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ABSTRACT: Laboratory scale bioleaching of a copper concentrate was conducted using moderately ther-
mophilic microorganisms to evaluate the technical capabilities as an alternative to the conventional smelting,
and also to find the optimum conditions for copper extraction in terms of the pulp density, pH, and grain
size of concentrate particles. For this purpose, a set of experiments was carried out in a 5-litre controllable
bioreactor using two Sulfobacillus species. The results showed that more than 8§0% of Cu could be extracted
from chalcopyrite concentrate within 12 days. The optimum conditions for Cu extraction were a pulp density
of 5% (w/v), an initial pH 1 and a particle size (d80) of 45 um. The results of this research will contribute to
the design of an industrial tank bioleaching plant with an annual capacity of 50000 t cathodic copper by the
Iranian Babak Copper Company (IBCCO).
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RESUMEN: Biolixiviacion en tanque de un concentrado de cobre utilizando los microorganismos moderadamente
termofilicos Sulfobacillus thermosulfidoxidans KM M3 y Sulfobacillus acidophilus KM M?26. Se ha investigado, a es-
cala de laboratorio, el proceso de biolixiviacion de un concentrado de cobre utilizando microorganismos termofilos
moderados como una alternativa al proceso de fundicion convencional; asimismo se han evaluado las condiciones
experimentales Optimas para la extraccion de cobre en términos de densidad de pulpa, pH y tamafio de particulas
del concentrado cuprifero. La experimentacion se llevo a cabo en un biorreactor de 5 1 de capacidad. Y utilizando
dos especies de Sulfobacillus. Los resultados mostraron que, después de 12 dias, mas del 80% del cobre se puede
extraer del concentrado de calcopirita. Las condiciones éptimas para la extraccion del metal fueron: una densidad
de pulpa del 5% (p/v), un pH inicial de 1 y un tamafio de particula (d80) de 45 um. Los resultados de esta investi-
gacion contribuiran al disefio, por parte de la Compaiia Iranian Babak Copper (IBCCO), de una planta industrial
de biolixiviacion en tanques de una capacidad anual de 50.000 t de catodo de cobre.
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1. INTRODUCTION

Recent investigations indicated that low kinet-
ics of sulfide minerals leaching and bioleaching is
the main reason to limit industrial usage of bio-hy-
drometallurgy (Hedrich et al., 2018; Close, 2021;
Rasoulnia et al., 2020). Different methods have
been suggested to increase chalcopyrite dissolu-
tion include increasing pressure and temperature,
advance grinding and mechanical activation, ad-
dition of chlorine and silver, usage H,O,, addition
of ferric ions, roasting, and atmospheric leaching.
All of these methods can increase the Cu recov-
ery from copper sulfide minerals. Bioleaching of
copper concentrate is an environmentally friendly
alternative to conventional pyrometallurgical and
chemical metallurgy processes (Rawlings et al.,
2003; Jones et al., 2011; Wang et al., 2020; Tao et
al., 2021). Besides its less complexity, the princi-
pal benefits of the bioleaching process would be
its lower required control, labor operation costs,
energy, and also its lower capital investment and
reduced greenhouse gasses emission (Hedrich et
al., 2018). Most of secondary copper sulfides,
such as chalcocite, digenite, bornite and covellite
can be bioleached successfully by mesophilic mi-
croorganisms. However, the bioleaching of chal-
copyrite which is a primary sulfide mineral is still
a major challenge due to slow kinetics and low
Cu recovery (Jones et al., 2011; Wang et al., 2019;
Close, 2021). Many researchers have investigated
the possibility of using thermophilic microorgan-
isms to improve the chalcopyrite bio-extraction
rate instead of mesophilic microorganisms (Jones
et al., 2011; Hedrich et al., 2018). Using thermo-
philes to leach sulfide minerals not only greatly
improves the reaction kinetics, but also avoids ex-
cessive chalcopyrite “passivation” which hinders
the extent of bioleaching treatment (Jones et al.,
2011). However, the use of the term “passivation”
is not universally accepted, most likely because of
only a superficial resemblance, if any, to the well-
known passivation behavior of metals and the lack
of a clearly identifiable surface layer (Crundwell,
2015; O’Connor and Eksteen, 2020). The majori-
ty of extreme thermophiles surviving above 60 °C
are classified as archaea, which are lacking a typi-
cal cell wall and cannot survive at high pulp densi-
ty due to strong stirring shear. Consequently, it is
very difficult to apply extreme thermophiles in the
biomining industry. On the other hand, moderate-
ly thermophilic bacteria such as Sulfobacillus spp
can tolerate a higher pulp density than extremely
thermophilic archaea, thus having an advantage
in the application of chalcopyrite bioleaching
(Jones et al., 2011). Various species of Sulfoba-
cillus are widely used in industrial reactors of the
bioleaching industry. All species of the genus Sul-

fobacillus are moderately thermophilic or thermo-
tolerant acidophiles. Sulfobacillus are Gram-posi-
tive, acidophilic, rod-shaped, mobile bacteria and
endospore forming. They could usually be found
in low-pH environments, such as waste dumps/
tailings at mine sites and acidic water streams. It
has been reported that, in the presence of small
amounts of yeast extract, the species of the ge-
nus Sulfobacillus can obtain energy by oxidizing,
elemental sulfur, ferrous iron, and sulfide miner-
als. With sulfur- and iron oxidizing activity, mi-
croorganisms of this genus are important in the
oxidative dissolution of sulfide minerals. Their
best growth temperature is 50 to 58 °C, and their
optimal pH is between 1.9 and -2.4. (Hedrich and
Shippers, 2021; Zhang et al., 2021).

Furthermore, the weak iron oxidation ability
of Sulfobacillus thermosulfidooxidans strain im-
proves chalcopyrite bioleaching through main-
taining a favorable redox potential, and chalcopy-
rite leaching by this strain would not be inhibited
in the presence of 200 mM NaCl (Zhang et al.,
2021).

Bioleaching in stirred tank reactor (STR) can
provide a more homogenous reacting mass and
allow close control of the main process variables,
compared with the heap and column leaching op-
eration (Acevedo and Gentina, 1989; Rawlings,
2008).

This article investigates the most important
factors affecting the bioleaching efficiency such as
pulp density, grinding method, particle size frac-
tion, and acidity. The effect of grinding method
on the recovery was also studied using four dif-
ferent milling conditions. Results of current re-
search would be considered to develop an indus-
trial plant for bio-treatment of the chalcopyrite
concentrate with capacity of 50000 t/annual ca-
thodic copper.

2. MATERIALS AND METHODS
2.1. Microorganisms

Following the method introduced by Nancucheo
and colleagues (Nancucheo et al., 2016), two strains
of Sulfobacillus thermosulfidooxidans and Sulfobacil-
lus acidophilus were isolated and identified from the
samples received from Miduk Copper Mine in Ker-
man- Iran. A basal medium was prepared and inoc-
ulated by the samples containing the microbial com-
munity and while kept on orbital shaker at 150 rpm,
inoculated for 7 days at 30 °C. Using a common lab-
oratory practice (Johnson and Hallberg, 2007), pure
cultures of the detected strains were then isolated
from the solid medium (Johnson, 1995).

The number of bacteria in the solution was
counted daily under an optical microscope (Zeiss,
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Axioskop 40) using a blood cell counting cham-
bers (Eftekhari et al, 2020a; Eftekhari et al,
2020b). The initial inoculation containing 7x107
cells/'mL was added to the reactor in 10% (v/v).
The bacterial counts reached from about 6X10° to
about 8x10% cells/mL, from early days to the end
of the experiment (day 7).

To extract genomic DNA, pure cultures were
cultivated in broth medium and then, 5 ml of
the bacterial cultures were centrifuged (15 min
at 13000 rpm) and washed twice with Tris buft-
er (pH 8). According to modified protocol (Web-
ster et al., 2003), employed for DNA extraction.
The fragment of 16SrDNA was amplified by PCR
(polymerase chain reaction) using designed prim-
ers and then PCR was carried out (Webster et al.,
2003).

PCR products were sequenced after purifica-
tion from the gel by Bioner South Korea. The
desired sequences received the registration track-
ing code by blasting and registering on the NCBI
site. Sequences derived from 16S rRNA gene were
registered in the name of the researchers, in the
World Gene Bank. The phylogenetic trees were
constructed using neighbor-joining algorithm im-
plemented in Molecular Evolutionary Genetics
Analysis software (MEGA 6.0).

2.2. Copper concentrate

A copper concentrate from Miduk Copper mine
was used in all experiments. The concentrate is
produced by the Iranian Babak Copper Company
(IBCCO) using a flotation method. Table 1 shows
data of the chemical and mineralogical analyses
of the concentrate. All elemental analyses were
performed by atomic adsorption spectroscopy (by
AAS, A gilent 200, Asturalia) and mineralogy was
determined with X-ray diffraction (Philips X’ pert-
MPD system, CuKa, K ~0.154 nm, 40 kV, 40 mA).

2.3. Bioleaching tests

Three effective parameters including pulp den-
sity, pH and particles size (d,) were comprehen-
sively studied (Table 2). A 5-litre glass reactor (Si-
na-Shisheh, Iran) (Fig. 1) with the stirrer speed of
500 rpm was used for all bioleaching experiments
(Anderson et al., 2002).

The contents of the 9K culture medium with
some additive and modifications summarized in
Table 3 (Anderson et al., 2002).

To start the experiments, 4500 ml of 9K medium
was added to the reactor and inoculated by 450 ml
bacterial suspension containing 107 cellss-mL". The
reactor was set at 50 °C (by coupling it with a water

TaBLE 1. Results of elemental atomic absorption analysis (using weight percentage of each element) and mineralogical results (using
mineral imaging)

Chemical analysis (%)

Mineralogical analysis (%0)

Chalcopyrite Pyrite Covelite Chalcocite Quartz
Cu Fe S Zn Pb (CuFeS,) (FeS)  (CuS) CuS)  (Si0)
313 24.59 28.79 0.96 0.26 25 13 3 6

TaBLE 2. The conditions of bioleaching treatments for
chalcopyrite concentrate

particle size (dy)

Test N°  Pulp density (%) pH (um)
1 10 1.5 10
2 5 1.5 10
3 10 1 10
4 10 1.5 45
5 5 1.5 45
6 10 1 45
7 5 1 45
8 5 1 10
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TaBLE 3. Salts used in 9k culture medium, and additives of yeast extract, ferrous ions, and elemental sulfur

(Solution A) gl! (Solution B) gl! (Solution C) WIV in water
(NH,),SO, 3 FeSO,.7H,0 42 Yeast extract 1
KCl 0.10 S 8
K,HPO, 0.50
MgSO,.7H,0 0.50
Ca(NO,), 0.014
Distilled water 1000 ml 1000 ml Distilled water 20 ml
pH 2-24
TaBLE 4. The mills properties used for size reduction

Mill type Ball mill with ceramic balls Ball mill with steel balls Ceramic mill Planetary mill
Dimension 30 cm 20 cm X 25 cm 15 x 20 cm -
Volume 11* 7850 cm? 3500 cm? 0.51

. . 13.5kg 2.68 kg
Grinding media 3 mm 40 - 15 mm 10 - 25 mm Steel ball. 3 cm
Grinding time™** 840 840 150 10

I*: liter, Time**: min

bath) which was aerated by 360 mL-min"'. The tem-
perature was controlled by a digital sensor to avoid
sharp fluctuations. Redox potential, pH, and copper
concentration were daily analyzed. After calculating
the recoveries, a chemical control test without any
bacteria was also carried out to compare its results
with the test with highest Cu recovery.

2.4. Milling and grinding

To study the effect of grinding methods on the
bioleaching efficiency, four different mills were used
to decrease the particle size to smaller than 10 um.
Table 4 shows the mills properties. Scanning electron
microscopy (SEM) studies were also carried out to
investigate the particle shapes after grinding by each
milling condition.

2.5. Aggregation and sedimentation

To study the agglomeration of the particles, a se-
ries of sedimentation tests have been operated at dif-
ferent pH values from 0 to 12 (totally 13 tests). For
this purpose, the copper concentrate was mixed with
the reagent at different pH values. Sulfuric acid and
lime were used to set the pH. The pulp was trans-
ferred to 50 ml scaled cylinders and remained for
120 minutes. To complete the sedimentation studies,
the point of zero charge was measured for the Cu
concentrate sample (Particle Metrix, Germany).

3. RESULTS AND DISCUSSION
3.1. Identification of bacteria

The two isolated bacterial strains were identified
and named as Sulfobacillus thermosulfidooxidans
KMM3 (MW175495) and Sulfobacillus acidophilus
KMM26 (MWI175507). Their phylogeny is shown
in Fig. 2. After identification, the bacteria were
stained and examined microscopically (Fig. 3). The
two bacteria showed a similar morphology.

3.2. Optimization of bioleaching process

In total eight bioleaching tests along with one
abiotic control test were conducted; the results are
presented in Table 5. Generally, the test with a pulp
density 5 %, pH 1 and a particle size (d,) of 45 um
showed the highest copper recovery.

By decreasing the particle size, the specific surface
area increases, thereby improving mass transfer and
consequently enhanced bioleaching efficiency. It was
expected that a greater surface area exposed to bac-
terial attack at smaller particle sizes (e.g., -10 um)
would result in metal dissolution increases. Howev-
er, it was observed that decreasing particle size un-
der 30 um did not improve bioleaching rates, and
resulted in lower recoveries. It was observed that at
the particle sizes less than 30 um, the solid particles
were aggregated and thus, the bacteria could be pos-
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Sulfobacillus benefaciens strain BRGM2 16S ribosomal RNA partial sequence
101 S utiobacillus benefaciens sirain TVKS 165 ribosomal RNA gene parial sequence

100 Sullobacillus benefaciens sirain MTE06 16S rbosomal RNA gene partial sequence

Sulfobacillus thermosulfidooxidans strain LS 16S ribosomal RNA gene partial sequence
r{

@ Sufobacillus th fidooxidans strain KMM3

—— @ Sulfobacillus acidophilus strain KMM26
% Sullobacillus acidophius 165 ribosomal RNA gene partial sequence
100
Sulfobacillus acidophilus strain DK-115/45 168 ribosomal RNA gene partial sequence

Symbiobactesium p strain LAM 14863 16S ribosomal RNA complete sequence

—
0020

Ficure 2. Phylogenetic tree of Sulfobacillus strains using Neighbor-joining method with keeping bootstrap coefficient value of 100.

FiGure 3. Stained thermoacidophilic bacteria: (a) Sulfobacillus thermosulfidooxidans, and (b) Sulfobacillus acidophilus.

sibly stocked in between the aggregates. Therefore, TasLe 5. The copper extraction for different tests
although viable cell counts were not significantly
changed, their access to the minerals was limited
and the overall recovery was reduced. This might be 1 33
attributed to possible cell damage and deactivation

Test No. Copper recovery (%)

and consequently, the reduced recoveries recorded 2 37

by finer particles. 3 30
Figure 4 shows the SEM images for Cu concen- 4 41

trates before and after grinding. The EDS studies

indicated that large particles after grinding con- 5 76

tained higher amounts of iron and sulfur than fine 6 50

particles, which contained more copper and less iron

and sulfur (data not shown). This obviously shows 7 82

that chalcopyrite is enriched in smaller particles g ]1
compared to pyrite and other minerals. The sam-

ples also contained low concentrations of Al and Control test 25
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Figure 4. The SEM images, (a) before ultra-fine grinding, (b) after grinding with ceramic balls, (c) with steel balls.

Si, which indicated that the concentrate contained
lower amounts of silicates as gangue.

Smaller particle size distribution (Fig. 4b) using
grinding by ceramic media can also be one of the rea-
sons for low recovery as finer particles become more
agglomerated under the bioleaching conditions.

Figure 5 shows pH and oxidation-reduction po-
tential (ORP) changes in different bioleaching tests.
Among the selected parameters, acidity (pH) had
lowest effect on the dissolution rate. Via the produc-
tion of S° chalcopyrite dissolution could be consid-
ered as an acid consuming reaction (Smart et al.,
2000), in contrast to an expected complete oxidation
of the sulfur in the chalcopyrite to sulfuric acid ac-
cording to Eq. (1) (Tanne and Schippers, 2019):

4CuFeS, + 10H,0 + 170, — 4Cu>* + 4Fe(OH), +

8S0 > + 8H* (1)
2Fe* + 2H* + H202 (aq) — 2Fe™ + 2H 0 2)
CuFeS, + 4Fe** — 5Fe?* + Cu* + 28 (3)

This finding indicates incomplete sulfur oxidation
due to inactive bacteria towards the end of the exper-
iments and probably accumulation of elemental sul-
fur occurring during abiotic chalcopyrite oxidation
according to Eq. (2) (Tanne and Schippers, 2019).

Eftekhari and Kargar reported that increasing
the pH causes iron precipitation in form of iron hy-
droxide or jarosite which can cover the minerals sur-
face and prevent reagent access to surface (Eftekhari
and Kargar, 2018; Eftekhari ez al., 2020b; Eftekhari
et al., 2020c).

The microscopic images (by Leica DMLP opti-
cal microscope) of the concentrate before and af-
ter grinding, and after bioleaching showed pyrite,
chalcopyrite and covellite as the main minerals with
various sizes down to d. 10 um (Fig. 6). The micro-
scopic observation of un-milled concentrate (a),
milled concentrate (b) and milled concentrate after
bioleaching process (c) are presented accordingly.

a) 2.1

—e—Test No.1

19 —a—Test No.2

—+—Test No.3

b —a—Test No.4

15 —x—Test No.5
--+---Test No.6
--a--Test No.7

--+-Test No.8

——Test No.9, control

0 2 4 6 8 10 12 14
Time (day)

—e—Test No.1
—a—Test No.2
—+—TestNo.3
—a—Test No.4
~x=Test No.5
=w-TestNo.6
=#--Test No.7
~+-Test No.8
——Test No.9, control

0 2 4 3 8 10 12 14
Time (day)

FiGure 5. Variations of pH and ORP in the eight bioleaching
treatments and one control test: (a) variations of pH, and (b)
variations of ORP.

Microscopic examinations clearly show agglom-
eration of fine particles during the leaching process
(Fig. 6). As this figure shows, very fine grinding re-
sults in the production of very fine particles (Fig. 6b)
with much more surface area available for bioleach-
ing. However, in an oxidizing leaching environment,
their agglomeration prevents to achieve high copper
recoveries because of not leached mineral particles
(Fig. 6c).
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FiGure 6. The microscopic observation of (a) un-milled con-
centrate, (b) milled concentrates, and (c) milled concentrate
after bioleaching process.

Pulp density was the most important factor. The
rate of copper extraction decreases with increasing the
pulp density, probably due to shear stresses resulted
from higher percentage of solids, and consequently in-
creases the toxicity of metal ions (Wang et al.,, 2014).
It has shown that grinding the concentrate could in-
crease the copper recovery to more than 10 % (Manafi,
2021). At the same pulp density, when the particle size
gets smaller, the easier and more effective access to the
surface of the mineral and metal content increases the
reaction rate. On the other hand, a significant decrease
in particle size increased the apparent viscosity of the
pulp, and reduced the oxygen transmission rate which
could be harmful for the bacterial activity (Derjaguin
and Landau, 1993; Anderson, et al., 2002).

3.3. Effect of grinding on the bioleaching efficiency

In tank bioleaching tests, non-agglomerated par-
ticles are critical to achieve maximum contact sur-

face. When the particles are close enough, the van
der Waals attraction can interact between particles
causing agglomeration of particles. Further, elec-
trostatic equilibrium (DLVO theory) and steric and
electrostatic force cause agglomeration. Agglom-
erated particles could significantly decrease the
metal extraction efficiency. It is evident that type
of fragmentation and milling in this series of tests
was quite effective. Sphere particles have the lowest
surface to volume ratio. If the grinding is such that
instead becoming orb, particles can be created in an-
gular shape, the surface energy of the angular parti-
cles increases. Therefore, choosing the right method
for grinding has great importance on the extraction
recovery (Marshall, 1949; Biggs and Healy, 1994).

Therefore, in order to create spherical particles
with minimal surface changes due to regrinding, dif-
ferent grinding intermediates (grinding media) were
used to regrind the concentrate. Although the surface
area of the particles obtained using ceramic grinding
media was more uniform and also relatively larger,
the higher recoveries were obtained using steel metal
media. One of the possibilities is perhaps the drastic
structural changes of the concentrate particles when
using steel balls, which could be considered as a kind
of mechanical activation. In this case, the defected
crystalline concentrate particles dissolve more rap-
idly in the leaching environment due to these drastic
structural changes. Another purpose of using ceram-
ic pellets was to prevent the possible formation of
reactive oxygen species that are toxic to microorgan-
isms. However, better results obtained from steel pel-
lets show that, firstly, the probability of the formation
of active radicals at this level of crushing (d,, 8 um) is
very low. Secondly, the results of solid leaching stud-
ies (SEM and mineralogical photomicrographs) re-
inforced the conclusion that the main reason for not
extracting 100 % of copper is the agglomeration of
very fine particles during the leaching process. There-
fore, it seems that although softening is quite useful
in increasing recovery, arrangements must be made so
that the mineral particles have maximum dispersion
during the bioleaching period. This, of course, needs
to be examined more closely to determine what hap-
pens to the particle surface during the leaching peri-
od. Accordingly, it may be possible to overcome this
problem by surfactants or by precisely controlling the
pH of the environment or by adjusting other operat-
ing parameters.

3.4. Effect of milling method

As discussed in section 2.4, bioleaching efficiency
can be influenced by the milling method.

The particle size distributions for Cu concentrate
before and after ultra-fine grinding are demonstrat-
ed in Fig. 7. The d, for sample before grinding was
47.6 pm. 50 % and 10 % of particles were finer than
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Figure 7. Distribution of particles sizes of Cu: (a) concen-

trate, (b) after 840 min grinding in ball mill with ceramic
balls, and (c) with steel balls.

50

Recovery Percentage (%)
w
w
1

20

T T T T
feed ceramic ceramic mahan metal
karaj shimy karaj

Ficure 8. Effect of milling process on Cu recovery during
bioleaching process.

24.5 and 4.5 pm, respectively. The d, for ball mill
with ceramic balls after 840 min grinding reach to
~10 um and with steel balls reach to ~8 um.

Figure 8 shows the copper recoveries for un-
milled concentrate and concentrate ground with
different mills. According to Fig. 8, with 49 % the
highest Cu recovery was achieved for original Cu
concentrate without any grinding process.

3.5. Effect of particles size

The Cu recoveries for copper concentrate at differ-
ent d, s are depicted in Fig. 9. All samples were milled
with a ball mill using ceramic or steel balls as grinding
media. The copper recovery dropped by decreasing the
particle sizes to dy) 10 um, even using high-energy plan-
etary mill with highly mechanical activation effect. By
decreasing the particle size, the agglomeration increas-
es and this phenomenon cause decreasing Cu recovery.
While using concentrate with d; 20, 25 or 30 um had
a negligible effect on Cu recovery. Therefore, it is sug-
gested to avoid over-grinding for bioleaching process.
In the other words, decrease the particles size cause in-
crease the energy consumption without any significant
improvement in bioleaching efficiency.

The agglomeration phenomenon is detectable
from the solid residuals achieved from different ex-
periments. In fact, by reducing size to d,; 10 um the
agglomeration increased. Numbers of small par-
ticles were observable around each large particle.
The obtained results showed that the recovery in-
creased when steel balls used which concluded that
the grinding method effect on some physiochemical
properties of particles such as roundness (Fig. 9).
The particle roundness was calculated by using fol-
lowing equation (Gilgannon et al., 2017):

47 (pore area)

Roundness = x100

(pore perimeter)’

Based on above equation and SEM images (Fig.
4), particles which were ground by steel balls had
roundness ~44 while particles milled by ceramic

50
8 a5 —
W
"]
£
c
3
5 40+
a
=
4
g
g 357
30 T T T T T T
feed | 10 um 15 um 20 pm 25 um 30 um | 10 um
v Metal ball
Ceramic ball size size
Ficure 9. Recovery of Cu concentrates at different particle
size (d80).
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balls had roundness ~34. This means that grinding
with steel balls increased the free space and this im-
proved the bioleaching efficiency. Optical photomi-
crographs of the minerals indicated that there was
not any chalcocite in bioleaching residuals, which
shows complete decomposition of the chalcopyrite,
but the chalcopyrite content also decreased from
24.97 % to 13.01 %. On the other hand, the covellite
content increased from 8.79 to 30.6 %.

3.6. Aggregation of the fined particles

The behaviour of the concentrate sedimentation at
different pH values was visually observed in the bakers.
The lowest stability occurred at tests with pH values
of 3, 5, and 11, and the highest stability was at pH 0,
7 and 12. Interestingly, a little change in pH caused a
significant change of sedimentation. For instance, al-
though pulp had a high stability at pH 7, it had a low
stability at pH 6 or 8. The point of zero charge (ZPC)
is one of the most important factors that control the
sedimentation. Figure 10 depicts the ZPC for the con-
centrate in comparison with the pure samples of chal-
copyrite, chalcocite and covellite. By increasing the pH
from 0 to 5 the zeta potential dropped from 47 to SmV.
In addition, increasing the pH up to 7 -12 cause a ZPC
decrease to lower than -40 mV. Generally, zeta poten-
tial of the concentrate has a decreasing-increasing-de-
creasing trend. A comparison between sedimentation
tests and zeta potential results indicated that the high-
est stabilities happened at the highest and lowest zeta
potential ranges (pH 0, 7 and 12). It should be noted
that setting pH at 0 or 12 is better because at pH 7 few
changes could result in significant changes in stability,
which became important factor when regrinding the
concentrate under 25 pum size distributions.

Thus, in general it can be concluded that at low-
er pH values the particles are more stable. Howev-
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Figure 10. The zeta potential of Miduk concentrate, pure
chalcopyrite, chalcocite and covellite samples.

er, changes in pH in the environment due to acid
consumption can change this brittle stability. Of
course, more important than these are the very
large surface changes (“passivation” or by-product
layers) in the mineral particles in the concentrate
during bioleaching, which can completely invali-
date these estimates.

4. CONCLUSION

- According to bioleaching tests, pulp density
had a significant effect on copper recovery.

- The highest copper extraction was achieved
from a test with pulp density of 5%, pH 1 and
particle size of smaller than 45 um.

- Concentrate grinding might have a dual effect
on copper recovery in that it may increase ag-
glomeration of the fine mineral particles and
thereby negatively affecting the bioleaching
process, and in contrast it may be also positive
effect in the process through enhancing availa-
ble reaction surface.

- Grinding media and milling methods (use of
ball mills and high energy planetary mills) have
a significant impact on copper extraction. The
best method was to grind by means of a typical
steel ball mill.
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