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Abstract: Bioleaching of samples taken from depths of 10, 15, and 20 m from
old flotation tailings of the Copper Mine Bor was conducted in shaken flasks
using the extremely acidic water of Lake Robule as lixiviant. The yields of
copper after five weeks of the bioleaching experiments were 68.34+1.21 % for
the 15-m sample, 72.57+0.57 % for the 20-m sample and 97.78+5.50 % for the
10-m sample. The obtained results were compared to the results of acid leach-
ing of the same samples and it was concluded that bioleaching was generally
more efficient for the treatment of samples taken from depths of 10 and 20 m.
The content of pyrite in the 20-m sample, which contained the highest amount
of this mineral, was reduced after bioleaching. The benefits of this approach
are recovery of substantial amounts of copper, reducing the environmental
impact of flotation tailings and the application of abundant and free water from
the acidic Robule Lake as lixiviant. The obtained results showed that bioleach-
ing could be more efficient than acid leaching for copper extraction from flo-
tation tailings with higher sulfide contents.

Keywords:. bioleaching; flotation tailings, Lake Robule; Bor.

INTRODUCTION

The Bor Mining and Smelting Company, one of the largest industria facil-
ities in the Republic of Serbia, is the only producer of copper, gold and silver in
the country. The Copper Mine Bor has been operating since 1903 and since then,
approximately 650 million tons of waste, including both overburden and flotation
tailings, were generated.

In the early years of exploitation, the ore from the Copper Mine Bor was
generally richer in copper.l The abundance of copper in combination with the
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relatively inefficient technology used for flotation resulted in the production of
flotation tailings containing significant amounts of copper. It is estimated that the
old flotation tailings of the Copper Mine Bor, used from 1933 to 1987, contains
about 27x106 tons of tailings with an average copper content in the range 0.2-0.3
wt. %, a gold content of 0.3-0.6 g t-1 and a silver content of 2.5-3 g t1.2-6
Hence, the best estimate of the total copper content in the old flotation tailings of
the Copper Mine Bor ranges between 54000 and 81000 t.

Previous detailed analyses of the mineral and chemical composition of
samples of the old flotation tailings®>® showed that the copper content in the
dump could reach 0.5 %. The analysis also revealed that the old flotation tailings
consists mainly of quartz, silicates, carbonates (77 %), pyrite (21.57 %) and other
metal sulfides (1.43 %). The most abundant copper sulfides are covellite (0.21
%), chalcopyrite (0.16 %), enargite (0.14 %) and chalcocite (0.04 %). The flo-
tation tailings is finely ground, with 55.3 % of the particles being smaller than
0.074 mm.6 The average liberation of pyrite is around 91 % that, in the presence
of water and atmospheric oxygen, represents an important reactive potentia for
the mobilization of heavy metal ions and the generation of acid mine drainage for
many years to come.®

Currently, the Bor Mining and Smelting Company is processing low-grade
ores, since the average content of copper in the ores from the open pit mines is
around 0.3 %.” Therefore, the old flotation tailings in Bor are, potentially, a
valuable source of copper for the Company.

As copper sulfides are acid soluble, copper from flotation tailings can be
leached by sulfuric acid solutions.4% Another approach for the recovery of
copper from tailings would include the use of acidophilic iron oxidizing micro-
organisms. This process is referred to as “bioleaching”.8 It is generally known
that many acidophilic microorganisms provide metabolic energy by oxidizing
ferrous iron, generating ferric iron:

2FeSO,(aq) + H,SO,(aq) + 0.50,(9) — Fex(SO,)s(aa) + Hx0(1) D

Ferric iron is a powerful oxidizing agent that is able to oxidize metal sul-
fides, such as pyrite and copper sulfides.4

2FeS,(s) + 7Fey(SO4)5(an) + 8H,O(I) — 15FeSO,(aq) + 8H,SO4(a0)  (2)

Acidophilic microorganisms very efficiently oxidize the ferrous iron rel-
eased from pyrite and regenerate ferric iron, accelerating the process of metal
sulfide oxidation.® Oxidation of the most important copper sulfides (covellite,
enargite, chalcocite and chalcopyrite, respectively) is presented in Egs. (3)—(6):4

CuS(s) + Fey(SOu)s(a0) — CuSO,(aq) + (s) + 2FeSO,(aq) (©)
2CU3ASS,(s) + 11Fey(SO,)s(aq) + 8HO(1) —
— 6CuSO,(aq) + 2H,ASO,(ad) + SH,SO4(aq) + 83(s) + 22FeSO,(ad) (4)
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Cu,S () + Fey(S0,); (ag) — 2CuSO,(aq) + S (s) + 4FeSO4(an) 5
CuFeS,(s) + Fey(SO,)s(ad) — CuSO,(aq) + 25(s) + SFeSO,(aq) (6)

Some species of acidophilic microorganisms are able to oxidize sulfur, pro-
ducing sulfuric acid and lowering the pH of the environment. Oxidation of cop-
per sulfides produces soluble copper that can be recovered from the solution by
application of solvent extraction/el ectrowinning technology.8

Open pit acidic lakes are widespread in mining areas and they present the
potential source of acidophilic microorganisms that could be used for bioleaching
of copper. The Robule Lake is an extremely acidic water body that is located
near the town of Bor, at the foot of the overburden of the open pit. The input of
acid mine drainage from the overburden had caused the lake water to become
highly acidic and deep red in color due to the high concentrations of ferric iron.
The redox potential of the lake water measured in July 2012 was +850 mV.11
Kora¢ and Kamberovi¢® reported that the concentration of suspended solids in a
water sample collected in February 2005 was 199.6 mg L—1. Previous studies
confirmed the presence of acidophilic bacteriain the Lake water.10.11 The latter
study?! showed that the most abundant bacteriaidentified in a sample of the Lake
water were the heterotrophic bacteria Acidiphilium cryptum and the autotrophic
iron-oxidizers Leptospirillum ferrooxidans, with a relatively small number of
autotrophic iron- and sulfur-oxidizers Acidithiobacillus ferrooxidans.

Besides Lake Robule, there are also other sources of acidic wastewaters in
the Bor Mine area, which could be used for leaching copper from waste material.
For instance, the wastewater streams originating from the open pit Bor, copper
refinery and smelting plants are also characterized by low pH values and high
concentrations of iron.9

The aim of this work was to investigate the possible applications of the
acidic water of Lake Robule in the process of bioleaching of copper from the flo-
tation tailings.

EXPERIMENTAL
Samples

The flotation tailings samples were collected from 20 m-deep drill holes drilled in 2007.
Chemical and mineral compositions of the selected samples were previously determined.>®
The samples used in this work were taken from depths of 10, 15 and 20 m, and contained
5100 mg kg1, 3300 mg kgt and 4300 mg kg1 of copper, respectively.

The sample of the water from the Lake Robule was collected on June 12", 2013. The

water temperature and pH of the sample were measured on site using a Hanna Instruments Hl
98312 device.

Copper analysis
The total copper concentration in the water sample was measured using a modified

method described by Anwar et al.12 Copper (I1) was reduced to Cu(l) by the addition of 200
pL of 10 % hydroxylamine solution to 100 pL of water sample. The solution was mixed well
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and incubated for 5 min at room temperature. Tartrate buffer (1 mL of 0.5 M HCI added to
100 mL of 0.5 M sodium tartrate and pH adjusted to 5.5) was added to the sample and the
solution was mixed. Then, 500 uL of phosphate buffer (87.7 mL of 0.2 M NaH,PO,-2H,0O
with 13.3 mL of 0.2 M Na,HPO,-12H,0) and 100 pL of 0.1 % bicinchoninic acid (Sigma
Chemicals, USA) diluted in tartrate buffer were added and the sample well mixed. Finally, 0.8
mL of distilled water was added, mixed and after 10 min at room temperature, the absorbance
at 562 nm was measured.

Iron analysis

Amounts of soluble ferrous and ferric iron were determined spectrophotometrically by
the phenanthroline assay!3 and thiocyanate assay,}* respectively. Briefly, the supernatants
were collected after centrifuging 1 mL of bioleaching cultures for 10 min at 13000 rpm. For
the determination of Fe(ll) ions, the samples were prepared by mixing 50 puL of supernatant
with 20 pL 1 M Na-acetate and 150 pL 5 mM 1,10-phenantroline-monchydrate and, finaly,
filled to 1 mL with deionized water. After 15 min incubation at room temperature, the absor-
bance was read at 510 nm. The Fe(ll) concentration was determined based on the standard
curve prepared using FeSO,-7H,0. For the Fe(lll) determination, 500 pL of appropriate
dilution of supernatant was mixed with 500 pL of 1 M NaSCN and incubated for 15 min at
room temperature. The concentration of ferric ions was determined by comparing the absor-
bance readings at 490 nm to standard curve prepared with FeCl;-6H,0.

Bioleaching experiments

Water from the Lake Robule (100 mL was poured into each of three 250-mL conical
flasks and 5 g of different samples of flotation tailings were added to each flask. The flasks
were labeled S-10, S-15 and S-20, referring to the depth from which the samples were col-
lected. Abiotic controls were prepared in a similar manner, except the samples of flotation
tailings were incubated with 100 mL of sulfuric acid solution. Sulfuric acid was dissolved in
distilled water, final pH of the solution was 2.5 in order to match the pH value of the Lake
water. The control samples were labeled as CS-10, CS-15 and CS-20.

An additional control contained solely 100 mL of water from the Lake and was labeled
LW. All samples and controls were incubated for five weeks at 30 °C under constant rotation
of 150 rpm. One mL of sample from each flask was taken once a week for determination of
the concentrations of copper, ferric and ferrous ions and pH, as described. Distilled water was
added in order to compensate the evaporated water. All measurements were performed in
triplicate.

X-Ray powder diffraction analysis

The samples were analyzed in the Laboratory for Crystallography at the Faculty of
Mining and Geology, University of Belgrade, on a Philips PW 1710 X-ray powder diffracto-
meter. Experimental conditions were as follows: U =40 kV, | = 30 mA, CuK, = 1.54178 A,
26 range of examination 4-90°, step 0.02° and time constant 1 s (per step). The source of
X-rays was a copper anticathode with a graphite monochromator. The minerals were iden-
tified by comparing the obtained relative intensities /1,5 and d values with data from the
JCPDS database. Semi-quantitative analysis of the diffraction data was preformed using
computer software Powder Cell (Federal Institute for Materials Research and Testing, BAM,
Berlin, Germany).
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Satistical analysis

Values of copper concentrations released over time from the same flotation tailings
sample by acid leaching and bioleaching were compared using the t-test. The effects of the
solutions used for bioleaching on copper recovery were determined by one-factor ANOVA at
a threshold level of P = 0.05 and by the Bonferonni test. All statistics analyses were per-
formed using SPSS 20 (SPSS Inc., Chicago, IL) software.

RESULTS
Physical and chemical properties of the water from Lake Robule

The color of the lake water is deep red due to the presence of a high concen-
tration of ferric iron in the water. The temperature and pH of the water measured
on site were 21 °C and 2.53, respectively. The concentrations of copper and iron
were determined in the laboratory the day after sampling. The concentration of
iron in the water sample was 250+1.54 mg L—1 and that of copper was 47.24+
+0.610 mg L1,

Bioleaching experiment

Changes in the concentrations of copper, and ferrous and ferric irons during
the bioleaching experiment are presented in Fig. 1. Since the lake water itself
contained copper, the concentration of extracted copper was calculated by sub-
tracting the copper concentration measured in flask with the lake water only
(flask LW) from the total copper concentration measured in the leaching solution

(flasks S-10, S-15 and S-20). The yields of copper after five weeks of bioleach-
ing are presented in Table.

TABLE |. Copper contents and the yield of copper after five weeks of bioleaching

Parameter Sample

S10 S-15 S-20 Mean
Cu content, mg kgt 5100 3300 4300 4233
Cu bioleached, mg L1 249+14 113+2.1 156+1.2 173+14
Yield of Cu, % 98+5.5 68+1.2 73+0.6 82+8.2

According to one-way ANOVA (leaching solution) and the Bonferonni test
(P < 0.001), the extraction of copper from flotation tailing samples collected at
depths of 10 and 20 m was significantly more efficient during bioleaching in
comparison to acid leaching (Fig. 1). The differences in concentrations of copper
recovered from the 15-m samples by bioleaching and acid leaching were not sta-
tistically significant (P > 0.05, Fig. 1). Notably, there was no significant increase
of the released copper concentration during acid leaching over the period from
the second to fifth week (P > 0.05, t-test). On the other hand, statistical analysis
(Bonferroni test) showed that the concentrations of copper obtained after five
weeks of bioleaching of the 10-m and 20-m samples were significantly higher
than the concentrations measured in the previous four weeks.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



STANKOVIC et al.

396

() dS1ieISE U Y1IM padifew 8e G'Z Hd Jo suonn|os pide O1NYINS YIIM Syse|} 8yl Ul Uey) Jolem axe| 8yl Yimsyse |y auyy ul eybiy Apueaty
-1uB s 8JoM Ty} Joddod JO SUOITRIIUBDUOD BY | "SHEOM U JUSWIESJ] 8U) JO UOIIRINp 8y} Jussaidal SixXe-X 8yl U0 SsenfeAsy ] "W Og pue ST ‘0T
JO syidap wio.y usxe) sajdutes ay} Jo Buiydes|oiq Buinp painseaw uodi 9148} pue snolsey pue ‘jeddod Jo suoienuaouod uissbueyd T B4

Syeam ‘aw||

13 z T

Syeam ‘awi]

s)eam ‘awi]

£ z T
ppvs
£ z T
- wm
‘a-
v
v
/
v -
e
£ z 1

g 8

g
I__'|5Lu ‘UONBNUSDUOD N

05T

,.1Bw ‘uopenusouos | 84

;
,.Bw ‘uopenuecuod e

o

(v

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



BIOLEACHING OF COPPER FROM THE FLOTATION TAILINGS 397

The changes in pH values during bioleaching with lake water, and leaching
with sulfuric acid solution pH 2.5 are presented in Table .

TABLE Il. Changesin pH during the bioleaching experiment

Sample Week
1 2 3 4 5

S-10 254 2.58 243 224 2.22
S15 253 250 2.33 2.26 2.20
S-20 2.55 2.88 2.36 2.33 231
Cs10 2.50 3.44 3.27 3.02 3.34
Cs15 2.50 2.80 2.65 2.67 2.68
CS-20 2.50 2.88 2.63 2.70 2.77

X-Ray powder diffraction analysis

Results of the X-ray powder diffraction analysis of the flotation tailing
samples before and after treatment are shown in Figs. 2 and 3, respectively. The
results of the quantitative analysis of the diffraction data are presented in Table
I11. The most abundant mineral in all samples was quartz (SiO,). Pyrite (FeS,)
and secondary copper-containing mineral langite (Cu,[(SO,)(OH)g]-2H,0) were
also detected in all samples.

DISCUSSION

The aim of the study was to test the potential of acid water from Lake Robule
for bioleaching of copper from the old flotation tailings of the Copper Mine Bor.
In order to evaluate this, changes in concentrations of copper, and ferrous and ferric
iron were monitored for five weeks in the bio- and acid- leaching experiments.

The obtained results showed that changes in the concentrations followed a
similar pattern regardless of which sample of flotation tailings was used (Fig. 1).
Within the first two weeks of bioleaching, the copper concentration in al three
samples rose rapidly, and continued to rise during the third week but more
slowly. Although decreases in the copper concentrations were observed during
the fourth week, in the last week of the bioleaching experiment, the concentration
of copper increased and reached the maximal level (Fig. 1A). The increase in
concentrations of ferrous iron during bioleaching (Fig. 1B), which coincided with
the initial rise in the copper concentrations, indicates that leaching of copper
during the first three weeks was, at least partly, mediated by the presence of fer-
ric iron that originated from the lake water. On the other hand, the increase in
concentrations of ferric iron were slower until the fourth week, when a steep inc-
rease in its concentrations (Fig. 1C) and a decrease in ferrous iron concentrations
(Fig. 1B) were detected. Although changes in the concentrations of copper, fer-
rous and ferric iron in the acid leaching experiments showed a certain similarity
with those during bioleaching, differences were clearly visible in the fourth
week, especialy in the ferric iron concentrations (Fig. 1C). These results suggest
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Fig. 2. X-Ray powder diffraction analysis of the tailings samples before treatment with lake

water. Changes in peak heights that appear to be significant are marked with arrows. The
samples of flotation tailings taken from depths of: &) 10, b) 15 and c) 20 m.

that bacterial influence on the oxidation of sulfide minerals in the first three
weeks was lower than in the last two weeks, when the bacteria exhibited their
maximal activity.

During the process of bioleaching, acidophilic iron oxidizers, such as Acidi-
thiobacillus ferrooxidans or Leptospirillum ferrooxidans, attach to the mineral
surface and produce a biofilm of exopolysaccharides, which facilitates the oxi-
dation of pyrite and other sulfide minerals. After attachment, the bacteria in the
biofilm multiply rapidlyl>-18, Zeng et al. tracked a number of attached and plank-
tonic moderately thermophilic acidophiles during bioleaching of chal copyrite.18
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Fig. 3. X-Ray powder diffraction analysis of the tailings samples after treatment with lake
water. Changes in peak heights that appear to be significant are marked with arrows. The
samples of flotation tailings taken from depths of: &) 10, b) 15 and c) 20 m.

TABLE Ill. Results of the semi-quantitative analysis of the X-ray powder diffraction data of
the samples of flotation tailings before and after bioleaching. Content of the minera in the
sample, %. Abbreviations: BT — before treatment, AT — after treatment

Component

Sample Quartz Pyrite Langite
S10BT 76 3 22
S10AT 86 2 12
S15BT 74 10 16
SI15AT 76 11 13
S20BT 72 20 8
S20 AT 80 11 9
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The authors reported that during bioleaching, the number of attached cells
reached its maximum on the 20t day and remained stable until the 36t" day,
when it began to decline. On the other hand, the number of free cells was lower
in comparison to attached cells during the first three weeks of the experiment.
Subsequently, the number of free cells began to increase rapidly and significantly
outnumbered the attached cells. The attached cells oxidized chalcopyrite causing
the release of ferrous iron that was rapidly oxidized to ferric iron by the free bac-
terial cells, stimulating the growth of planktonic iron oxidizing bacteria and caus-
ing an increase in the concentration of ferric iron in the solution. After approx-
imately 30 days of the experiment, the number of free cells started to decrease.
Similarly, Zao et al. reported that the number of free cells during bioleaching of
chalcopyrite with a pure culture of Acidithiobacillus ferrooxidans was the highest
on the 50t day of experiment, as well as concentration of ferric iron and positive
redox potential.17 The concentration of ferrous iron increased until the 50t" day,
when a drop in its concentration was detected. After 50 days of bioleaching, the
number of free cells in the solution began to decline, causing, on one hand, a dec-
line in the concentrations of ferric iron and the redox potential, and, on the other
hand, an increase in the concentrations of ferrousiron.18

These studies and the present results indicate that after three weeks of the
bioleaching experiment presented in this paper, the number of attached cells pro-
bably reached its maximum, causing a rapid dissolution of pyrite and other sul-
fide minerals. Simultaneously, the ferrous iron that was released into solution
was quickly oxidized to ferric iron by the fast growing free bacterial cells, stimul-
ating further oxidation of pyrite and other metal sulfides. The number of free
cells probably reached its maximum during the fourth week of the experiment,
and after this period, their number started to decline.

The efficiency of bioleaching depends strongly upon the minerals that make
up the treated material. Bioleaching of copper oxide minerals, such as tenorite
(Cu0), cuprite (Cu,0O), maachite (Cu,(CO5)(OH),) and chrysocolla (CuSiOs:2H,0)
are the most efficient.8 Generally, bioleaching of copper sulfides is more difficult
and requires more time than the bioleaching of copper oxides.8 Copper sulfides,
such as covellite (CuS), bornite (CusFeS,) and chalcocite (Cu,S), can be success-
fully oxidized during bioleaching and the yield of copper is usualy substantial.20
On the other hand, the formation of a passivation layer of jarosites during the
bioleaching of chalcopyrite(CuFeS,) prevents its oxidation in the early stage of
the bioleaching process and hence, the yield of copper after bioleaching of chal-
copyrite at ambient temperature is significantly lower in comparison to the bio-
leaching of covellite, chalcocite and bornite.1720 Dew et al. studied the bioleach-
ing of various types of sulfide minerals and reported leaching rates of minerals
from high to low: chalcocite, bornite, cubanite, covellite, enargite, carrolitte and
chalcopyrite.21 The most abundant copper sulfide mineral in the old flotation tail-
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ings of the Copper Mine Bor is covellite, followed by chalcopyrite, enargite and
chalcocite. 45

The yield of copper after five weeks of bioleaching was 68.34+1.21 % for
the S-15 sample, 73+£0.6 % for the S-20 sample and 98+5.5 % for the S-10 sample
(Table1). The unusudly high content of copper in the S-10 sample (5100 mg kg=1)
is the consequence of precipitation of copper sulfate in the upper layers of the
flotation tailings, which have been in contact with air and water for decades. Ste-
vanovi¢ reported that the surface layers of the flotation tailings dump at depths of
0 and 1 m contain only 260 and 320 mg kg1 of copper, respectively.> Content of
copper in the dump is the highest at depths of 10 m and 20 m.4-6 The exposure of
the surface layers of the dump to air and water for years have initiated chemical
and biological processes that led to almost complete oxidation of pyrite and other
sulfide minerals (Table 111, Fig. 2). X-Ray powder diffraction analysis reveaed
the presence of the secondary copper-containing mineral langite Cu,[(SO,)-
(OH)¢]-2H,0 in all samples (Fig. 2). Langite usually occurs in mine dumps in
which copper sulfate forms because of oxidation of the copper sulfides.22 The
content of this mineral was highest in the S-10 sample, and was significantly
reduced after bioleaching (Table I, Fig. 1). Dissolution of the copper sulfate and
langite in acidic solution was, presumably, the reason for a very high yield of
copper, which was detected during both bioleaching and acid leaching of the S-
10 sample (Fig. 1; Table I). Certain amounts of copper were also released from
copper oxides that were formed during the oxidation of copper sulfides.4% The
content of copper in the 15-m sample was lower in comparison to the 20-m
sample (3300 and 4100 mg kg1, respectively). This finding was expected assum-
ing that the content of copper in the mined ore had been gradually decreasing
over the years, and that the flotation technology improved and become more effi-
cient with time. According to the data presented in this paper and data published
by other authors,4-5 the old flotation tailings can be divided into three zones:
oxidized zone with the lowest content of copper (0-5 m) where sulfide minerals
are aimost completely oxidized, zone of precipitation (5-15 m) where precipi-
tation of copper sulfate occurred, and unoxidized zone (15-30 m) where the oxi-
dation rate of sulfide minerals was the lowest (Fig. 4).

The amount of pyrite in the 15-m sample was higher in comparison to that in
the 10-m sample, and the content of langite was lower (Table I11), which implies
alower oxidation rate of sulfide minerals in this layer. The content of pyrite and
langite in the 15-m sample remained unchanged after bioleaching (Fig. 3, Table
I11). The highest amount of pyrite and lowest amount of langite were detected in
the 20-m sample. Deeper sections of the old flotation tailings were in contact
with air and water for a shorter period than the tailings in the upper sections of
the dump. Due to a lower oxidation rate of sulfide minerals, the content of pyrite
in the deeper sections is higher than its content in the upper sections of the
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tailings and, consequently, the content of langite in the 20-m sample was much
lower in comparison to that in the 10-m sample (Table I11). After the bioleaching
experiment, the content of pyrite in the 20-m sample was reduced (Fig. 3, Table
I11), as the process of hioleaching generates ferric iron that is able to oxidize
pyrite, and thus reduce the amount of this mineral in the tailings.

oxidized zone

zone of precipitation

unoxidized zone

Fig. 4. Stratification of the old flotation tailings dump based on the content of copper. Shades
of grey indicate copper concentrationsin different zones.

Stevanovi¢ et al. performed an acid leaching experiment on the old flotation
tailings samples in columns with or without the addition of oxidizing agents, with
a1:1 sample to acid solution ratio.> The highest yield of copper during this acid
leaching experiment was demonstrated for the 10-m sample and it was 89.87 %.
Maximal yields of copper detected after acid leaching with the addition of oxi-
dizing agents were 73.97 and 48.12 % for the 15-m and the 20-m samples, res-
pectively.® The degree of copper leaching from the 20-m sample was lower than
those from the 10-m and 15-m samples,® which was not surprising, since the
results of X-ray powder diffraction (Fig. 2) showed that the content of sulfide
minerals was the highest in the 20-m sample.

The yield of copper detected after bioleaching of the 20-m sample reported
in this paper was 73+0.6 % (Table 1). By comparing the results obtained after
acid leaching of the flotation tailings*% and the results obtained by bioleaching
of these samples presented in this paper, it could be concluded that bioleaching
was more efficient than acid leaching for the treatment of the flotation tailings
with higher sulfide mineral contents, which is located in the deep layers of the
dump. In order to confirm further this conclusion, the next stage of the research
will focus on the bioleaching of flotation tailings samples in columns. These
column bioleaching tests will also provide an estimation of amounts of copper
that could be recovered from the flotation tailings during large-scale heap bio-
leaching.

Lake Robule is marked as an environmental “hot spot” in the Bor mining
area. In order to stop further pollution, treatment of the acidic water that cons-
tantly flows from the Lake is urgently required. The most efficient approach for
such treatment of highly polluted acidic waters is the application of technology
based on H,S produced by sulfur-reducing bacteria in sulfidogenic bioreactors.
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Hydrogen sulfide reacts with metal cations in wastewater thereby forming metal
sulfides. Due to their low solubility, the metal sulfides precipitate and their sel-
ective precipitation is accomplished by controlling the pH of the solution.23.25
The precipitated metal sulfides could be used for the production of pure metas,
such as copper and zinc. This technology successfully removes As, Sb, Cu, Fe,
Ni, Zn, Co, Cd, Mn and Pb from acidic waste waters.23 After neutralization of
the acidity, the treated water is pure enough to be released into the environ-
ment.23 Heap bioleaching using acidic lake water as lixiviant, coupled with the
above described technology, could turn the expensive process of wastewater
purification into a profitable operation. The main disadvantage of this technology
is the substantial initial capital investment.23

CONCLUSIONS

Basic bioleaching experiments in shaken flasks showed that significant
amounts of copper could be recovered from samples taken from the old flotation
tailings of the Copper Mine Bor (around 80 % on average), by application of
water from the extremely acidic metal-rich water body of Lake Robule as lixi-
viant. It was aso shown that after bioleaching of the 20-m sample, the content of
pyrite in the sample was reduced. This last finding is especially important if one
considers the fact that reducing the amount of pyrite could decrease the negative
environmental impact of the tailings. It is an obvious advantage of bioleaching
over acid leaching, since protons alone are not able to break the chemica bonds
in the pyrite molecule; hence, this mineral is unaffected by acid leaching.

In general, there are at least three benefits of the presented approach: the rec-
overy of substantial amounts of copper, a reduction of the environmental impact
of the Lake of the tailings, and the use of abundant and free water from an ext-
remely acidic lake.
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U3BOL
BUOJIYKEIBLE Y30PAKA ®JIOTALIMOHE JAIOBUHE W3 CTAPOT ®JIOTAIMOHOT
JAJIOBUIIITA PYOHUKA BAKPA BOP

CPBAH CTAHI{OBHT}i, HWBAHA MOPI/I’BZ, AJIEKCAHIAP HABI/IEZ, CAHIIPA BOJHOBI/I'BZ, BPAHKA BACU/bEBUR’
v BIAJULIA LIBETI(OBI/I'E1

IVHMGCPSMLTICITA y Beoipagy, Pygapcko—ieonowxu paxynitedi, Bywuna 7, beoipag u 2 Ynusepsuiiei y
Beoipagy, Huctuuitilyiti 3a MOJIeKyNaApHy TeHeliuky u ieHeliuuxu unicerepuni, Bojeoge Ciuetie 444a, Beoipag

Y pazy je onucaH eKkcliepUMEHT OHONyXema y3opaka (ioTallioOHe jaloBHHE Y3eTHX ca
nybuna og 10, 15 1 20 m u3 crapor ¢rotauroHor janosuiuTa Pynauka daxpa bop. Kao myxHu
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pacTBop je ymnoTpedrbeHa Boma M3 ekcTpeMHO Kucesnor jesepa Podyne (Bop). [Tpunoc Sakpa
HaKOH IeT Hejesba JyKewa je duo: 68%1,2 %, HakoH TpeTMaHa y3opka ca Jybuse oj 15 m,
7310,6 %, 3a y3opax ca gydune on 20 m u 98£5,5 %, 3a ysopaxk ca nydune on 10 m. Hajmamu
cafip:kaj CyndUIHUX MUHEpaa je AeTeKTOBaH y y30pky ca nyouHe o 10 m, a Hajsehu y y3op-
Ky y3eToMm ca oyduHe of 20 m. Pe3ynraTu SHoyxema cy ynopeheHu ca pesyaTaTima IyxKema
HCTHX y30paKa PacTBOPOM CYMIIOpDHE KHCenuHe. I[IpuMeHOM MeTone Duommyxema HBoOHjeH je
3HauajHo Behu mpuHOC Hakpa U3 y3opaka ca nydusHe on 10 u 20 m y 0gHOCY Ha JTyKemhe UCTUX
y30paka pacTBOPOM CyMIIOpHe KucennHe. Takohe, camp:kaj mupuTa y y30pky ca nyduse oxg 20
m je CMambeH HaKkoH duoyxemwa. [IpeqHOCTH pYMeHe TexXHOIoTYje duomyxemwa 3a Jodujame
Oakpa u3 GoTalMoOHe jalOBHHE Cy: eKCTpPaKLHja 3HavyajHe KOJMUYMHEe Dakpa M3 TPeTHPaHUX
y30paKa, CMamewhe yTHllaja TPeTUPaHe jaJloBUHE Ha KMBOTHY CpeluHy M ynorpeda Boje U3
€KCTPEMHO KHcesor jesepa Podysne, koje uma y u3oduspy. Pesynrtatu ykasyjy Ha To fa ou duo-
JIyXKeme MOrIo OUTHu edUKaCHUje Y ONHOCY Ha KHCeIMHCKO JIyXKeme 3a eKCTpakiujy dakpa u3
IyOr/pUX Cr0jeBa cTapor (UIOTAlMOHOT jaJIOBHUILTA, KOje KapaKTepHlle BUCOK Cafpxaj cyadun-
HUX MHMHepana.

(ITpumsbeHo 11. anpuna, peBugupaHo 4. jyna, npuxsaheno 23. centemdpa 2014)
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