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Abstract— The bioleaching of copper ore from
the Caraiba Mine was assessed. A microorganism,
Acidiothiobacillus ferrooxidans, was isolated from
samples collected directly in acid mining drainage in
a gold mine tailings pound and used in the bioleach-
ing of the copper sulfide ore. This ore is composed
mainly of 28% of oxidized species, 43% of secondary
sulfides and 24% of primary sulfide. The shaking
flasks experiments with the Caraiba ore showed
copper chemical leaching of about 37% and copper
bioleaching of about 60% within 60 days at low tem-
perature and native microorganism.

Keywords— Copper, Bioleaching, Acidithiobacil-
lus ferrooxidans.

I. INTRODUCTION

The extraction of copper from low to medium-grade
ores requires low-cost processing methods such as bio-
hydrometallurgy, which have received growing atten-
tion due to economic and environmental restrictions
(Giaveno et al., 2003; Olson et al., 2003; Watling, 2006;
Pradhan et al., 2008). It has been applied in a variety of
low-grade base-metal ore mostly either in full-scale
operation or demonstration scales in various countries
around the world. Though commercial success in certain
minerals have been seen for years but technical chal-
lenges are considerable which is unsolved till date espe-
cially related to the bioleaching of refractory ore such as
chalcopyrite. Utilization of bioleaching process for
treatment of industrial and municipality waste is also
taking its pace slowly.

The traditional bioleaching mechanism of metal sul-
fides (MS) under aerobic condition is given by (Rossi,
1990):

MSe——=M?% + 5% 1)
S* +4H,0——S0? +8H" +8e¢" )
8¢ +8H" +20, ——+4H,0 3)

where Eq. 1 is the sulfide dissociation, Eq. 2 is the an-
odic reaction and Eq. 3 is the cathodic reaction that can
be catalyzed by acidophilic microorganisms. The hy-
pothesis of indirect bioleaching mechanism takes into
account the Fe®* action on metal sulfide leaching and
the role of microorganism on the re-oxidation of Fe?* to
Fe?*, as follows (Rossi, 1990):

MS + 2Fe* ——=M?" +S° + 2Fe? 4)
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2Fe* +1/20, +2H —=2Fe* +H,0  (5)

The most important bacteria in bioleaching of low
and medium-grade copper ores are iron- and sulfur-
oxidizing Acidithiobacillus ferrooxidans, Acidithioba-
cillus thiooxidans and Leptospirillum spp. Bioleaching
of copper sulfides has been applied successfully for the
extraction of copper from secondary sulfide minerals in
a number of operations (Olson et al., 2003). However,
the bioleaching of the refractory primary copper sulfide,
chalcopyrite, has just been reported in lab experiments
or under pilot tests (Pradhan et al., 2008).

Caraiba ore is typically composed of silicates and
oxides (hypersthene, plagioclase and magnetite), copper
sulfide (chalcopyrite and bornite) and has a total copper
concentration of about 0.9%. The actual process uses
grinding, classification and flotation, which produces a
concentrate of about 34% copper. In this plant, copper
recovery is between 75 and 85%. The concentrate is
sent to a smelter in Camacari (Brazil) to produce elec-
trolytic copper.

The direct leaching of the Caraiba Mine concentrate
(with a Cu content of about 22%) using acidic FeCls
solutions at moderate temperature (25 to 106°C) was
performed by Cassa and Monhemius (1976). The results
indicated high levels of copper extraction (above 95%)
in 60 minutes.

Bioleaching studies were performed using the ore
and the concentrate from the main Caraiba deposit and
the low-grade ore of the Surubim deposit. The low
grade ore of the Caraiba mine (with a Cu content of
about 0.39%) was leached in tanks and columns using
Acidithiobacillus ferrooxidans isolated from the same
ore. The results of agitated leaching indicated low levels
of copper extraction (below 50% in 100 days) and the
results of the column leaching indicated very low levels
of copper extraction (below 10% in 100 days) (de Sou-
za, 1980; Martins and El-Naggar, 1982; de Andrade and
de Franca, 1984). Bioleaching of the ore from the
Caraiba mine was studied by Urenha and Alli (1990).
They used an ore sample collected at the grinding cir-
cuit entrance. The Cu content was 1.12 %. Using col-
umn leaching of 1.5 kg of ore inoculated with Acidithi-
obacillus ferrooxidans after 105 days about 21% of the
copper was solubilized. Leaching without inoculation
produced a copper extraction of about 10%. The ore
from the Surubim deposit (with a Cu content of about
1.59%) was leached in tanks and columns using Acidi-
thiobacillus ferrooxidans and Acidithiobacillus thiooxi-
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dans isolated for the same ore. The results of agitated
leaching indicated high copper extraction (below 89%
in 100 days), the results of the column leaching indicat-
ed moderated copper extraction (below 57% in 100
days) and the results of large column leaching (0.25 x 2
m) indicated low copper extraction (below 23% in 563
days). The H;SOs consumption was high (about 81
kg/t). In agitated leaching, the Cu extraction without the
bacteria inoculation was 56% (Marques, 1988; 1990).
For this ore using a culture of Acidithiobacillus ferroox-
idans, Novo and Garcia Jr. (1990) found 70% Cu ex-
traction in shake flasks and about 17% in column leach-
ing. The bioleaching of the concentrate of the Caraiba
mine was studied by Sobral et al. (2005, 2011), Lima et
al. (2009) and de Oliveira et al. (2011). The bioleaching
of the Caraiba mine flotation concentrate was studied
with the use of Acidithiobacillus ferrooxidans. The high
chalcopyrite content in this sample (about 70% of the
copper sulfide) made it difficult to extract copper using
only the above-mentioned microorganism (below 20%
in shaking flasks experiments). However, using the
GEOCOAT™ process and a consortium of mesophilic
and thermophilic microorganisms, a copper extraction
of nearly 89% was reached within 75 days in column
experiments.

In this study, the ability of a native bioleaching mi-
croorganism, Acidithiobacillus ferrooxidans, to extract
copper from the ore from the Caraiba Mine mainly
composed of a mixture of copper sulfides is described.
The Acidithiobacillus ferrooxidans was isolated from
acid mine drainage from a gold mine in the Jacobina
region of N.E. Brazil.

I1. MATERIALS AND METHODS

The ore that feeds the plant flotation in the Caraiba
Mine was provided by the company for this test. Five
liters of the slurry was collected at the grinding circuit
exit and the flotation circuit entrance on March 28,
2013. It was filtered and dried at a low temperature to
avoid oxidation. The ore is about 95% finer than 212
um and 55% finer than 74 pm.

Bacterial leaching experiments of a sulfide ore con-
taining chalcopyrite were performed in shake flasks on
bench scale using Acidithiobacillus ferrooxidans strains
isolated from a gold mine tailings pound. According to
the DNA Microarray characterization, the bacterial
community sample were Acidithiobacillus spp., Acidi-
thiobacillus ferrooxidans, Acidiphilium spp., and Lepto-
spirillum type 11 (represented by the species Leptospiril-
lum ferriphilum).

Acidithiobacillus ferrooxidans was isolated after en-
richment by T&K medium and subsequent purification
on solid selective T&K-agarose medium. Bacterial
growth was monitored indirectly by measuring residual
Fe?* in the medium by titration with potassium dichro-
mate, by visual inspection (color change light green to
reddish-brown), and by increases in the Redox potential
(Eh). During the enrichment, the culture reached a sta-
tionary phase within two days after the inoculum. In
solid medium isolated colonies were obtained on the
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10th to 15th day of incubation. Molecular analysis by
gPCR confirmed that Acidithiobacillus ferrooxidans
was the isolated species. Acidithiobacillus ferrooxidans
alone was used in the test to evaluate the oxidative ca-
pacity of the ore in this study.

To standardize the test inoculum used in the bi-
oleaching experiments, the density of Acidithiobacillus
ferrooxidans was determined using the technique of
plate count performed in triplicate. A solid T&K-
agarose medium and an aqueous solution (distilled wa-
ter acidified to pH equal to 1.8 with concentrated sulfu-
ric acid) with 0.5% Tween 80 were prepared.

The leaching experiment was performed in 250 mL
Erlenmeyer flasks containing 37.5 g of ore and 150 mL
of leaching solution (sulfuric acid solution at pH equal
to 2.0) per vial (percentage of solids equal to 20%) at
constant stirring 130 RPM and 30°C for 60 days. In the
shaking-flask experiments, bioleaching parameters (pH,
redox potential, copper extraction, ferrous- and ferric-
iron concentration) were controlled regularly.

To assess the response of the ore in the presence and
absence of bacteria for each leaching solution, the fol-
lowing steps were carried out in duplicate: (a) a flask
without bacteria with the addition of formaldehyde (5%
v/Vv) to sterilize the ore (chemical control); (b) a inocu-
lated flask with 10% v/v of Acidithiobacillus ferrooxi-
dans with 108 CFU/mL (with the isolated bacteria and
possible bacteria native to the ore); and (c) a flask with-
out the inoculum and without formaldehyde, (only the
bacteria native to the ore may be present).

Every 20 days, tests were performed to check the
absence of Acidithiobacillus ferrooxidans in the flasks
that were not inoculated with the isolated strain and its
presence in the flasks where it was added. The tests
were conducted by withdrawing 1 mL from each flask,
and inoculating the medium with 20 mL of the freshly
prepared T&K medium, and incubated at 130 RPM and
30°C.

To obtain information about the acid consumption of
the sample, the potential for acid generation and yield of
metal extraction were investigated during testing. The
pH and the amount of Fe?* were monitored at intervals
of 48 hours. The concentration of copper in the solid
and its content in the leach liquor were monitored week-
ly.

To measure the pH, the electrode was sterilized by
immersion in formaldehyde solution 5% v/v for 30
minutes. To prevent contamination of the samples,
measurements were always initiated by the control (with
formaldehyde) followed by the flask containing only the
ore and subsequently the flask with the inoculum of
Acidithiobacillus ferrooxidans.

When necessary, the ore flasks were supplemented
with sterile concentrated sulfuric acid until the system
reached a pH range between 1.5 and 2.0. The volume of
acid used for this pH adjustment was recorded to calcu-
late the acid consumption in relation to the mass of ore.

To determine the copper content, aliquots of 10 mL
of the pulp was taken at a regular interval of 7 seven
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days, after homogenization of the system. The sample
was filtered (pore 25 mM) and washed with deionized
water until a neutral pH was reached. The solids re-
tained on the membrane were dried and analyzed by X-
ray fluorescence (XRF) with the Thermo Scientific Ni-
ton XL3 500, while the filtered liquid was analyzed by
flame atomic absorption spectrometry (Spectran AA
55B-Varian) in order to obtain data regarding the ex-
traction of copper. All the glassware and other materials
used in atomic absorption had previously been sterilized
by immersion in 3% neutral detergent (Extran®, Merck)
for 24 hours, followed by immersion in 20% nitric acid
overnight, and then washed with pure water Type I.
The reagent blank of the reagents was performed to-
gether with the samples. For copper, the target of the
reference material value is 16.8 mg/L, ranging between
15.8 and 17.8 mg/L. When necessary, the samples were
diluted in 0.2% nitric acid so that they could be at the
limits of detection.

Ferrous iron (Fe?*) was determined by volumetric ti-
tration with potassium dichromate. The concentration
of Fe?* was determined by titration the residual Fe?*
with a standard solution of 0.1 N potassium dichromate.
The pH and Eh (redox potential) measurements were
made using a combined glass electrode and a platinum
electrode (Ag/AgCI) respectively.

In this study, an experimental diagnostic leaching
procedure was developed to evaluate the different min-
eral phases containing copper. The sequence used for
the destruction of the ore is dependent upon the miner-
alogy of the sample. In this study, HCI, HNOs; and cya-
nide treatments were used for the breakdown of miner-
als. The sequential diagnostic leaching procedure is: i)
HCI leaching 24h, 1M, 25°C (accounts for solubilize
copper oxidized species), ii) "Cyanidation, 48h, [CN]=
500 mg/L, pH=12, 25°C, iii) Cyanidation, 24h, [CN]=
1500 mg/L, pH=12, 30°C, iv) Cyanidation, 24h, [CN]=
10000 mg/L, pH=12, 45°C (account for copper second-
ary sulfides), and v) HNOgs leaching, 65%, 48 hs (ac-
counts for copper primary sulfides). The residual copper
is located in silicates and other insoluble minerals.

I1l. RESULTS AND DISCUSSIONS

Figure 1 presents the diffraction pattern for the Caraiba
copper ore and copper flotation concentrate. The ore is
mainly composed of silicates (albite, muscovite, chlorite
and quartz) and the copper sulfides are mainly bornite
and chalcopyrite. Figure 2 shows a SEM image ob-
tained for a sample of the ore used in the experiments.
The figure showed the presence of sulfides of copper
without Fe, which may suggest a significant amount of
covellite (CuS) or chalcocite (Cu.S), in addition to the
expected presence of chalcopyrite (CuFeS;) and bornite
(CusFeSa). This indicates that some copper will be ex-
tracted in acidic solution in the absence of bacteria.

The diagnostic leaching is summarized in Table 1. It
is notable that about 28% of the copper is solubilized in
HCI indicating the presence of oxidized species. The
secondary copper sulfides (including chalcosite, colveli-
te and bornite) account for about 43% and the primary
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Figure 1. X-ray diffraction pattern for the Caraiba copper ore
and copper flotation concentrate (bottom curve).
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Figure 2. SEM image of the Caraiba ore.

Table 1: Diagnostic leaching of the copper ore

Leaching: Cu Fe Partition Cu Species
(%) (%) (%)
Ore 0.927 96 -

() HCl 0.666 8.9 28.2 Oxidized
(ii) NaCN 0515 88 16.2 Secondary
(iii) NaCN 0.306 8.6 22.6 Secondary
(iv) NaCN 0.263 85 4.6 Secondary

(V) HNOs 0.043 80 23.8 Primary
4.4 Occluded
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sulfide (chalcopyrite) account for about 24%. The bot-
tom curve in Figure 1 is the flotation concentrate dif-
fractogram that has a copper content of about 34%. In
the present case, the bornite content of the ore is higher
than the chalcopyrite content.

The initial pH in the process was 2.0 as this is the
optimum pH value for the growth of Acidithiobacillus
ferrooxidans. Constant monitoring of the rise in pH was
carried out, which otherwise would cause the precipita-
tion of iron salts and would maintain the optimum
growth of microorganisms. The adjustment of the cor-
rect pH value is a necessary condition for the growth of
the leaching bacteria and is decisive for the solubiliza-
tion of the metal. Changes in pH with time in the bi-
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oleaching experiments are present in Fig. 3. The curve
of pH corresponds to the initial verification of this pa-
rameter (before setting the optimal range of 1.5 to 2.0).
These data allow us to identify the action of microor-
ganisms in relation to the production and consumption
of acid by the system. In the early days of the experi-
ment, the pH increased significantly, to greater than 7.0
in the experiments without the inoculum and it was
about 4.0 in vials containing the isolated. This increase
in pH was due to the large consumption of this solution
for the oxidation leaching of the mineral acid. Howev-
er, the pH in the system with the bacteria increased to a
lesser extent as these microorganisms produced part of
the acid used, as discussed above, by oxidation of the
elemental sulfur formed by the dissolution of chalcopy-
rite (Watling, 2006). In the system with no microorgan-
isms, the pH values also increased due to the slow but
progressive oxidation of ferrous ions and acid dissolu-
tion of chalcopyrite, with the consumption of sulfuric
acid (Watling, 2006). Therefore, under these conditions,
it was also necessary to maintain the pH. From the 30th
day of leaching, a greater tendency to stabilization of
the pH in both flasks with and without the inoculum was
seen. This was due to the decrease in the consumption
of acid by the system relative to the beginning of the
process and thus this reduces the extraction kinetics of
copper. Table 2 shows the Redox potential during bi-
oleaching tests at 9 and 58 days; one notes that the solu-
tion potential is enhanced from about 360 to 460 mV in
the medium with bacteria, indicating the oxidant action
of the microorganisms.
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Figure 3. pH time evolution during bioleaching tests.

Table 2. Redox potential during bioleaching tests (mV).

9 days 58 days
Ore 258.8 368.3
255.8 366.9
Ore + Biocide 256.1 357.3
208.6 356.1
Ore + Bacteria 459.4 403.0
470.4 513.3
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Figure 4. Solution copper on bioleaching.

As can be seen in Fig. 4, in the first week of the ex-
periment, the copper content of the leach liquor in the
flasks with the inoculum of the isolate was three times
higher when compared to the other treatments without
bacteria and this ratio was maintained during the first 30
days of testing. After this period, a decrease in the ki-
netics of recovery in the inoculated flask was observed.
For the flasks without bacterial inoculum sterilized with
formaldehyde or containing only the ore and leaching
solution, little difference was observed between them.
The vials where formaldehyde was not added show a
slightly larger recovery of copper than the vials without
this bactericidal agent, probably due to possible oxida-
tion action of bacteria present in the ore itself, not Acidi-
thiobacillus ferrooxidans (because in the bacterial via-
bility test, both vials were negative for the presence of
Acidithiobacillus ferrooxidans). One may conclude that
the biomass of these bacteria present in the ore could
have been too small to allow an effective response in the
extraction of copper, or the possible microorganisms
present were not efficient at the temperature used in the
test. In the flasks with formaldehyde these possible "na-
tive" to the ore bacteria were killed by the use of this
chemical, which would have led to a lower solubiliza-
tion.

Table 3 shows the amounts of copper in the solid,
obtained by X-ray fluorescence before and after the bi-
oleaching experiment, and the final recovery of the met-
al. After 60 days of experiment, 58 and 60% of copper
in the vials containing the Acidithiobacillus ferrooxi-
dans was obtained whereas in flasks without the inocu-
lum 31 and 35% (with formaldehyde) and 37 and 44%
(without formaldehyde) were obtained.

Table 3: Copper ore content before and after the 60 days of
experiment.

Systems Copper content Recovery (%)

Test Initial  #1 #2 #1 #2
Ore 0.85 053 047 37 44
Ore+ biocide 085 055 058 35 31
Ore+bacteria 085 0.36 034 58 60
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In addition to the greater recovery of copper using
bacteria, it was necessary to add less acid (1.8 mL)
compared to the flasks without inoculum (2.5 mL). This
lower consumption of acid in the inoculated flask was
because the acid used by the system in the reaction of
oxidation of sulfides in this flask was produced by the
bacterium Acidithiobacillus ferrooxidans added.

The test was conducted without addition of nutri-
ents, the ore itself was used to provide the energy needs
of the bacteria. This was because the industrial plants
avoid this to prevent precipitation of solids, which may
affect the bioleaching process. According to the results,
the ore in this case provided the necessary nutrients for
the growth of the bacteria studied, and thus the success
in the solubilizing of copper.

IVV. CONCLUSIONS

The most abundant mineral in the Caraiba ore used in
the experiments was bornite. The copper chemical and
bio-leaching processes were evident when using Acidi-
thiobacillus ferrooxidans strain. The stirred flasks con-
taining microorganisms demonstrated better recovery of
copper, 58 to 60%. The extraction in sterilized flasks
was 31 and 35 %. The adjustment and maintenance of
the pH during bacterial leaching was of paramount im-
portance for the efficient recovery of copper because it
allowed the growth of acidophilic bacteria used and
prevented the formation of solid precipitate, which
would hinder the ore leaching process because of the
formation of a layer that prevents contact with the ore
leaching solution.
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