coarser as the amostocad binder
amount is increased (Figure 3.7). Thg Walue for agglomerates prepared with 0g, 509
and 100g of stucco binder is about 8.5mm and whereasgghealBe for agglomerates
prepared with 250g and 500g of binder increases to 9.5mm and 11.0mm,iveBpect
This increase in agglomerate size is an indication of thetie#eess of the stucco binder

and the agglomerate quality.
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3.2.3 Permeability

The experimental determination of coefficient of the permeabildag done by a
constant head method for laminar flow through a packed bed of aggles\éFigure
3.8). The experimental setup follows the recommendations given in ABTRA34
“Standard Test Method for Permeability of Granular Solids” [37].

A cylindrical column of about four inch diameter and seven inch inthengs
designed to hold the sample of agglomerates which is fitted betiweeperforated
plates (about 3mm diameter holes) (Figure 3.8). Marbles aceglat the bottom and
top of the agglomerates in the column to help maintain the agglonbedtend uniform
flow.

A constant head of water was maintained during the expeririéet. water

volume from the discharge of the column was measured at different heads for

Level maintained at constant elevation

A
v
Head change Column with
agglomerates

A 4

Water

outlet

Figure 3.8 Schematic of permeability test.
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permeability calculations. The coefficient of permeabilityakalated from the slope of
the plot of flow rate vs head change and (Figure 3.9) using Darcy’s law.

Figure 3.9 presents the permeability values for the agglombeate prepared
with different stucco binder amounts. In these experiments, the ambaoid solution
(80% water and 20% concentrated sulfuric acid) and amount feedah&26r pounds)
were kept constant. The results presented in Figure 3.9 clearythat the permeability
of agglomerates increases with the amount of stucco binder additied ins
agglomeration process. In fact the permeability increagegsifnes when 500 g of stucco
binder is used in comparison to agglomerates prepared with 50 g of stucco binder.

Darcy’s Law:

QIA= (K AP)/ uL (3.1)

here,

Q = Flow rate (crsec)

A = Area of column (cr)

K = Permeability (crf)

AP = Pressure difference zg h

p = Density of water (kg/cf) = 0.001 (kg/cri)

g = Acceleration due to gravity (cm/$ps 982 (cm/sed

h = Head difference between solution inlet and outlet (cm)

4 = Viscosity of water (kg/(cm sec)) = 0.00001 (kg/(cm sec))

L = Length of the column that is occupied by the agglomerates (cm)
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e 50gof Stucco, K = 1.1E-6 cm"2 ® 250 g of Stucco, K =4.0E cm"2
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Figure 3.9 Constant head permeability test results.

From these results we can conclude that in addition to the aggtenseze, the
permeability of agglomerates also increases. However, thet effestucco binder on

copper recovery must be considered.

3.2.4 Column L eaching of Agglomer ates

Agglomerates prepared with 500g of stucco and Og of stucco were loaded
columns to determine the effect of stucco binder on copper recolweiryg column
leaching. While preparing the agglomerates, the amount of acitioso(80% water and

20% concentrated sulfuric acid) and amount feed material (20 pounds) was kept constant.
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Leaching columns were 4 inch diameter and 6 feet tall. Columns werel lnéttie
agglomerates by using a torpedo to achieve uniform distribution ohdgemerates
(Figure 3.10). Cloth and polymer screens were placed over thenagygles in the
columns, so that the leach solution is distributed uniformly in themool Marbles and a
polymer screen were placed at the bottom of the columns to pree&enlagglomerates
from blocking the outlet of the column. Intravenous (IV) systemseweed to feed the
leach solution (6 g/l sulfuric acid) into the columns at a controlled flowofs8el/m?/hr.
Column leaching was performed for 33 days with 6 gpl sulfuric acigtisnl Pregnant

leach solution from column leaching was collected at regular intervalsef tim

Agglomerates

Loglomerates
prepared with B prepared with Og
500g of stucco N of stucco

Figure 3.10 Columns loaded with agglomerates. Note the bulk density change.
The agglomerates prepared with stucco binder filled the
column to height 5 inches greater than the
height without stucco binder.
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The volume of pregnant leach solution collected was also meg$ugede 3.11).
Equal volumes of leach solution passed though the columns so the copperigscove
from the two columns could be compared. It is interesting to notehthdlow rates are
equivalent in both cases even though the permeabilities are qtetenlif This situation
is probably due to the fact that leaching is under unsaturated @oditions, whereas,
the permeabilities measured are saturated flow permeability.

Pregnant leach solutions were analyzed using the ICP instrumelgtermine
copper recovery from each of the two columns. Copper recovery rekalisthat about

13 % of the copper was recovered during 33 days of leaching. In fact higher copper

Comparison of Pregnant Leach Solution Volumes
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Figure 3.11 Comparison of pregnant leach solution volumes.
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recovery was found for the agglomerates prepared using 500g of bintdet0® hours

of leaching (Figure 3.12 and 3.13). These copper recovery results Iséothe stucco

binder does not hinder the recoveries but in fact improves the rate of copper recovery.

Figure 3.12 shows the g/ml of copper in the leach solution that was measured

using the ICP instrument at different leaching times. FromrEi@.12 it is clear that up

to 50 hours of leaching more copper is extracted from the stuccor l@gdemerated

sample. Later on, not much difference is seen in the amount of ceggted from the

two columns.

Figure 3.13 shows the copper recovery with respect to leacihmegféir each of

the agglomerates. For the initial 500 hours more copper is recovered from the stucco

Copper Concentration, (micro g / ml)
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Figure 3.12 Copper concentrations in pregnant leach solution as a function
of time for column leaching of liquid bridge agglomerates and

stucco binder agglomerates.
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Cu Recovery from Column Leaching of Agglomerates
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Figure 3.13 Comparison of copper recoveries from column leaching of agglemera

binder agglomerates and later-on there is not much differenoeedre the recoveries.
Data corresponding to Figure 3.13 are presented in Appendix D.

Previous studies in our group revealed that about 80% of the copper can be
recovered from these ore samples by performing column leachinmréFi3.14).
However the leach solution chemistry must be adjusted to achieye dadpper
recoveries. In this thesis research the leach solution was notizgatjinmence the low
recovery. Because the ore contains significant chalcocit&, @uproved leaching would

have been possible if an oxidant, such as ferric sulfate, had been tadtiexd leach

solution as in previous studies [38].
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Figure 3.14 Column leaching results from previous
studies (Adapted from reference 38).

3.2.5 Electrical Conductivity Tests

Following agglomeration, the ore samples were placed into atamsts
measurement device. The measurement device is shown in Figbirét 8dnsists of two
equal stainless steal rectangular electrodes (length ofeitieogeles is equal to the length
of the cylinder in which they are placed). Bolts were screwéal the two electrodes.
The resistance was measured using a multimeter that isctlipplee bolts. The electrical

conductivity of the packed agglomerate bed was calculated using

K=L/RA (3.2)

Here K is the conductivity (I2 cm), L is the distance between the two electrodes (cm),

R is the measured resistance)(and A is the longitudinal cross
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Figure 3.15 Electrical conductivity instruments.

sectional area of the electrode @mElectrical conductivity values are directly
proportional the amount of moisture present in the agglomerated sample.

Figure 3.16 shows the electrical conductivity results. As expediledtrical
conductivity values increase with an increase in sulfuric acid isollwmount and
eventually reach a constant value. This trend is identified in &i8u6 for no stucco
addition.

Electrical conductivity values decrease with an increaséustas binder amount
for a constant sulfuric acid solution amount during agglomeration. Thid isadentified
in Figure 3.16 for 1000 g of sulfuric acid solution. Between the @atttonductivity

values of 0.002 and 0.004 (1/ohm cm) good quality agglomerates were observed.
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Effect of sulfuric acid solution on electrical conductivity of the
agglomer ates
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Figure 3.16 Electrical conductivity as a function of sulfuric acid solution
for different stucco binder amounts.

3.2.6 Visual I nspection

Comments on agglomerate quality can be made based on the aggisnserat
permeability, column leaching and electrical conductivity testgor Ro the above
mentioned tests, visual inspection gives a rough idea of agglomeratidity.qua
Agglomerate color and shape varies with the acid solution chgnaistount and binder
dosage. More than 75 agglomeration tests were performed, threenaggi® samples
were taken under different agglomeration conditions to better illustrategthibcsince of

visual inspection (Figure 3.17).
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Figure 3.17 Visual inspections of agglomerates.

Good quality agglomerates were prepared with 3 to 5% f stucco bimde?, &
10% of acid solution. As shown by the photographs in Figure 3.17 agglomergiasegr

with other combinations of binder and acid solutions were either too dry or too wet.

3.2.7 Phase Diagram Summarizing the Results

By performing agglomerate size analysis, permeabilitystestlumn leaching
tests, electrical conductivity tests, and visual inspection aeptiagram (Figure 3.18)
was constructed to describe agglomerate quality as a functionfoficacid solution
and stucco binder amounts. Good quality agglomerates were prepdhe@ va 5%

stucco binder, and 7 to 10% acid solution, the region illustrated by the hatched box
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Figure 3.18- Phase diagram identifying the conditions for
high quality agglomerates.

presented in Figure 3.18. Agglomerates prepared with other combinatibimsder and

sulfuric acid solution were either too dry or too wet.

3.3.7.1 Effect of Water Content

From Figure 3.7, it is clear that the agglomerates are bhagarnarser when the
stucco amount is varied from 0g to 500g. In these experiments, tbhenarof acid
solution (80% water and 20% concentrated sulfuric acid) and amouninttedal (20
pounds) were kept constant. Some experiments were done to see \hetherease in
agglomerate size is genuinely due to stucco addition or due toatee @ffect. Stucco

reacts with water to give gypsum.
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CaSQ % HO + 3/2H0 —» CaSE2H,0 (3.3)

Agglomeration experiments were conducted with no stucco and by siegr¢ae
water amount (water that is estimated to be consumed by S50@mp b form gypsum,
3/2 mole HO per mole of stucco). Experimental results show that an incliease
agglomerates size is only due to stucco addition but not due to the effect (Figure
3.19). From Figure 3.19 it is clear that the agglomerates amieg coarser as the

binder amount is increased despite the decrease in water amount.

Comparison of particle size distribution of aggloates
with different water amounts
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R e B e e
('U | | | | | | |
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L 604ttt
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= o
g 401
: | | |
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O 20- I

Of : : :
0 2 4 6 8 10 12 14 16
Particle size (mm)
—- Feed

—e— 500 g of stucco, 10% sulfuric acid solution (80%exa20% acid)
—&— No Stucco, 9% sulfuric acid solution (72% watery@&cid)
—=— No stucco, 10% sulfuric acid solution (80% wat&¥®acid)

Figure 3.19 Effect of water content on agglomerate size.
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3.3.7.2 Effect of Gypsum (Binder) on Agglomerate Quality

In the literature it has been suggested that gypsum could be ubateas for
agglomeration [30]. So, experiments were performed by using gypswar to examine
its effect on agglomerate quality. The gypsum binder amount andisudftid solution
amount were selected in correspondence to ideal agglomedratesetre obtained when
stucco binder is used. When stucco binder is added in the agglomeratess) some
amount of water reacts with stucco to form gypsum. When gypsum hénadeded there
is no hydration reaction, so in order to maintain the same amourttubbs the water

should be reduced according to the reaction stoichiometry.

CaSQ % H0 + 3/2HO —* CaS@2H,0 (3.4)

Agglomerated samples from 350g of stucco binder, 1000g of acid sol86éf (
water and 20% concentrated sulfuric acid) and 20 pounds of ore were compire
agglomerates from 350g of gypsum binder, 945g of acid solution and 20 pounds of ore
Figure 3.20 shows the photographs of these agglomerates. Framotres Figure 3.20 it
is clear that the agglomerates with gypsum binder (left) tace wet (electrical
conductivity of 0.001 1/ohm cm) whereas the agglomerates with stucco [riigthe) are

of much better quality (electrical conductivity of 0.002 1/ohm cm).

3.3 Summary and Conclusions

Numerous binders for acid heap leaching of crushed copper ore have been

suggested in literature [17, 18, 19] but none have been adopted by the mining industry.
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Figure 3.20 Photographs of agglomerates produced by using gypsum
(left) and stucco (right) binders.

Among the binders suggested is gypsum [30] but the effectivenesgpsiirgyhas not
been demonstrated. In fact, our experimental results show that gyisalims not an
effective binder. In order to achieve binding of fine particles andatmeation of stable
agglomerates, stucco (calcium sulfate hemihydrate) must be lastéds regard, stucco
serves as an effective binder because the stucco hydratitiomeadich occurs during
agglomeration of the ore, immobilizes the fines binding them togetitkercoarser ore
particles via the gypsum hydration product which forms in-situ arnveseo stabilize the
agglomerates thus formed. It is expected that the ore pattimiedine and coarse act as
nucleation sites for the hydration of stucco.

The quality/stability of the agglomerates is revealed frorfoua evaluation tests,
including visual inspection and, the preferred conditions for the oredtestd its
corresponding particle size distribution has been established. Foopper ore studied
the mix for effective agglomeration should contain about 85-90% 01t€%-sulfuric
acid solution, and 3-5% stucco. Under these conditions the conductivity of the

agglomerates is found to be between about 0.002 and 0.004 1/(ohm cm). Of ca#se the
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preferred conditions are expected to change with ore type andearztieldistribution. In
this way, solution agglomeration which occurs via liquid bridgestisneled by the use
of stucco as a binder. Stucco hydration reactions occur within idgebrand the
agglomerate structure is strengthened. As the particles carmected during
agglomeration they are bound by a network of gypsum crystals, rtdtigh of the

hydration reaction. The sequence of events is shown in Figure 3.21.

- Ore Particles |:| Acid Solution
- Stucco Binder Particles BEEH Porous Gypsumn Bridge

; Stucco
Coarse ! Hydration
Ore
Particle . m—-
A) Initial Agglomerate B) Final Agglomerate

with Porous Gypsum

with Liquid Bridge
Bridge

Figure 3.21 Sequence of events in stucco agglomeration of fine ore particles
at the surface of coarse ore patrticles, A) Initial mixing of
ore particles, acid solution and stucco with formation
of liquid bridge.B) Final stable agglomerate
structure formed by hydration
of stucco binder.



CHAPTER 4

CONCLUSIONS

In this thesis research, experiments were done to examine both the crushing and

agglomeration steps in copper ore pretreatment prior to heap leaching.

4.1 Evaluation of Crushing

4.1.1 Particle Size Analysis

High pressure HPGR produced a dlightly finer particle size distribution when
compared to other crushing methods for both copper oxide and copper sulfide samples
(Figures 2.3 and 2.4). By comparing the Pgy values, it appears that the copper sulfide ore

is softer than the copper oxide ore.

4.1.2 Mineral Exposure

As expected, grain exposure decreases with an increase in particle size. Grain
exposure in the copper oxide ore samples was less (85 to 90% at 2 mm) when compared
with grain exposure in the copper sulfide ore samples (95% at 2mm) but exposure was
affected by crusher type. Data points are spread out in the copper oxide exposure data for

different crushing methods (Figure 2.6). This trend is supported by copper oxide
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laboratory column leaching results, which show that greater recovery was generaly
achieved for all particle sizes prepared by HPGR high pressure crushing condition
(Figure 2.17 to Figure 2.19).

For the copper sulfide ore samples mineral exposure was high (95% at 2mm) but
independent of crusher type (Figure 2.7). Data points are concentrated at particular
exposure values for the copper sulfide ore with different crushing methods (Figure
2.7).This unusual behavior account, in part, for higher copper recovery from copper

sulfide ore during column leaching (Figure 2.20 to Figure 2.22).

4.1.3 Particle Damage

High pressure HPGR crushing produces more cracks than other crushing methods
in most of the particle size classes (Figures 2.10 and 2.11). As particle size decreases the
percentage of cracked particles increases for the copper oxide ore samples. For high
pressure HPGR copper oxide ore samples the percent of cracked particles increased from
40% to 80% as the particle size is decreased from 1/4inch to 200mesh (Figure 2.10).
Such a trend was not evident for the copper sulfide ore samples (about 80% of the
particles are cracked in all high pressure HPGR copper sulfide samples irrespective of

particle size) (Figure 2.11).

4.1.4 Mini Column Leaching

Figure 2.12 show interna grains for HPGR-high pressure and Jaw crusher
samples which have dissolved after 29 days during minicolumn leaching. The over all
trend shows that copper grains dissolve at afaster rate in the case of minicolumn leaching

of high pressure HPGR products.
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4.1.5 Laboratory Column L eaching

4.1.5.1 Copper Oxide Ore
Copper recoveries are high for most of the high pressure HPGR samples (Figures
2.17 to 2.19). As expected, copper recoveries increase with a decrease in particle size.

Copper recovery values show the same trend as grain exposure data (Figures 2.23 to

2.27).

4.1.5.2 Copper Sulfide Ore

Copper recovery is independent of the crushing method since about 80 to 90% of
copper is recovered during the initial period of leaching (Figures 2.20 to 2.22). Recovery
values are higher than those for the copper oxide ore samples. This high recovery from
the copper sulfide ore samples is due to the higher head grade, greater grain exposure and
perhaps a more aggressive leach solution. Copper recovery values show the same trend as
grain exposure data (Figures 2.28 to 2.32).

The evidence suggests that high pressure HPGR increases the leaching of copper
oxide ore under the conditions considered. Whereas, the leaching of copper sulfide ore
samples, under the conditions considered, is independent of crusher type despite greater
particle damage from high pressure HPGR samples. In this regards, it is expected that the
effect of damage would be more significant for the copper sulfide ore if aless aggressive
leach solution were used. The leach solution for the copper oxide ore was at pH 1.1,

whereas the leach solution for the copper sulfide ore was at pH 2.
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4.2 Binder for Agglomeration in Acid Heap L eaching

Numerous binders for acid heap leaching of crushed copper ore have been
suggested in literature [17, 18, 19] but none have been adopted by the mining industry.
Among the binders suggested is gypsum [30] but the effectiveness of gypsum has not
been demonstrated. In fact, our experimental results show that gypsum itself is not an
effective binder. In order to achieve binding of fine particles and the formation of stable
agglomerates, stucco (calcium sulfate hemihydrate) must be used. In this regard, stucco
serves as an effective binder because the stucco hydration reaction, which occurs during
agglomeration of the ore, immobilizes the fines binding them together with coarser ore
particles via the gypsum hydration product, which formsin-situ and serves to stabilize the
agglomerates thus formed.

It is expected that the ore particles both fine and coarse act as nucleation sites for
the hydration of stucco. The quality/stability of the agglomeratesis revealed from various
evauation tests, including visual inspection and, the preferred conditions for the ore
tested and its corresponding particle size distribution has been established. For the copper
ore studied the mix for effective agglomeration should contain about 85-90% ore, 7-10%
sulfuric acid solution, and 3-5% stucco. Under these conditions the conductivity of the
agglomerates is found to be between about 0.002 and 0.004 1/(ohm cm). Of course these
preferred conditions are expected to change with ore type and particle size distribution. In
this way, solution agglomeration which occurs via liquid bridges is extended by the use
of stucco as a binder. Stucco hydration reactions occur within the bridges and the

agglomerate structure is strengthened. As the particles are connected during
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agglomeration they are bound by a network of gypsum crystals, the product of the

hydration reaction. The sequence of eventsis shown in Figure 3.21.



APPENDIX A

PARTICLE DAMAGE



Table Al Percent of particleswith cracks.

75

Per cent of Particleswith Cracks

Copper Oxide Copper Sulfide
Low Medium  High Low Medium  High
Feed JaW tocR  HPGR  HPGR | T® W pGR  HPGR  HPGR
Size
+1/4" 50 17 50 50 43 33 63 80 78
14 x AM 21 12 45 56 63 31 32 73 56 77
4xioMm | 15 14 37 44 79 | 20 23 51 69 84
10x20M | 7 12 23 31 46 9 15 24 39 58
20x40M | 50 64 83 93 96 35 45 52 69 78




APPENDIX B

COLUMN LEACHING OF COPPER OXIDE ORE



77

Tables B1 to B12 present the copper recovery (about 240 hours of lgaching
copper oxide ore samples from replicates 1 and 2. Figures B12t@orrespond to the

data presented in Tables B1 to B12.

Table B1 Copper recovery from copper oxide ore samples, Replicate 1 (+1/4").

Copper Oxide - Replicate 1
Percent Copper Recovery from Column
L eaching
L eaching (+ /4" SizeFraction)
Time
(Hours) L ow Medium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 0 1 0 0
7 2 2 8 2 2
8 3 2 9 2 2
22 6 7 20 6 6
25 7 7 21 6 6
28 8 8 23 7 7
31 9 8 24 8 8
46 13 10 28 12 16
51 14 11 29 13 17
55 15 12 29 14 18
70 20 15 32 17 26
78 22 17 33 18 28
95 27 18 35 22 32
100 29 19 36 22 33
118 33 21 39 25 37
124 35 23 40 26 37
142 40 28 43 31 42
147 41 29 44 33 43
169 47 35 48 41 55
193 54 41 51 46 59
198 5 42 52 a7 60
211 58 45 54 49 62
220 59 46 55 50 64
235 61 48 56 51 65
240 61 49 56 52 66
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Table B2 Copper recovery from copper oxide ore samples, Replicate 1 (+1/4” x 4M).

Copper Oxide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (/4" x 4 Mesh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 0 0 0 0
7 1 2 2 3 2
8 1 2 2 3 2
22 7 9 5 7 9
25 8 11 6 8 10
28 9 11 6 9 11
31 10 13 7 10 11
46 14 18 11 15 14
51 16 19 12 16 15
55 17 20 13 17 16
70 21 22 16 21 19
78 23 23 17 23 21
95 27 27 20 27 25
100 29 28 22 28 26
118 32 32 29 35 29
124 35 34 30 36 31
142 42 37 35 40 43
147 42 38 37 41 44
169 45 42 46 a7 50
193 49 47 53 53 57
198 50 48 54 55 58
211 51 51 58 60 63
220 53 52 60 61 66
235 57 55 64 63 69
240 57 55 66 64 70
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Table B3 Copper recovery from copper oxide ore samples, Replicate 1 (4 x 10M).

Copper Oxide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (4 x 10 Mesh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 0 0 0 0

2 1 1 1 1 2

4 2 2 3 3 3

6 3 2 4 3 5

8 3 3 4 5 7
22 6 6 8 13 19
24 7 6 9 14 19
26 7 7 9 14 20
28 8 7 10 15 21
30 8 8 10 16 21
46 13 10 14 22 28
48 13 10 14 23 28
54 15 11 17 24 30
70 25 14 22 30 34
79 26 16 24 32 37
97 28 32 28 42 42
100 29 33 29 43 43
121 36 45 33 48 50
143 41 57 43 56 54
151 42 58 45 57 56
167 47 59 46 60 60
175 48 60 a7 61 61
191 51 62 50 64 64
215 60 64 56 68 68
240 65 69 58 73 72
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Table B4 Copper recovery from copper oxide ore samples, Replicate 1 (10 x 20M).

Copper Oxide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (10 x 20 Mesh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 0 0 0 0
2 1 1 2 2 2
4 3 3 4 4 4
6 5 5 5 6 6
8 7 7 7 8 8
22 19 16 13 16 17
24 20 17 14 17 18
26 20 18 15 17 19
28 21 19 16 18 20
30 22 19 17 19 21
46 29 24 23 25 26
48 29 25 24 26 27
54 30 27 26 28 29
70 34 30 31 35 35
79 36 33 33 37 37
97 40 40 41 40 41
100 41 41 42 41 41
121 46 46 48 51 51
143 51 52 55 57 61
151 53 55 56 58 62
167 56 59 59 64 66
175 57 61 61 66 67
191 60 64 66 68 69
215 65 69 67 72 77
240 70 75 68 75 80
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Table B5 Copper recovery from copper oxide ore samples, Replicate 1 (20 x 40).

Copper Oxide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (20 x 40 Mesh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure

HPGR HPGR HPGR

0.5 0 0 0 1 0

3 2 4 4 4 4

5 4 6 6 6 6

7 6 9 9 8 9
21 28 22 24 27 25
24 31 24 26 30 30
27 32 27 28 31 33
30 34 28 29 34 35
45 42 37 38 39 42
47 43 38 38 40 42
49 43 38 39 40 43
54 44 41 39 41 45
69 46 42 41 46 48
79 48 45 44 48 53
95 50 49 49 53 56
103 50 50 49 55 60
121 54 54 61 60 62
126 55 55 61 61 63
142 56 58 63 67 68
150 57 60 63 68 69
164 60 63 66 71 72
174 61 64 67 73 73
188 63 67 69 74 75
197 64 69 70 75 76
214 68 70 73 76 79
224 69 72 75 78 80
240 71 74 76 79 80
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Table B6 Copper recovery from copper oxide ore samples, Replicate 1 (40 x 100M).

Copper Oxide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (40 x 100 M esh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure

HPGR HPGR HPGR

0.5 0 0 0 0 0

3 2 2 3 2 2

5 3 4 6 4 4

7 4 6 8 6 7
21 12 21 21 21 18
24 14 22 24 23 20
27 15 24 26 26 21
30 16 25 27 28 22
45 22 32 36 33 27
a7 23 32 36 34 28
49 23 33 37 34 28
54 24 34 39 36 30
69 28 39 42 41 35
79 31 42 44 45 38
95 36 46 49 48 42
103 38 48 51 50 45
121 44 52 55 55 50
126 45 52 56 57 52
142 50 56 60 61 57
150 53 57 62 62 58
164 57 59 65 66 62
174 50 62 67 68 64
188 62 65 70 72 69
197 65 68 72 74 72
214 68 72 75 77 77
224 71 74 76 79 79
240 75 78 79 82 83
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Table B7 Copper recovery from copper oxide ore samples, Replicate 2 (+1/4").

Copper Oxide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (+ /4" SizeFraction)
Time
(Hours) Low  Medium  High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR
0.5 0 0 1 0 0
2 1 1 3 1 1
5 1 2 5 2 1
9 2 3 9 3 2
23 6 7 13 7 7
26 7 8 13 7 8
31 9 9 14 9 9
48 18 15 17 15 15
51 19 16 18 16 16
55 20 17 19 17 17
74 24 22 22 24 25
79 25 23 24 26 27
98 34 28 31 30 32
102 34 29 33 31 32
125 39 35 38 37 38
150 45 42 51 46 47
174 50 50 61 57 54
198 53 56 64 67 58
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Table B8 Copper recovery from copper oxide ore samples, Replicate 2 (+1/4” x 4M).

Copper Oxide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (/4" x 4 Mesh Size Fraction)
Time
(Hours) Low Medium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 0 0 0 0
2 2 1 0 0 1

5 4 2 2 0 3

9 5 3 3 1 4
23 8 10 7 2 9
26 9 10 8 2 10
31 10 11 10 2 13
48 16 16 11 4 19
51 17 17 11 5 20
55 18 18 12 5 20
74 23 22 19 6 27
79 24 23 21 6 29
98 30 25 24 8 38
102 31 26 25 8 38
125 37 29 34 9 42
150 43 34 42 10 51
174 50 41 a7 12 60
198 57 44 53 13 66
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Table B9 Copper recovery from copper oxide ore samples, Replicate 2 (4 x 10M).

Copper Oxide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (4 x 10 Mesh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 0 0 0 0

2 1 1 1 1 1

4 2 2 3 1 2

6 3 3 4 2 3
22 8 8 14 5 13
24 9 8 15 5 14
26 9 8 15 5 15
28 10 9 16 5 16
30 11 10 16 7 18
46 20 16 23 15 26
48 21 16 23 16 26
50 21 17 24 16 26
52 22 18 24 17 28
54 23 19 24 17 28
68 30 23 28 23 37
75 34 25 28 26 38
93 35 33 32 29 40
97 36 34 32 30 42
100 37 35 33 31 43
115.4 40 38 36 34 48
124 42 39 38 37 51
140 49 42 43 43 59
148 50 43 46 48 62
166 52 44 55 51 65
169 53 45 55 52 66
190 56 51 57 59 72
210 59 62 62 64 73
218 60 65 63 66 74
234 62 69 66 70 77
242 63 71 67 71 78
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Table B10 Copper recovery from copper oxide ore samples, Replicate 2 (10 x 20M).

Copper Oxide - Replicate 2
Per cent Copper Recovery from Column

L eaching
L eaching (10 x 20 Mesh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR
0.5

N
'_\
ol\)l—‘HO

22
24
26
28
30
46
48
50
52
54

0
2
3
4
13
14 10 14 21
15 10 15 22
16 10 16 23
16 11 17 24
25 18 21 24 37
25 19 21 24 38
26 20 22 25 39
26 21 23 25 40
27 22 24 26 41
68 31 29 30 33 46
75 36 30 33 34 47
93 42 35 41 44 52

42

43

48

49

53

56

59

60

64

68

69

72

73

©OWO~N~NNPR PP

97 36 43 46 53
100 37 44 46 53
115.4 41 48 50 54
124 45 51 52 56
140 51 54 58 61
148 53 57 59 63
166 57 61 65 68
169 58 62 65 68
190 65 69 68 72
210 69 72 73 75
218 69 73 75 76
234 72 74 78 79
242 75 76 79 81
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Table B11 Copper recovery from copper oxide ore samples, Replicate 2 (20 x 40M).

Copper Oxide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (20 x 40 Mesh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR
0.5 0 0 0 1 1
3 1 2 2 3 2
5 2 3 2 5 4
20 13 6 3 6 10
23 15 7 4 7 12
27 18 8 5 9 18
45 26 11 13 29 27
47 27 12 14 30 28
49 28 13 14 30 29
51 28 13 15 31 30
68 35 25 24 35 36
72 36 26 25 36 37
74 37 26 25 36 37
79 39 29 27 38 39
92 41 39 30 44 43
95 41 40 31 45 43
102 43 42 34 a7 46
116 46 48 42 51 52
125 49 49 45 53 55
140 52 56 50 56 61
149 54 58 53 59 64
167 50 64 59 64 70
174 60 65 62 66 71
191 64 66 68 71 73
197 64 66 69 71 74
213 69 72 72 76 77
220 71 73 73 78 79
235 74 77 75 81 82
244 76 79 77 83 84
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Table B12 Copper recovery from copper oxide ore samples, Replicate 2 (40 x 100M).

Copper Oxide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (40 x 100 Mesh Size Fraction)
Time
(Hours) Low Medium  High
Feed Jaw Pressure Pressure Pressure

HPGR HPGR HPGR

0.5 0 0 0 0 0

3 1 0 0 1 0

5 1 0 1 2 0

20 2 1 14 18 9
23 3 2 16 20 10
27 4 4 17 21 10
45 6 5 27 27 12
a7 6 6 27 28 13
49 7 6 28 29 13
51 7 7 29 29 15
68 15 14 40 32 26
72 16 15 43 33 26
74 17 15 44 34 27
79 19 18 45 35 29
92 26 19 50 37 34
95 27 20 51 38 35
102 28 23 52 41 37
116 33 27 55 46 41
125 35 31 55 48 44
140 40 36 59 53 52
149 43 38 60 56 57
167 50 45 66 60 64
174 53 50 67 62 66
191 59 58 70 66 70
197 61 61 70 68 72
213 66 69 73 73 77
220 68 71 74 76 79
235 73 75 76 81 82
244 75 78 78 83 83
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Replicate 1 Copper Oxide Ore Column Leaching (91/4"

Feed —Jaw
Low Pressure HPGR Medium Pressure HPGR
= High Pressure HPGR

100 T T T T
| | | |
| | | |
g 80,,,,,,,,,,\,,,,,,,,\, ,,,,,,,, L
x l l l l
8- S T D :”77"‘—”
Q I | |
| | | =
g 40——————————3————————1———7 -
8 o] i . N L
a l l l
| | | |
O T T T T
0 50 100 150 200 250

Leaching Time (Hours)

Figure B1 Copper recovery from copper oxide ore samples, +1/4” (Replicate 1)
for different crushing procedures.

Replicate 1 Copper Oxide Ore Column Leac
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Figure B2 Copper recovery from copper oxide ore samples, 1/4” x 4M (Replicate 1)
for different crushing procedures.



90

Replicate 1 Copper Oxide Ore Column Leac
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Figure B3 Copper recovery from copper oxide ore samples, 4 x 10M (Replicate 1)
for different crushing procedures.

Replicate 1 Copper Oxide Ore Column Leac
(10 x 20 Mesh)

Feed — ] AW
Low Pressure HPGR Medium Pressure HPC
= High Pressure HPGR

100
8O - L =

60 t---------mmm -

40 Lo a

20 +-- g -

Percent Copper Reco\

o T
o 50 100 150 200 250

Leaching Time (Hours)

Figure B4 Copper recovery from copper oxide ore samples, +10 x 20M (Replicate 1)
for different crushing procedures.
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Figure B5 Copper recovery from copper oxide ore samples, 20 x 40M (Replicate 1)
for different crushing procedures.
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Figure B6 Copper recovery from copper oxide ore samples, 40 x 100M (Replicate 1)
for different crushing procedures.
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Figure B7 Copper recovery from copper oxide ore samples, +1/4” (Replicate 2)
for different crushing procedures.
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Figure B8 Copper recovery from copper oxide ore samples, 1/4” x 4M (Replicate 2)
for different crushing procedures.
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Figure B9 Copper recovery from copper oxide ore samples, 4 x 10M (Replicate 2)
for different crushing procedures.
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Figure B10 Copper recovery from copper oxide ore samples, 10 x 20M (Replicate 2)
for different crushing procedures.
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Figure B11 Copper recovery from copper oxide ore samples, 20 x 40M (Replicate 2)
for different crushing procedures.
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Figure B12 Copper recovery from copper oxide ore samples, 40 x 100M
(Replicate 2) for different crushing procedures.
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Table C1 to C12 present the copper recovery (about 240 hours oinhfgach
copper sulfide ore samples from replicates 1 and 2. Figures Cli2tgorrespond to the

data presented in Tables C1 to C12.

Table C1 Copper recovery from copper sulfide ore samples, Replicate 1 (+1/4").

Copper Sulfide- Replicate 1
Percent Copper Recovery from Column
L eaching
L eaching (+ /4" SizeFraction)
Time
(Hours) L ow Medium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 1 0 1 1 1
3 2 3 3 3 3

6 3 4 5 5 4

9 5 5 6 6 6
25 12 10 13 11 12
28 13 11 14 12 14
30 14 11 14 13 14
49 24 20 21 20 22
54 26 22 23 22 23
72 31 25 30 29 30
81 33 27 32 32 33
96 34 31 35 35 39
105 37 33 37 36 41
121 44 37 40 40 44
149 48 44 48 49 51
170 50 49 55 55 56
199 55 55 67 66 63
217 57 60 72 72 67
240 61 67 77 78 71




97

Table C2 Copper recovery from copper sulfide ore samples, Replicate 1 (+1/4” x 4M).

Copper Sulfide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (/4" x 4 Mesh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 0 1 0 0
3 3 2 2 1 2

6 5 4 5 3 3

9 7 5 7 4 4
25 14 12 13 8 9
28 15 13 14 9 10
30 16 14 14 10 11
49 23 25 20 16 18
54 25 27 22 18 20
72 34 36 38 33 34
81 36 39 40 34 35
96 38 41 43 36 38
105 41 43 46 38 39
121 48 45 49 40 43
149 58 49 55 46 49
170 62 54 60 55 56
199 69 66 65 62 63
217 7% 72 67 68 70
240 78 77 75 79 79
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Table C3 Copper recovery from copper sulfide ore samples, Replicate 1 (4 x 10M).

Copper Sulfide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (4 x 10 Mesh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 2 1 1 1 1

2 6 3 3 3 2
4 7 5 5 5 4

6 8 7 6 6 5
8 9 8 8 8 6
22 12 15 16 14 13
24 13 16 17 14 14
27 14 17 18 15 15
30 15 18 19 16 16
46 20 23 25 21 22
49 21 24 26 22 24
52 22 25 27 23 25
56 23 26 28 24 26
70 27 30 33 27 31
73 28 31 34 28 32
75 28 31 35 28 33
80 30 33 36 30 34
93 34 36 41 33 38
102 36 38 43 35 41
121 43 43 48 40 46
124 44 44 48 41 47
143 49 49 53 a7 54
150 51 51 55 49 57
165 56 55 59 54 63
174 59 57 61 56 65
189 62 62 64 61 70
198 65 64 67 64 72
214 68 68 70 67 77
221 69 70 72 70 79
240 74 76 76 76 84
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Table C4 Copper recovery from copper sulfide ore samples, Replicate 1 (10 x 20M).

Copper Sulfide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (10 x 20 Mesh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 2 2 2 2 1

2 7 8 7 5 4

4 10 11 9 7 6

6 11 12 11 8 7

8 12 14 12 9 8

22 18 20 17 13 13
24 19 21 18 13 13
27 20 22 19 14 14
30 21 23 20 15 15
46 25 27 25 18 19
49 25 28 25 19 20
52 26 29 26 20 20
56 27 30 27 21 22
70 30 33 31 24 26
73 31 34 32 24 27
75 31 35 33 25 28
80 32 36 34 26 29
93 35 39 37 29 32
102 37 41 40 31 34
121 42 45 45 37 39
124 43 46 46 39 40
143 49 51 52 52 48
150 52 53 54 58 52
165 58 57 58 62 56
174 60 60 60 64 59
189 64 64 65 69 64
198 66 67 67 71 67
214 70 71 72 75 73
221 72 73 74 76 75
240 78 79 79 81 81
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Table C5 Copper recovery from copper sulfide ore samples, Replicate 1 (20 x 40M).

Copper Sulfide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (20 x 40 Mesh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 1 1 2 1 2

2 3 4 6 6 5

4 4 6 7 9 7

6 5 7 8 10 8
19 9 11 13 14 15
22 10 13 15 15 17
25 11 14 16 16 18
29 13 15 17 17 19
43 17 19 21 21 26
48 18 20 23 22 28
53 20 22 24 23 29
69 24 28 30 28 34
76 26 30 32 30 36
93 31 35 37 35 40
101 33 37 40 37 42
117 38 42 44 41 47
122 40 44 46 43 48
142 46 50 52 50 53
146 47 52 53 52 54
164 52 58 58 59 59
174 56 61 61 68 61
188 61 66 66 72 65
197 64 68 68 74 68
213 69 74 73 77 72
240 80 82 82 83 80
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Table C6 Copper recovery from copper sulfide ore samples, Replicate 1 (40 x 100M).

Copper Sulfide - Replicate 1
Per cent Copper Recovery from Column
L eaching
L eaching (40 x 100 M esh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 1 1 1 1 1

2 5 5 6 4 4

4 6 7 7 5 5

6 7 8 8 6 6

19 10 11 11 10 9

22 11 12 13 11 10
25 12 13 13 12 11
29 13 14 14 13 12
43 17 17 18 17 16
48 18 19 21 18 18
53 19 20 22 19 19
69 24 25 27 24 24
76 26 27 29 26 26
93 30 32 34 31 31
101 32 34 36 33 33
117 37 39 40 38 38
122 38 41 41 40 39
142 44 46 45 46 50
146 46 47 46 a7 51
164 52 52 53 53 56
174 56 55 57 56 58
188 60 59 62 61 62
197 62 61 64 64 64
213 66 66 69 68 69
240 73 74 76 77 77
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Table C7 Copper recovery from copper sulfide ore samples, Replicate 2 (+1/4”).

Copper Sulfide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (+ /4" SizeFraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 1 0 0
3 2 4 3 2
20 8 14 17 12
25 9 16 19 15
29 11 17 22 16
31 11 18 22 17
49 18 28 30 22
54 19 29 32 25
72 27 37 33 33
82 28 38 35 37
102 32 50 42 48
106 33 51 43 49
130 35 59 51 58
151 40 65 59 66
177 46 70 64 71
199 52 76 69 76
218 54 81 70 78
240 55 88 72 82
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Table C8 Copper recovery from copper sulfide ore samples, Replicate 2 (1/4” x 4M).

Copper Sulfide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (/4" x 4 Mesh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 0 1 0 1 1
3 2 2 2 2 4
20 10 13 7 5 14
25 12 15 8 7 16
29 14 17 9 8 17
31 14 17 9 8 18
49 23 29 12 16 26
54 25 31 14 16 27
72 27 44 18 23 32
82 30 45 20 23 35
102 32 47 27 26 47
106 33 48 28 27 48
130 44 52 34 35 57
151 51 61 40 42 62
177 62 72 a7 48 69
199 64 82 54 53 72
218 70 89 56 57 74
240 71 90 64 59 79
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Table C9 Copper recovery from copper sulfide ore samples, Replicate 2 (4 x 10M).

Copper Sulfide - Replicate 2
Percent Copper Recovery from Column
L eaching
L eaching (4 x 10 Mesh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 1 1 1 1 1
3 5 4 4 4 3
6 9 7 6 7 6
8 11 9 8 8 7
23 14 19 15 16 13
25 15 20 15 17 14
28 16 21 17 18 15
31 18 22 18 19 15
48 26 29 25 25 20
51 27 30 25 27 21
55 29 31 27 28 22
58 30 32 27 29 23
71 34 37 31 35 29
73 34 37 32 35 29
77 36 38 33 36 30
82 37 40 34 37 32
98 41 44 38 45 35
105 44 46 40 a7 37
122 49 51 45 53 42
125 50 52 46 53 43
144 55 53 50 55 47
153 58 54 53 56 49
176 65 62 60 65 55
191 71 67 65 67 61
201 74 70 67 69 65
215 78 74 70 72 70
223 81 76 71 73 72
243 89 77 77 79 81
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Table C10 Copper recovery from copper sulfide ore samples, Replicate 2 (10 x 20M).

Copper Sulfide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (10 x 20 Mesh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 1 1 2 1 1
3 7 2 8 5 7
6 10 7 10 7 10
8 11 8 11 8 11
23 17 23 16 13 16
25 18 25 17 13 17
28 19 26 18 14 18
31 20 28 19 15 19
48 26 36 25 20 25
51 27 37 26 21 26
55 29 38 27 22 27
58 29 38 28 22 28
71 34 45 31 26 32
73 34 45 31 26 33
77 35 47 33 27 34
82 37 48 34 28 36
98 41 55 38 32 40
105 44 56 40 34 43
122 49 63 45 39 49
125 50 64 46 39 50
144 5 74 52 44 55
153 57 74 55 46 58
176 65 75 63 54 67
191 7177 68 60 73
201 74 78 70 62 76
215 77 82 74 65 80
223 79 85 76 67 82
243 83 91 81 73 87
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Table C11 Copper recovery from copper sulfide ore samples, Replicate 2 (20 x 40M).

Copper Sulfide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (20 x 40 Mesh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 2 1 1 2 4

3 9 7 8 9 7
10 14 13 12 27 23
24 20 19 17 35 25
26 20 19 17 36 26
29 21 20 18 38 27
31 22 21 18 39 27
47 28 27 21 41 32
51 29 28 23 42 33
55 31 29 24 42 34
76 42 38 33 54 39
80 43 39 34 55 40
98 50 45 37 59 44
105 52 46 38 60 46
119 56 52 41 63 48
126 58 53 44 64 50
144 64 58 52 67 54
149 66 59 53 67 55
167 71 64 57 69 59
177 75 67 59 71 61
197 83 72 64 75 66
200 84 73 65 75 67
224 90 79 72 80 74
244 101 84 79 84 85
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Table C12 Copper recovery from copper sulfide ore samples, Replicate 2 (40 x 100).

Copper Sulfide - Replicate 2
Per cent Copper Recovery from Column
L eaching
L eaching (40 x 100 M esh Size Fraction)
Time
(Hours) Low M edium High
Feed Jaw Pressure Pressure Pressure
HPGR HPGR HPGR

0.5 2 2 1

3 10 11 9

10 14 21 12

24 18 30 14

26 18 31 14

29 19 33 15

31 19 34 15

47 24 42 19

51 25 44 20

55 26 46 21

76 29 54 38

80 30 54 39

98 32 57 42
105 33 58 43
119 35 61 46
126 36 63 48
144 38 69 54
149 39 70 55
167 41 75 64
177 42 77 66
197 46 81 70
200 47 82 71
224 57 89 83
244 69 96 84
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Figure C1 Copper recovery from copper sulfide ore samples, +1/4” (Redl)cate
for different crushing procedures.
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Figure C2 Copper recovery from copper sulfide ore samples, ¥4 x 4M (Replicate 1)
for different crushing procedures.
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Figure C3 Copper recovery from copper sulfide ore samples, 4 x 10M (Replicate 1)
for different crushing procedures.
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Figure C4 Copper recovery from copper sulfide ore samples, 10 x 20M (Replicate 1)
for different crushing procedures.
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Figure C5 Copper recovery from copper sulfide ore samples, 20 x 40M (Replicate 1)
for different crushing procedures.
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Figure C6 Copper recovery from copper sulfide ore samples, 40 x 100M
(Replicate 1) for different crushing procedures.
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Figure C7 Copper recovery from copper sulfide ore samples, +1/4” (Replicate 2)
for different crushing procedures.
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Figure C8 Copper recovery from copper sulfide ore samples, %2” x 4M (Replicate 2)
for different crushing procedures.
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Figure C9 Copper recovery from copper sulfide ore samples, 4 x 10M (Replicate 2)

Figure C10 Copper recovery from copper sulfide ore samples, 10 x 20M

(Replicate 2) for different crushing procedures.
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Figure C11 Copper recovery from copper sulfide ore samples, 20 x 40M
(Replicate 2) for different crushing procedures.
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Figure C12 Copper recovery from copper sulfide ore samples, 40 x 100M
(Replicate 2) for different crushing procedures.
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Table D1 presents the copper recovery values from column leaching of

agglomerates with out binder and with binder. There data correspond to Figure 3.13.

Table D1- Copper recovery from column leaching of agglomerates.

| % Copper Recovery
L eaching No Binder Stucco Binder
Time (Hrs) Agglomer ates Agglomer ates

2 0.08 0.05
17 0.91 1.03
20 1.07 1.45
26 1.28 2.19
42 1.90 3.48
a4 1.98 3.62
48 2.08 3.85
66 2.70 4.36
73 2.88 4.50
94 3.19 4.86
96 3.29 4.93
120 4.10 5.78
138 4.63 6.20
140 4.67 6.24
162 5.12 6.54
185 5.43 6.79
215 6.26 7.15
239 6.58 7.58
264 6.91 7.88
304 7.47 8.29
360 8.46 8.93
408 9.29 9.47
456 9.93 10.05
528 10.56 10.53
598 1111 11.27
696 11.87 11.77
809 12.80 12.63




REFERENCES

Radetzki, M., 2009, “ Seven thousand years in the service of humanity-stbey lof
copper, the red metal”, Resources Policy.

Spatari. S., Bertram. M., Robert B. Gordon., Henderson K., Graedel. T.2@05,
“Twentieth century copper stocks and flows in North America: Aaghyic analysis”,
Vol. 54, pp.37-51.

Maley.M., Van Bronswijk. W., Watling. H. R., 2009, “Leaching of a Igvade, copper-
nickel sulfides ore. 3. Interactions of Cu with selected sulfide nalsie
Hydrometallurgy, Vol. 98, pp.73-80.

Craig C. Smith., David G. Dixon., Michael R. Luque., 2006, “Analysis andydesi
flashtubes for pressure letdown in autoclave leaching operations”oidgthllurgy, Vol.
81, pp. 86-99.

Alvarado. S., Maldonado. P., Jaques. I., 1999, “Energy and environmental implications of
copper production”, Energy, Vol.24, pp. 307-316.

Villarroel, D., 1998, “Process for refining copper in solid staMiherals Engineering,
Vol. 12, pp. 405-414.

Bos, J.I., Quast.K.B., 2000, “Technical note effects of oils and lubsaat the flotation
of copper sulphide minerals”, Minerals Engineering, Vol. 13, pp. 1623-1627.

Moskalyk.R.R., Alfantazi.A.M., 2003, “Review of copper pyrometallurgicalctica:
today and tomorrow”, Minerals Engineering, Vol.16, pp.893-919.

Abouzeid. A. Z. M., Fuerstenau. D. W., 2009, “Grinding of mineral mixtumekigh
pressure grinding rolls”, Int. J. Miner. Process, Vol. 93, pp. 59-65.

Tavares. L. M., 2005, “Particle weakening in highgswge roll grinding”, Minerals
Engineering, Vol. 18, pp.651-657.

Aydogan. N. A., Hakan Benzar. L. E., 2006, “High Pressure Grqndtolls (HPGR)
applications in the cement industry”, Minerals Engineering, Vol. 19, pp. 130- 139.



117

Morrell. S., 2009, “Predicting the overall speciBaergy requirement of crushing,
high pressure grinding roll and tumbling mill circuits.,MineratgyiBeering, Vol. 22, pp.
544-549.

Musa. F., Morrison. R, 2009, “ A more sustainable approach to assessing
comminutionefficiency”, Minerals Engineering, Vol. 22, pp. 593-601.

Wang. Y., Forssberg. E., 2007, “Enhancement of energy efficiencynémhanical
production of fine and ultra fine particles in comminution”, Chinai@awtogy, Vol. 5,
pp. 193-201.

Tromans. D., 2008, “Mineral comminution: Energy efficiency considerdtidiiserals
Engineering, Vol. 21, pp. 613-620.

Evertsson. C. M., Bearman. R. A., 1997, “Investigation of inter particdakibige as
applied to cone crushing”, Minerals Engineering, Vol. 10, pp. 199-214.

Lewandowski. K. A., Komar Kawatra. S., 2009, “Polyacrylamide as anmoagghtion
additive for copper heap leaching”, Int. J. Mineral. Process., Vol. 91, pp. 88-93.

Bouffard. S. C., 2005, “Review of agglomeration practice and fundamentdisa
leaching”, Mineral Processing & Extractive Metall., Vol. 26, pp. 233-294.

Thiel. R., Smith. ME., 2004, “State of the practice review of heaghl@ad design issues
”,Geotextiles and Geomembranes, Vol. 22, pp. 555-568.

Miller. J. D.,Lin. C.L., Garcia. C., Arias. H., 2003, “ Ultimate ogery in heap
leachingoperations as established from mineral exposure anabygisx-ray
microtomography”, Int. J. Miner. Process, Vol. 72, pp. 331-340.

Miller. J. D., Lin. C. L., 2004, pore structure analysis of particke foe fluid transport
simulation during filtration”, Int. J. Mineral Process, Vol. 73, pp.281-294.

Garcia. D., Lin. C. L., Miller. J. D., 2008, “ Quantitative analysisgadin boundary
fracture in the breakage of single multiphase particlesgugiray microtomography
procedures”, Minerals Engineering, Vol. 22, pp. 236-243.

Videla. A. R., Lin. C. L., Miller. J. D., 2007, “ 3D characterizatioh individual
multiphase patrticles in packed particle beds by x- ray microtapbgr(XMT)”, Int. J.
Miner. Process, Vol. 84 , pp. 321-326.

Lin. C. L, Miller. J. D., 2005, “3D characterization and analysis ofigiarthape using x-
ray microtomography (XMT)”, Powder Technology, Vol. 154, pp. 61-69.

Videla. A. R., Lin. C. L., Miller. J. D., 2008, “ Simulation of saturatedd in packed
particle.beds- The lattice Boltzmann method for the calculatiopeofeability from



118

XMT images”, Journal of the Chinese Institute of Chemical Emging, Vol. 39, pp.
117-128.

Padilla. G. A., Cisternas. L. A., Cueto., J. Y., 2008, “On the optimizatioheap
leaching”, Minerals Engineering, Vol. 21, pp.673- 678.

Lizama. H. M., Harlamovs. J. R., Mckay. D.J., Dai. Z., 2005, “ Healhiag Kinetics
areproportional to the irrigation rate divided by heap heighthavils Engineering, Vol
18, pp.623-630.

Bouffard. S. C., 2008, “Agglomeration for heap leaching: Equipment design, agglomerate
quality control, and impact on the heap leaching process”, Minergiséaring, Vol.21,
pp.1115-1125.

Lewandowski. K. A., Komar Kowatra. S., 2009, “Effect of agglomeration benderthe
copper solvent extraction process”, Minerals & MetallurgicalcBssing, Vol. 26, pp.
121-126.

Lastra. M. R., Chase. C. K., 1984, “ Permeability, solution delevery, andiosol
recovery: critical factors in dump and heap leaching of goldhimgi Engineering,
pp.1537-1539.

Joyson Ripke. S., Komar Kawatra. S., 2000, “ Can fly-ash extend biod&on ore
agglomeration?”, Int. J. Miner. Process., Vol 60, pp. 181-198.

Velards. G., 2005, “ Agglomeration control for heap leaching processdsieral
Processing & Extractive Metall, Vol. 26, pp. 219-231.

Kowatra. S. K., Eisele. T. C., Gurtler. J. A., Lowandowski. K., 2005., “ Novel biale
method for agglomeration of ore”, Semiannual technical progresstrefichigan
technological university, Department of chemical engineering.

Amaratunga. L. M., 1995, “ Cold- bond agglomeration of reactive pyrrentaiiings for
back fill using low cost binders: Gypsum+ hemihydrate and cement, Minerals
Engineering, Vol. 8, pp. 1455-1465.

Lowandowski, K. A., Kawatra, S.K., “ Development of experimental procedioes
analyze copper agglomeration stability,” Minerals and Metallatgitocessing Journal,
Vol. 25, pp.110-116.

Lin. C. L., Miller., J. D., 2000, “ Network analysis of filter cake psteucture by high
resolution x- ray microtomography”, Chemical Engineering Journal, Vopp-779-86.

Standard test method for permeability of granular soils (constead). Designation
D2434-68.



119

Christian F Roland, August 2004, “Mineral exposure analysis for thectimdof copper
recovery in column leaching experiments”. Master’s Thesis, Universityadf. U



	1
	1_1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

