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Abstract

In this work, the parameters affecting the recovery of copper ftbenlow-grade sulfide minerals of
SarcheshmelopperMine were studiedA low-grade sulfide orevasused with a copper grade of 0.25%,
which wasabout 28% of the mineral oxidandthe sulfide mineralamadeup the rest. Much more sulfide
minerak were found to be pyriteand most of thegangue mineralsvere quartz anorthite biotite, and
muscovite In order to investigatsimultaneouslythe solids (10 to Z&) and acidity (1.5 to 2.5) arshaking
(110 to 150rpm), the separation of bacteria from Sarcheshmeh Copper Minecardagd out After
adjustment of the sample, bigadting testswere performedn accordance with the pattern defined by the
softwareDX7 in shaking flasksand theCu recoverywas modeled and optimized usitige response surface
methodology. The influential parameters were comprehensively studied. €letral composite design
methodology was used as the design matrix to predict the optimal level of these parameters. Then the model
equation was optimized.he resultsobtainedshowed that increasing solids (from 10 to 20885 badfor
bacteria. The highegopper recoveryas equivalento 69.91% obtainedafter 21 days at 35 degrees using

the Acidi Thiobacillus Ferrooxidans bacteria a9 medium with a pulp densigf 10% and pHL.5.

Keywords: Optimization,Copper BioleachingBacterig Acidi Thiobacillus Ferrooxidans

1. Introduction

World reserves of higlgrade ors are declining
due to the increasing consumption of raw
materials. One of the problemsith recovery
from low-grade oredy conventional techniques
that it is expensive due to the high energy
consumption and the need for high capital costs.
Anotherproblemis the high cost of environmental
pollution. Due tothe reductionin the highgrade
mineral reserves, energy efficiencyand
environmental staratds, application of new
method and changing this industry is essential.
Biotechnology is the most promising solution to
this problemMicroorganisms gain access to some
of the goals of the industry, health, and
environmental uses. Recent advances in
biotechnology have led to this techniqgbeing
used as a powerful tool in mineral processing and

hydrometallurgy and solving environmental
problems[1]. Biomining is the generic term used
to describe technologies that utilize biological
systems to facilitatehe extraction and recovery of
metals from ores and waste mater[&sl].
Bioleaching has been developed into a frontier
technology for extraction of copper from minerals
in the 21st century5. Mainly in bioleaching
processes, mesophilic bacteriaAcidithiob-
acillusferrooxidans, Acidithiobacillus
thiooxidans, and Leptospirillufierrooxidans) are
used in the temperature range20-45 °C. The
bacteria convert ferrous isro ferric ions on the
surface of the mineraglsaand oxidation reactions
are @used. In fact, the minesaare oxidized by
ferric ions through chemical reactiofg.
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This process due to many advantages be used
as an ideal technologyin developing
countriesThe advantageand limitations of using
bioleaching technologgreshownin Table 1.
Copper, as a precious and strategic metal, has
been used by humans from the earliest times.
Currently, 25% of the world copper is produced
using hydrometallurgy, and 75% of it is produced
by pyrometallurgy. However, due to the
increasingglobal demand for copper and reduced
supplies of higkgrade mines, it is predicted that
in the coming years this ratio is reversed [8]. Thus
in order to make optimal use of mineral resources,
studying the parameters involved in the extraction
of copper fron low-grade sulfide ores by
bioleaching is essential.

The physical, chemical, and microbial factors
involved in a leaching environment,
thecharacteristics of ore for leaching, and the type
of leaching process are the most important factors

affecting the ngrobial oxidation of metals. Some
of the influential factors are temperature, pH
value, pulp density, bacteria, population and
distribution of microorganisms, type of ore, ore
chemical composition, particle size, porosity,
leaching method, and stirring €49, 10].

In this work, the bioleaching process for the
extraction of copper from lowgrade sulfide ores
was evaluated in a sample taken from
Sarcheshmeh Copper Mine. The aim of this work
was to evaluate the parameters affecting the
recovery of copper frm low-grade sulfide ores
such as temperature, pH, and bacterial population
during bioleaching. The copper content of the
sample was 0.25%, and about 65% of the copper
minerals was sulfide minerals. Gangue minerals in
the sample were mostly of silica typ8haking
flask experiments were carried out to achieve the
desired goal.

Table 1. Advantages and limitations of bioleaching7].

Advantages

Limitations

. Suitable for low grade resources

. The possibility of selective leaching

. Flexible

. Oxide, a mineral with relatively high efficiency
. Relatively low capital and operating costs

. Low maintenance cost

. No need for complex equipment

. Perform undeambient pressure and temperature
. The possibility of doing in situ

10. Appropriate for the environment

11. Simple controls

12. No need for expertise control

OCoO~NOOOA~,WNERE

1. A slow process

2. Slow ROI (the rate of return on investment)

3. Low levels of expert'saamiliarity with this technology
4. Problems due to production of sulfuric acid dur
some processes

5. Lack of confidence in the industry to bacterial proces
6. There are vague hints in connection with this proces

2. History of bacterial technology in mining
industries

Since the beginning of this century, bioleaching
has found a special place in the extraction of
metals The use of microorganisms in the
dissolution of metal sulfides can be traced back to
ancient times Of course until 1947 when the
first type of mining wastewas separatedand
mesophilic bacteriavere identified this rolewas

still unknown. The Rio Tinto copper mine in
Spainwas thefirst minethat usednicroorganisms

for metal extraction inndustrial scalg11]. Table

2 lists the names of the mines that produce copper
by the bioleaching techniquEL2].

Bacterial oxidation of sulfide ores for copper
recovery has been carried out in Spain, Sweden,
Germany, China, and other countries for centuries
without knowng its cause. More than fifty years
ago, Beek and Bryner succeeded in separating
Acidithiobacillus Ferrooxidans and
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Acidithiobacillus Thiooxidans and determined
their role in leaching copper sulfide [13].

Sulfide ore bioleaching happens in an acidic
environment that often contains a significant
concentration of iron(lll) ions. Secondary copper
sulfides (chalcocite, covellite) are solved easily in
the presence of oxidizing agents such as ferric
iron and in an acidic environment, while the
primary copper suifle minerals (chalcopyrite,
bornite, enargite) have a hard time dissolve even
under these conditions [8].

During 19471951, Colmer, Hinkle, and Temple
isolated the Thiobacillus bacteria from acidic
water out of mines and later was named as Acidi
Tiobacillus Ferrooxidans [9]. In fact, the
discovery of Acidi Thiobacillus Ferrooxidans
started a new era in understanding the phenomena
related to the formation and destruction of
minerals. Since 1954, after the discovery of
microorganisms and their role in the dation and



Nadei et al./ Journal of Mining & EnvironmenY/ol.8, No4, 2017

dissolution of the metals widely used in the  Numerous research works and studies have been
bioleaching of mineral processing and extraction carried out on bioleaching sulfide minerals in
of metals from lowgrade stockpiles, concentrates  several sectors including chemical principles of
and scrap industries were also used. The practical bioleaching, mineralogy,
application of this science started in 1957, dndl i mechanism of sulfide mineral bioleaching; the
now used in many countries such as America, heap leaching and reservoir engineering aspects

Chile, Canada, and Australia [14].

microbiology,

studied are summarized in Tables 3 and 4.

Table 2.Names of world's major minesproducing copper through mass bioleaching12].

Heap bioleaching of copper ores (historical and current)

Cu production

Region/mine Operation reserves(t Ore processedt/da
g p s(t) P dt/day) (tyear)
. . . Oxides/chalcocite
Lo Aguirre,Chile 19801996  Heap bioleach 12xf@t 1.5% Cu 16%16 14-15x10°
: . Chalcocite, covellite
Cerro Colorado, Chile 1993  Heap bioleach 80xf@t 1.4% Cu 15I><10°’ Vel 100x10
Ivan Zar, Chile 1994 Heap bioleach 5xf@at 2.5% Cu Oxidessulfides1.5x16 12x10
Quebrada Blanca, Chile  Heap/dump bioleach 85xiat 1.4% .
Chalcocite 17.3x10 75%x10
1994 Cu 45x16 at 0.5% Cu '
Punta del Cobre, Chile 1994 Heap (bio)leach 10xf@t 1.7% Cu Oxidessulfides 7-8x10°
i 0,
Andacolle, Chile 1996 Heapldump blo'giCh 3216t 0.58% Chalcocite 15x1d 21x10
Dos amigos, Chile 1996 Heap bioleach 2.5% Chalcocite 3x19 -
. . Heap/dump bioleach 120x4at 1.4% .
Zaldivar, Chile 1998 Chalcocite 20x1b 150x1G
var, = Cu 115x1¢ at 0.4% Cu !
Lomas Bayas, Chile 1998 Heap/dump 41x1%0at 0.4% Cu Oxidessulfides36x10 60x10
Cerro Verde, Peru 1977 Heap bioleach at 0.7% Cu Oxidessulfides32x1CG 54.2x1G
Escondida, Chile Heap bioleach 1.5xf@t 0.30.7% Oxides,sulfides 200x10
Lince Il, Chile 1991 Heap leach 1.8% Cu Oxides,sulfides 27x10
ToquepalaPeru Heap leach Oxides,sulfides 40x10
Morenci, Arizona 2001 Mine for leach 3450x130.28% Cu  Chalcocite, pyrite 75x10 380x10
Equatorial Tonopah, Nevad: . 0
20002001 Heap bioleach 0.31% Cu 25x10 25x10
™M h Mi
Gunpowde gmmot " n situ (bio)leach 12x10at ~ 1.8% Cu Chalcocite and bomite 33x10
Australia 1991
iril A lia 1 halcocite/chal i
Giri ambon;,oogstra ia 1993 Heap bioleach at 2.4% Cu C acoc;illcoga copyrite 14x16
Nifly Copper, Australia 1998 Heap bioleach at 1.2% Oxides/chalcocite 5x£0 16x10°
Whim Creek and Mons Heap bioleact900x1G at 1.1% Cu . )
. ) Oxidessulfides 17x10
Cupri, Australia 2006 6x1¢ at 0.8% Cu
Mt Leyshorl,ggt;stralla 1992 Heap bioleach 0.15% Chalcocite 1.3x1D 750
S&KC M , . .
opper, Monywa Heap bioleach 126x£@t 0.5% Cu Chalcocite 18x1d 40x10
Myanmar 1991
PHoenix deposit, Cyprus  Heap (bio)leach 9.1xf@&t 0.78% Cu . )
If 1
1996 5.9x16 at 0.31% Cu Oxidessulfide 8x10
Jinehuan Copper, China 24016 at 0.63% Cu Chalcocite, _covelllte, 10x16
2006 enargite
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Table 3. Some previous studies of bioleachingchnology, chemical principlesand bioleaching mineralogy

Report

Bioleaching process has been impressively developed during the |
decades]5-17].

They declared the role of iron oxidizing (Acidi Thiobacillus

Ferrooxidans) in leaching uraniurhZ].

Bioleaching was raised assaitable technology for recovering copp
and other metals from lograde ore. The most important copper mine
were Rio Tinto in Spain with a production of 8000 tons per year
Kanani in Mexico producing 9000 tons per yeb2,18].

In Lo Aguirre Mine (Chile) approximately 16,000 tonsf ore per day
was mined usinghe bioleaching methadand in the mieB0s, the first
factory that worked only with this method began in Minera Puda
Chile [12,19].

Since the majority of bioleaching factories were established in t
decade,it is considered the industrial decade of microbial proce
[12,18].

They evaluated thexidationreduction potential of chalcopyrite durir
the bioleaching process and found that the oxidation reaction of st
minerals are chalcopyrite and convert ferric ions to elemental sulft
sensitive to the redox potential, so that the potefdiakr dissolution
rate increasedlp).

They recognized four species containing sulfur on the surface of le:
chalcopyriteduring bioleachingusing Xray photoelectron spectroscoj
[20-22].

They suggested that leaching at pH prévened the formation of
jarositedeposits or deladtheir formation R3].

Lack of inaction during bioleaching chalcopyrite can be compens
undercontroled thermal (4565 °C) and electrochemical conditions |
SHE 65/645/0). The authors noted that thassivelayers composed &
25° preventedthe revival of ferric ions on the surface of chalcopyi
polarizedstrongly[24].

They examined variable parameters such as temperature
concentration of iron in the growth mediurand pH for jarosite
formation in the presence of bacteria Acidithiobacillus ferrooxid
[25].

Researcher(s) Year Topics
Anjum et al. 2012 Bioleachin
Pradhanetal. 2013 ! g

i Technology
Qin etal. 2013
Harissonetal. 1966
1950 to
1980
The use of
bioleaching
Acevedo, 2002 . .
in mining
& 1966 to . .
. industries

Badouie, 2004 1980

Decade
1990
L
aza_lro and 2003
Nicol
Klauber 2003
Klauber et al. 2001
Parker et al. 2004 Chemical
i rinciples
Kinnunen et 2003 p p _
al. (bioleaching
process
Tshilombo et chemistry)
shilombo e 2002
al.
Nazari et al. 2014
Whitti
ittington et 2003
al.
Bioleaching
mineralogy
Gottlieb et al 2000

The use ofquantitative mineralogicanalysisof feed and residua
leaching processs valuable to understaniis chemistry during high
pressure acid leaching ofckel laterite andis corrected as part of
systematic study déachingto describe the copper sulé concentrate:
[19, 26-27].

Combining the results of automated SEM technique studies v
guantitative analysis of Xay diffraction data, SEMnicroprobe data
and elemental analysis of ores and residues can provide new in
into leach chemistry and reaction mechanisms for difficult to pro
ores [20].
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Table 4. Some past researciworks on microbiology bioleaching

Researcher(s) Year Topics Report
Mackintosh 1976 Acidi Thiobacillus Ferrooxidans bacteria capable of fixinijogenare
, available. In the absence of sourcesitfogen theyare also able tc
Estivenson 1986
supplytheenergy needs from the atmosphetg] [
Gostawson & Thiobacillus Thiobacillus bacteria are capable of oxidation of sulfur in an anael
Bruck 1976 Ferrooxidans environment and in the presence of ferric ions instead of oxygen
final electron receiverl?].
Li et al. 2013 Common microbes extracted from acidic mine sites consis
Rodriguez et al. 2003 Acidithiobacillus 8, 29].
Gonzalez Toril 2003 Use of new molecular microbiological methods of enumeration
et al. identification of organisms, possible follow changes in microbia
consortia as a function of time or locati@nd it was introduced as
Okibe et al. 2003 valuable tool to describe or understathe biodiversity and bacteria
leaching process¢80,31].
Williams et al. 1999 They rgportedthat the possibility of utilizingspecific mineral bacteria
wasraised[32].
Atkinson et al. 2000
Burton and 2000 They evaluated a number of hydrothermal sites and stu
Norris microbiologicaly [33-35)].
Plumbetal. 2002
Microbiology Microbial growth can be promoted at heap operations by the adc
Readettetal. 2003 of nutrients to leach solutions and by creating conditions that resi
increased iron concentratiof6].
Robertson et al. 2002
Keelingetal. 2004 . . . . . .
9 Microbiological studies carried out on a numb&mines[37-39].
Demergasso et
2005
al
Dopsonetal. 2004 Theycarried outmicrobiological studies on acid mine draindgé).
A group of acidophilespossibly overlooked because they grow in ar
Hallberg and 2013 pH range (pH B6) in an acidmine drainage system, are of partic
Johnson interest because of their role in promoting the oxidation
precipitation of irorf41].
Increasing bacterial tolerance to high concentrations of heavy met
Das et al. 1997 ) g g y
a topic that habeennoted[42].
The mechanisms of metal resistance in acidophilic microorgan
Dopson etal. 2003 . P g
have been reviewdd 3].
They used a quantitative batch culture method to investigate adap
. _ or habituation of a mixed culture of acidophiles to growth me
Microbiology . . . .
. containing increased concentrations of sodium sulfate or so
(Acclimatisation _ . - . . . .
: . chloride. Their results indicateelatively rapid adaptation to sodiul
Shiersetal. 2005 to the high total , ,
. . sulfate at levels in excess of those normally found in process v
dissolved solids) _ ) R
However, concentrations of only 7 g/L sodium chloride inhibited
replication by more than 50%nd no significant culture adaptatic
occurred dung prolonged exposuid4].
Theywere concerned with quantifying bacterial tolerance to partic
Franzmann et . . . . .
2005 leaching environments and/or with adapting bacteria to have che

al.

conditions[45].
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3. Experimental

3.1.Sample preparation

The samplesvere taken from lovgrade sulfide
ores in SarcheshmelCopper Mine They were
divided into four part$or several times usinthe
cone method. Finally, using a jaw crushtrey
were crushedThen usin@rifle (channel divide),

the reagent and uniform samplevere prepared
and used for testing. The representative sample

was isolated from the samples by planetary ball
mill powder to a size of fewer than 180 microns
(80 mesh In order to determine the size
distribution of the powder particles by the ball
mill, the dimensional analysis was carried out
using laboratory screens (standard
ASTM-E11-01). Basedipon the gradation curves,
dgo of grinding sample after 15 minutesas
obtained about 83 microifEigure 1)

100

%0

0

o

=)

s e Loyd

o 50

=

The cumulative percentage passin{fb)
0

0

(1) Ly o0

20

hli]

0

10 dgp =83 um” 100

Particle size m)

Figure 1. Samplegrading chart.

The actual specific gravity ofhe sample was
measured using al00mL pycnometer and
calculated according to the following equation:
r = M,-M, =
(Mz' Ml) '(M4 Ms)
32.5460 29.4220 _
(32.5460 29.4220) (137.9380- 135.963C

2.72r fem®

(1)

Where- is the weight of the empty pychometer,
- is theweight of pycnometer and dry sample
- is the weight of pycnometer and water, and
- is the weight of pycnometer and water and
solid sample.Thus the specific gravity ofthe
samplewasobtainedo be2.27 g/cm.

Predicting the behavior ofan ore during the
bioleaching process requir@sknowledge of the
composition of both the quantitative and
gualitative. For this reasorthe chemical and
mineralogical samples analyzed were cognitive.
The chemicalanalysis was performed by atomic
absorption spectrometnand the elemental and
oxide analysisvasdone using Xray fluorescence.
The structuralanalysis and mineralogical studies
were performed using -Xay diffraction and the
study of minerad wasdone by polished sections
using the optical microscopifables 5to 7). All
experiments were performed time |laboratories of

528

the Facultyof Mining, Petroleum, and Geophysics
in Shahrood Universitgf Technology

The XRF analysis results are presented in Table 7,
and the XRD results (mineralogical study) were
provided in Table 8, which includes the
approximate percentage of metallic minerahd

each phase formed.

As it can be seen, the sample contained a mixture
of minerals, oxide, and sulfide, and the pyrite in
the sample was approximately 6%, which plays an
important role in the process. The results of
microscopic sections are shown in Figurelr2.
order to studyhe mineralogy of the samples more
accurately, they were prepared in several sections.
According to the results obtained from the
crosssectional study, the participants of this
research work included pyrite (F£S sanidine
(with the chemical formula KjISi;Og]), biotite
(mica group of silicate minerals whose chemical
formula is K (Mg, F&"; (AlSiz0.0) (F, OH)),
plagioclase, hornblende, calcite, chalcopyrite,
chalcocite, magnetite, and quartz as the silica
gangue.

Table 5. Results of chemicahnalysis

Element Cu Fe S CuO

Grade (%) 025 424 236 007
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Table 6. Results of XRF (compounds in sample)

Oxide SiO, AlI,O; MgO Na&O MnO TiO, CaO K,O SO P2 MoO; FegO; CuO L.O.

Grade

(%) 58.24 15.79 1.85 1.64 0.07 058 193 1.44 512 022 026 7.23 0.35 4.87

Table 7. Mineralogical specimens and a variety of minerals present in samp{&RD test resultg.

Minerals Chalcocie Covellite Chalcopyrite Pyrite Limonite Sphalerite Hematite Magnetite
Chemical formula CwS CuS CuFe$S FeS FeOOH ZnS Fe,O3 Fe0,
W1t% 0.083 0.052 0.141 6.198 1.719 0.035 0.087 0.258

Table 8. Acidophile bacteria used in this study.

Organism Reported growth substrates Characteristics

Acidithiobacillusferrooxidans S oxidation, sulfides pH range ~ 24
Acidithiobacillus thiooxidans (Af, Fe(ll ) oxidation; Felll ) reduction as facultative anaerobe’

T AR s DA o 118

Plz Plagioclase Pyr: Pyrite  Ox-Hb:Oxy-homblende Bio: Biotite Dev: Devitrification

e e v ;

RO o e 52 ; ) A
fa W s Lx® A &
Plg: Plagiodlase  Pyr: Pyrite  Hb: Homblende Qtz: Quartz  Shz Shear zone Plg: Plagioclase Ct: Calcite Hb: Homblende San: Sanidine

Figure 2. Image of various sections prepared from samples

3.2.Cultivation of bacteria on the information obtained from the biomining
The bacteria used fdahe bioleaching tests were book. The composition and amount of salt in
mesophilic (AcidiThiobacillusFerrooxidanseand each one of these mediums are shown in Table 9.
Acidi Thiobacillus Thiooxidanse), which were The primary cultivation of bacteria was done in
prepared from the microbial bank of Sarcheshmeh 250-mL Erlenmeyer flasks with volume ratio 90%
Copper Mine. These bacteneere isolated from medium and 10% bacterial inoculation in the
acidic minedrainage and after compatible with shaker incubator at 35 °C tlvia rotation speed of

low-grade soil they were kept in the microbial
bank of the complex.
To do a primary culture of these bacteria, we used

two types of the medium as Norris. and K9. based L. Biomining: Theory, Microbes and Industrial Processes, Douglas E.
! ! Rawlings (Ed.), Springer, 1997.
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130 rpm. The acidity was measured daily and, if
necessary, adjusted by sulfuric acid.

Change of the color of the medium to a milky one
was a sign of the growth and activity of bacteria
However, for a greater certainty, in order to count
the bacteria indirectly, an spectrophotometer
(model UW-2100 Manufacturing Co. Unico of
America) was used.

Due to the density of the pulp (solid percent)
which was one of the factors examined in
bioleachng experiments, the bacteria should be
used with three pulp densities of 10, 15 and 20%
were compliant. Past research works have shown
that a sudden increase in the pulp density causes
to kill the bacteria, thus increasing the solids was
gradual. Bacteriavere consistent in the medium
initially at a pulp density of 2%. Then this amount
rose gradually to 5, 7, 10, 12, 15, 17, and 20%.

For bacteria compatibility and to perform
bioleaching testing, the culture medium K9 and
Norris were usedA comparison beteen the two
medium, K9 and Norris show that the K9
compounds are more than Norris, and so in terms
of nutrients they are better than Norris. Also in the
primary bacterial cultivation, the efficiency of this
medium was better than Norris, so in this study,
K9 was chosen as the suitable medium.
Adaptation of these bacteria in different pulp
densities was with different combinations of the
medium (K9) and bacterial inoculation. This
difference was due to the intolerance and
resistance of some bacteria agaiti& increased
solid in ambient. In compatibility culture, not
added any iron sulfate and sulfur to bacteria feed
iron and elemental sulfur requirements by itself.

Table 9. Salts of medium used in experiments

The Salts (gr/L) Ca(NO5),.H,0 KCI K,HPO, MgSO,.7H,0  (NH,),SO,
medium K9 0.014 0.1 0.63 0.5 3
Norris - - 04 0.5 0.4

3.3. Design of experiments

The experimental design methods are commonly
used to control the effects ofthe parameters
involved and the process modeling. Its usage
decreases the number of experiments, time, and
material resources. Furthermore, the analysis
performed on the results is easily realized and the
experimental errors are minimizedhus after
sample preparatiomd aninitial study, a series of
testswere designed by Software Design Expert
(Version: 7.0.6Serial Number: STUDENTjand
modeled usindhe response surface methodology
(RSM). Theeffects of pH, pulp density, and speed
mixer incubator on the response (@ecovery)
were modeledFor eachoneof these factors, two
levels are shown in Table 10. The central
composite desigiiCCD) methodology wasised

as the design matrix to predict the optimal level of
these parameters lmeterminingthe relationship
between the response and the three process
parameters. Then the model equation was
optimized bymaximizing the total Cu recovery
within the studied experimental range.
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Table 10. Factors and intended levels in bioleaching
tests in shaking flasks

Parameter Level 1 Level 2
Acidity (PH) 1.5 25
Pulp density (solids) 10 15
Stirrer speed incubator 120 140
3.4. Shaling flask tests
In all experiments, wusing Thiobacillus

Ferrooxidandacterial inoculation 10% (by
volumég was consistent with the time of each test
sample takenwithin 20 days. The tests were
performed in500-mL Erlenmeyer flasks with a
final volume of 200mL of the K9 culture medium
in a shaking incubator (model SKiB01
CompanyFinetech, Korea) with a temperature of
35 °C attheatmospheric pressure.

The pH valuesof the flasksweremeasured daily.
In the bioleaching processesthe pH value
decreasegraduallydue tothe bacteral activities
and production of sulfuriacid by the bacteria. In
Figures 3to 7, charts related to pH changase
shown separately for different pH valuéss it
can be seerthe pH values during the process on
end daysverewithout any changewhich can be
explained asbeing due to slower reaidns.
Changes in pH = lwas very low because the
bacterium usedid not grow and die.
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The parameters studiedere acidity (pH), pulp
density (solids)and stirrer speed incubatom.he
final copper recovery was the dependent
parameter response in the experiments. After 20
days, the liquid samplesere collected at Falcon
tubes using the centrifuges (Hettich, model EBA
270, made in Germany) wi#4000 rpm spi and

the separated solid after dryingrepared for
chemical analysis tests using atomic absorption
(model:SolarrS Series, Thermal element Co.,
England) and therecoveryresults were analyzed
usingthe experimentadoftware.

4. Results and discussion

The response datavas analyzed using the
experimental software, and the effeat$ the
parameters involved were calculated. The
statistical parameters such as-Value and
lack-of-fit were used. Thestatistical analysis
resultsfor the response are summarized in Table
11.

According to the ANOVA table, the Model
F-value of 37.40 implies that the model is
significant. There is only a 0.01% chance that a
"Model F~Value" this large could occur due to
noise. The values of "Prob > F&ss than 0.0500
indicate that the model terms are significant. Also
in this case, A, B, C, and AB are significant model
terms. The "Laclof-Fit F-value" of 2.38 implies
that the Laclof-Fit is not significant relative to
the pure error. There is a 33.23%ance that a
"Lack-of-Fit F-value" this large could occur due
to noise. A norsignificant lackof-fit is good The
"Pred RSquared" of 0.8422 is in reasonable
agreement with the "Adj fSquared" of 0.9010.
"Adeq Precision” measures the sigt@hoise
ratio. A ratio greater than 4 is desirable. A ratio of
18.364 indicates an adequate signal. This model
can be used to navigate the design space.

Thus according to the above table, the suggested
model based coded values is the following
equation:

Cu Recowery =
58.35 58A -6.1B +.X 2.688

As it can be seen, the fitted model is significant
statistically at the 95% confidence level (impact
of the error is less than 0.05) and possibility of
effects of the error (0.0001) in the model is less
than 0.05.

In Figure 8, the graplof normal distribution of
residualsis shown, and in Figure 9, correlation

(2)
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between the predicted values and actual values
that obtained from the experiments to validate the
model is shownAs it can be seen, the residuals of
recovery are along the line, crthere are no
significant deviations from the normal lin€hus
the selectedmodel predicts the copper recovery
very well within the various factor levelsA
comparison between the results of the testd
theresults obtained from the defined model shows
that copper recovery is consistent with the model,
which increases the confidence of the fitted
model.

In order to verify the authenticity of the fitted
model to predicthe response testf is necessary
to check the error analysi¥he results of error
analysis are shown in Figs. 10 and 11itAsn be
seen in Figure 10, residuals versus predicted
values of response do not follow a specific
patternin the case of residues randomly
distributed, shows the accuracy of the model to
predct the response. Also in Figure 11, existence
of a pattern of residual value versus sequence of
testing is investigated. According to the charg,
observe that the amount of residussscattered
randomly which means that the residuals are
independenfrom the testing sequence, and this is
desirable.

In Figure 12 the graph of recovery versus pH
variations is plotted. Itan beobserved that the
recovery is greater for lower pH values. More
acidity in the environment caes greater
dissolution of the oreln Figure 13the graph of
recovery versus solids is plotted. It is observed
that the recovery is greater fa lower pulp
density (lower solid percent).

In Figure 14, the chart of recovery versus stirrer
speed is plotted. It can be seen that the regaser
higher for higher stirrer speedin Figure 15,
interaction ofpH and solid percent to the recovery
of copperin bio-leaching experiments is shown.
According to the results obtained from the model
and alsothe variance analysis, optimization was
perfamed using the software DX7. The optimum
levels forthe parameters are shown in Table 12.

In order to validate the proposed modedm the
proposals with the predicted points ke
experimentalsoftware to numerical optimization
parameters, the first experiment was selected as
the best planand was performed with three
repetitions.The asrerage recovery of copper from
three experiments was 70.2766.



Nadei et al./ Journal of Mining & EnvironmenY/ol.8, No4, 2017

Table 11. Analysisof variance (ANOVA) of experimental design
Response 1 CU Recovery
ANOVA for Response Surface Reduced 2FI Model
Analysis of variance table [Partial sum of squaregype Il1]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 1284.81 4 321.20 37.40 <0.0001 significant
A-PH 540.56 1 540.56 62.94 < 0.0001
B-Solid Percent 612.56 1 612.56 71.32 < 0.0001
C-Speed 7656 1 76.56 8.91 0.0114
AB 5513 1 55.13 6.42 0.0263
Residual 103.07 12 8.59
Lack of Fit 95.07 10 9.1 2.38 0.3323 not significant

Pure Error 8.00 2 4.00
Cor Total 1387.88 16

Std. Dev. 2.93 R-Squared 0.9257
Mean 58.35 Adj R-Squared 0.9010
CV.% 5.02 Pred RSquared 0.8422
PRESS 219.00 Adeq Precision 18.364
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Table 12. Optimal levels for parameters

Constraints

Lower Upper Lower Upper
Name Goal Limit Limit Weight Weight Importance
pH Is in range 15 2.5 1 1 3
Solid Percent Isinrange 10 15 1 1 3
Speed Is in range 120 140 1 1 3
Cu Recovery maximize 41 70 1 1 3
Solutions
Number pH Solid Percent Speed Cu Recovery Desirability
1 1.50 10.00 140.00 69.9151 0.997 Selected
2 1.50 10.00 140.00 69.8852 0.996
3 1.50 10.03 140.00 69.8669 0.995
4 1.51 10.00 140.00 69.849 0.995
5 1.50 10.01 139.74 69.8488 0.995
6 1.50 10.10 140.00 69.7686 0.992
7 1.53 10.00 140.00 69.752 0.991
8 1.50 10.13 140.00 69.7276 0.991
9 1.52 10.06 140.00 69.7239 0.990
10 1.50 10.17 140.00 69.6698 0.989

10 Solutions found

5. Conclusions

The results of copper analysis using atomic
absorption were performed usitige experimental

software DX7 andANOVA with significant

differences 95% and in risk of 5%and in some

casesthe risk was 1%. The initial pMalueof the

medium decreased withnie, which was due to
the bacterid activity and production of sulfuric
acid by themlt was observed thdhe pH values
at the end of the trial periodadno change that
can be explained due to the slow reactions bat at
very low pHvalue(pH 1), the studied bacteria did
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not grow and were destroyed. The recovesults
were analyzed bythe DX7 software. The
parameters pH, solid percent, stirrer speed, and
interaction of pH and solids were identifiedthe
factors affecting the process.

To choosethe bestmodel, variance analysis of
data was performed usinlge DX7 software The
fitted model was statistically significant at the
95% confidence levelnd the possible influence
of error in the modelwas less than 0.05. The
adequateprecision of the proposed model was
18.364 beinghighly desirable.

The results of final copper recovery from
bioleaching tests, conducted tmw-grade sulfide
ore samples of Sarcheshmeh Copper Mine
by acidi ThiobacillusFerrooxidanséacteria  in
shaking flasks after 21 days ihe K9 culture
medium at a temperature of 35 °C showed that the
maximum copper recovery was 69.91%,
corresponding to 10% solids aadstirring speed

of 140 rpm with pH 1.5. In order to validate the
proposed mode from the proposals with the
predicted points by software to numerical
optimization parameters, the first experiment was

selected as the best plan and with three repetitions

performed. Thecopper recoveryesults for these
three repeats proved the vatidiof the proposed
model.

References

[1]. Devasia, Pand Natarajan, K.A.(2004). Bacterial
leaching biotechnology in the mining industry
Resnancepp. 2#34.

[2]. JohnsonD.B. (2014) Biomining- biotechnologies
for extracting and recovering metals from ores and
waste materialsCurrent opinion in Biotechnolog\O0:
24-31.

[3]. Johnson D.B. (2010) The biogeochemistry of
biomining. In Geomicrobiology: Molecular and
Environmental Perspective. Eelit by Barton L.,
Mand|, M., Loy, A. Heidelberg, Germany: Springer
Verlag pp.401-426.

[4]. Brierley, C.L. (2008) How will biomining be
applied in future?Transactions of Nonferrous Metals
Society of Chinal8: 13021310.

[5]. Wang Y.G., Su L.J., Zeng W.M., Qiu, G.Z.,
Wan L.L, Chen X.H. and Zhou H.B. (2014)
Optimization of copper extraction for bioleaching of
complex Cupolymetallic concentrate by moderate
thermophiles Transactions of Nonferrous Metals
Society of China24: 1161-1170.

[6]. Izadpanah, M.R., Sarrafi, Aand Mosalmanzadeh,
M. (2002) Investigate of biological leaching of copper
from chalcopyrite concentrate using moderate

535

thermophilic bacteria 1 int. symp. on Bio and
Hydrometallurgy South Africa.

[7]. Seyyed Bagheri, S.A2003. Bioleachingprocess

and present world situationQuarterly Journal of

Andisheh National Iranian Copper Industries
Company 28: 4-9.

[8]. Akbari, S. Q004. Comparison of mesophilic and
thermophilic tank bioleaching of copper concentrate
Condensingunit at Sarcheshmeh Copper Complex
Master's Thesis Bahonar University Department of
Mining Engineering.

[9]. Manafi, Z. (2002) Column bioleaching of low
grade agglomerated of copper ore by T. Ferrooxidans
and T. ThiooxidanseMaster's Thesis Islamic Azad

University. ~ Jahrom  Branch Department of
Microbiology.
[10]. Yaghobi Moghaddam, M., Shaa S.Z.,

Noparast, M., Doulati Ardejani, F., Abdollahi, H.
Ranjbar, M., Schaffie, M.and Manafi, Z. (2015)
Empirical model for bieextraction of copper from @
grade ore using response surface methodology
Transactions of Nonferrous Metals Society of China
25:41264143.

[11]. Acevedo, F.(2002) Present and Future of
Bioleaching in Developing CountriesJournal of
Biotechnology 5: 196-199.

[12]. Watling, H.R. (2006) The bioleaching ofulfide
minerals with emphasis on copper
sulfides. mHydrometallurgy 84: 81-108.

[13]. Olson, G.J., Brierley, J.Aand Brierley, C.L.
(2003) Bioleaching review part B: Progress in
Bioleaching: Application of Microbial Procsss by the
Minerals IndustriesApplied Microbial Biotechnology
63: 249-257.

[14]. Rossi, G. (1990)Biohydrometallurgy University
of Cagliari Italy.

[15]. Anjum, F., Shahid, M.and Akcil, A., (2012)
Biohydrometallurgytechniques of low grade ores: A
review on black shale [J]. Hydrometallurgyi7: +12.

[16]. Pradhan, D., Patra, A.K., Kim, D.J., Chung, H.S.
and Lee, S.W. (2013)A novel sequential process of
bioleaching and chemical leaching fdissolving Ni,

V, and Mo from spent petroleum refinery catalyst [J].
Hydrometallurgy131-132 114119,

[17]. Qin, W.,Yang, C., Lai, S., Wang, J., Liu, knd
Zhang, B. (2013) Bioleaching of chalcopyrite by
moderately  thermophilic ~ microorganisms  [J].
Bioresource Technolog$29: 206208.

[18]. Badouie, Z. 2009. Comparison of leaching and
bioleaching of dump 3 in Sarcheshmeh Copper
Complex Master's Thesis University of Yazd
Department of Mining Engineering.

[19]. Lazaro, l.andNicol, M.J.(2003. The mechanism
of the dissolution and passivation of chalcopyrite: an



Nadei et al./ Journal of Mining & EnvironmenY/ol.8, No4, 2017

electrochemical study. In: Young, C.A., Alfantazi,
A.M., Anderson, C.G., Dreisinger, D.B., Harris, &d
James, A. (EdsHydrometallurgy. TMS Warrendale
pp. 405417.

[20]. Klauber, C (2003. Fracture induced
reconstruction of a chalcopyrite CuFeS2 surface
Surface and Interface Analysi3b: 415428.

[21]. Klauber, C., Parker, A.Yan Bronswijk,W. and
Watling, H. (2001). Sulphur speciation of leached
chalcopyrite surfaces as deterein by Xray
photoelectron spectroscopynternational Journal of
Mineral Processings2: 65-94.

[22]. Parker, A., Klauber, C., Stott)., Watling, H.and
Van Bronswijk, W. (2004. An X-ray photoelectron
spectroscopy study of the mechanism of microbially
assisted dissolution of chalcopyritth: Tzesos, M.,
Hatzikioseyan, A., Remoundaki, E. (Eds)
Biohydrometallurgy: A Sustainable Technology in
Evolution (Athens, 2003). National Technical
University of AthensAthens pp. 10111022.

[23]. Kinnunen, P.H.M. Robertson, W.J., Plumb, J.J.,
Gibson, J.A.E., Nichols, P.D., Franzmann, Pdnd
Puhakka, J.A(2003. The isolation and use of iren
oxidizing, moderately thermophilic acidophiles from
the Collie coal mine for the generation of ferric iron
leaching soluibn. Applied Microbiology and
Biotechnology 60: 748 753.

[24]. Tshilombo, A.F., Petersen, and Dixon, D.G.
(2002. The influence of applied potentials and
temperature on the electrochemical response of
chalcopyrite during bacterial leaching. Minerals
Engineering15: 809813

[25]. Nazari, B., Jorjani, E., Hani, H., Manafi, Znd
Riahi, A. (2014) Formation of jarosite and its effect on
important ions for Acidithiobacillus ferrooxidans
bacteria Transactions of Nonferrous Metals Society of
China 24: 1152-1160.

[26]. Whittington, B., McDonald, R., Johnson, and
Muir, D. (2003. Pressure acid leaching of Bulong
nickel laterite ore, Part |. Effect of water quality.
Hydrometallurgy 70: 31-46.

[27]. Gottlieb, P.,Wilkie, G., Sutherland, D., Hiun,

E., Suthers, S., Perera, K., Jenkins, B., Spencer, S.,
Butcher, A.and Rayner, J(2000. Using quantitative
electron  microscopy for process mineralogy
applications. Journal of Minerals, Metals and Materials
Society 52 (4} 24-25.

[28]. Li, Y., Kawashima, N.Li, J., Chandra, A.Pand
Gerson, A.R. (2013)A review of the structure, and
fundamental mechanisms and kinetics of the leaching
of chalcopyrite Advances in Colloid and Interface
Science197-198 1-32.

[29]. Rodriguez, Y., Ballester, A., Blazquez, M.L.
Gonzélez, F.and Munoz, J.A. (2003) Study of
bacterial attachment during the bioleaching of pyrite,

536

chalcopyrite, and sphalerit&eomicrobiol J20: 131-
141.

[30]. GonzalezToril, E., LlobetBrossa, E.,
Casamayor, E.O., Amann, Rnd Amils, R. (2003.
Microbial ecology of an extreme acidic environment,
the Tinto River. Applied and Environmental
Microbiology. 69: 48534865.

[31]. Okibe, N., Gericke, M., Hallberg, K.Band
Johnson, D.B. (2003. Enumeration and
characterization of acidophilic microorganismsolated
from a pilot plant stirred tank bioleaching operation.
Applied and Environmental Microbiology69: 1936
1943.

[32]. Williams, T., Hunter, C. and Arnall, B1999.
Pacific Ore Technology's bacterial leaching of
chalcopyrite. Unpublished paperesented at ALTA
Copper 1999: Coppedulfides Symposium and Copper
Hydromdallurgy Forum (Gold Coast, Qid ALTA
Metallurgical ServicesMelbourne 11 P.

[33]. Atkinson, T., Cairns, S., Cowan, D.A., Danson,
M.J., Hough, D.W., Johnson, B., Norris, P.R., Rave
N., Robinson, C., Robson, BndSharp, R.J(2000. A
microbiological survey of Montserrat Island
hydrothermal biotopes. Extremophilds 305313.

[34]. Burton, N.P. and Norris, P.R. (2000.
Microbiology of acidic, geothermal springs of
Montserrat: environmental rDNA analysis.
Extremophiles4 (5): 315320.

[35]. Plumb, J.J., Gibbs, B., Stott, M.B., Robertson,
W.J., Gibson, J.A.E., Nichols, P.D., Watling, Ha&hd
Franzmann, P.D. (2002. Enrichment and
characterisation of thermophilic acidophiles for the
bioleaching of minerasulfides. Minerals Engineering
15: 787-794.

[36]. Readett, D., Sylwestrzak, L., Franzmann, P.D.,
Plumb, J.J., Robertson, W.R., Gibson, J.A&hd
Watling, H.(2003. The life cycle of a chalcocite heap
bioleach system. In: Young, C.A., Alfantazi, A.M.,
Anderson, C.G., Dreisinger, D.B., Harris, Bnd
James, A. (Eds)Hydrometallurgy 2003 Volume 1:
Leaching and Solution Purification. TM®/arrendale
pp. 365374.

[37]. Robertson, W.J., Kinnunen, P.M., Plumb, J.J.,
Franzmann, P.D., Puhakka, J.A., Gibson, J.Aakd
Nichols, P.D.(2002. Moderately thermophilic iron
oxidising bacteria isolated from a pyritic coal deposit
showing spontaneous combustion. Minerals
Engineeing. 15: 815-822.

[38]. Keeling, S.E., Davies, K.L., Johnson, J.and
Watling, H.R. (2004. Isolation and phenotypic
characterization of Australian mining microbes from a
spent heap. Proc. BacMin Conference (Bendigo).
AusIMM. Melbourne pp. 3539.

[39]. Demergasso, C.SGalleguillos, P.A., Escudefo
G.L.V., Zepeda A.V.J., Castillo, D.and Casamayor,



Nadei et al./ Journal of Mining & EnvironmenY/ol.8, No4, 2017

E.O. (2005. Molecular characterization of microbial
populations in a lovgrade copper ore bioleaching test
heap. Hydrometallurgy80: 241-253.

[40]. Dopson M., BakerAustin, C., Hind, A.,
Bowman, J.PandBond, P.L.(2004). Characterization

of ferroplasma isolates and Ferroplasma acidarmanus
sp. nov., extreme acidophiles from acid mine drainage
and industrial bioleaching environments. Applied and
Environmetal Microbiology. 70: 20732088.

[41]. Hallberg, K.B.and Johnson, D.B(2003. Novel
acidophiles isolated from moderately acidic mine
drainage waters. Hydrometallurggl: 139-148.

[42]. Das, A., Modak, J.MandNatarajan, K.A(1997).
Studies on multmetal ion tolerance of Thiobacillus
ferrooxidans. Minerals Engineerint0: 743-749.

537

[43]. Dopson, M., BakeAustin, C., Koppineedi, P.R.
and Bond, P.L.(2003. Growth in sulfidic mineral
environments: metal resistance mechanisms in
acidophilic micreorganisns. Microbiology 149
19591970.

[44]. Shiers, D.W., Blight, K.R.and Ralph, D.E.
(20095. Sodium sulphate and sodium chloride effects
on batch culture of iron oxidising bacteria.
Hydrometallurgy 80: 75-82.

[45]. Franzmann, P.D., Haddad, C.M., Hawk&sB.,
Robertson, W.Jand Plumb, J.J.(2005. Effects of
temperature on the rates of iron and sulfur oxidation by
selected bioleaching Bacteria and Archaea: application
of the Ratkowsky equation. Minerals Engineerit§:
13041314.



L 4A A TEWE B WOEC gy (CbaY CEEG Byt 0 v ¥

dp C° COML zA (CHFALAC VoW AN A ¢ wE/A8Iocl0 2 W8 A W iBW %z ¢ ¢

N Cay %é A wibiCa wieeE (€& €& wywCIEaaOCA |

Ov¥ev | 1y%AWE | awdEdwE°IChp ) GAEEyvivijuoPU ay %i

0 v PG vaspAE g ap 0 ECAPyEps° 1 By v
OvvevChppwosBwey t |1 EACAAtA (y ¢ey 1 a°opbu CA°pAU a°iEyv
Ov¥ev |t y%awE Cobpl awoEYv: | é¢%ywEIi a°iEyv: | ¢AAGQ

- +**20C%E ¥~1 Do wA 1y

zshafaie@ut.ac.ir5 | w{ £wi 0 O60Au&Zl a°pEeAy %

5a°Ci ~

Ao i el C®OAA dp Ey wWAu B ¢3BR6AA e \3ees IMNAAY,soew FA Sroh i & t'wa X¥w#z E a
Cawuivy & uz 6)CTpEEEIC ¢ W iC &b % A Ay éviEt °yi- B™ {CUE v A+ W&ew 38z YAla  »LwCyY
-+ Wl S °Luwa vk WA UPWARY CEAT Eu V CCEWICzY | ¢ £E LAQAATN A itLvy
¢v °Lbz A LA I°LE +w-oyv, AaESRANRAY -®VEME 40 AzE BLiAwz yE &
CzwLé¢wz [1°2y®FLEA L 3A0mixy: 00wy aoyvA Ao waafoB. Aave sErzAv G4 o d VA yeA{u§
OwWLEéy:; CLWL %G Gy BO~ AdDY d APEC ARV eASDobuw ChivCa JAeBOG/AVONC 1 YA gPWER

yLAwWp Oww AG%wiSwl 21 wiv Tl 22 0BCEAE VIS B2 i v Y% \b aA4F C Az °E° (B ! Avtedoy
WL zZKOCLOGCLE i »OCHLYARMG € LAWY RCE £ivae i. Wz wiivi- ,a84w adejiaA w zC zyw BAs«vb
) CCOAA A'A , 0AHE © € Aok } PANR~/EYCy 1

YAyvoCAEi v y%a AAGCAWZAREAZ COAvV jlwWw




