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The treatment of low-grade ores which is considered as an important source of non-ferrous
and precious metals requires the development of high-efficient technologies for metal extraction
ensuring low impact on environment. The goal of the present work was to study the possibilities of
application of biohydrometallurgical approach for the processing of Kajaran low-grade copper-
molybdenum ore. Sulfide and oxidized ore samples containing 0.63 and 0.77 % of copper, 1.81
and 1.55 % of iron and 0.14 and 0.023 % of molybdenum, respectively were used. The
experiments were carried out in 250 ml flasks under shaking conditions as well as glass columns.
Indigenous and adapted bacterial consortia “Kajaran” and “Kavart” were used for bioleaching of
ore samples. The influence of particle size (PS), pulp density (PD), adaptation of culture on the
process of copper extraction was studied.

Sulfide and oxidized ores — bacterial consortia — adaptation — copper extraction —
column bioleaching
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O06paboTKka HU3KOCOPTHBIX PYI, KOTOPBIE CYMTAIOTCS BaXKHBIM MCTOYHHKOM L[BETHBIX M
JParoleHHBIX METaJUIOB, TpeOyeT pa3paldOoTKH BBICOKO3()(EKTHBHBIX MOAXOJOB K HM3BJICYECHHUIO
METaJlJIOB, O00ECIeYNBAIOIIMX MHHHMAJIbHOE BO3JCHCTBHE Ha OKpYyXamlilylo cpexy. Llenbio
HacTosIel paboThl ObUIO M3yYeHHE BO3MOXHOCTEH MPUMEHEHHsS OHOTHAPOMETaLIyprH4ecKoro
noaxona mpu nepepaborke KamxapaHckod HH3KOCOPTHOW MEIHO-MOJIMOAEHOBOM PyIbL.
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Hcnonp3oBanuch 0o0pas3ubl cynbGUIHOH M OKHUCIEHHOH pynsl, conepxkamue 0,63 u
0,77% menu, 1,81 u 1,55% xenesza u 0,14 u 0,023% monnbaeHa COOTBETCTBEHHO. DKCIEPUMEHTHI
MIPOBOMINCH B KOOax Ha 250 MII B YCJIOBHSX BCTPSAXMBAHUS a TakkKe B Ja0OpaTOPHBIX
CTEKIITHHBIX KOJIOHKax. /{11 OnoBBIIIenaunBaHus 00pa3loB pyas! OBUIM HCIIONIB30BAHBI TUKHE U
aJanTHPOBaHHBIE OakTepHanbHble KoHcopuumyMmbl ‘Kamen” um “Kaapr”. M3ydeHo BnmsiHHE
pa3Mepa 4YacTHIl, IUIOTHOCTH ITyJbIIBI, agaNTaliy KyJIbTyp OakTephil Ha INPOIECC HM3BICUYCHHUS
MEJIH.

Cynvghuonsvie u oxucaenHvie pyovl — 6aKmepuaibvle KOHCOPYUYMbL — A0ANMAYUs- UsgedeHue
Meou — OUOBLIYENAUUBAHUE 8 KOTIOHKAX

Bioleaching is a biohydrometallurgical process which is mainly applied for the
treatment of low-grade ores (eg copper, zinc) with acidic solution and microorganisms
[1-3]. Recently, low-grade ores are considered as an important source of copper
connected with rapid depletion of high-grade ores [4, 5]. It is important to note that
copper in ores mainly exists as primary mineral chalcopyrite (CuFeS,). Chalcopyrite is
one of the most difficult minerals to be treated by bioleaching technology. Therefore, the
processing of such kind of ores requires the development of high-efficient approaches. It
is considered that bioleaching of sulfide minerals occurs by indirect non-contact and
contact mechanisms via ferric ion [6, 7]. Oxidation of chalcopyrite by ferric ion (indirect
mechanism) resulted in the generation of ferrous ion and elemental sulfur can be
presented by the reaction 1:

CuFeS, + 2Fe,(SOs); ——p  CuSO,+ 5 FeSO,+ 25° (1)

Thus, the contribution of microorganisms to the bioleaching of chalcopyrite is the
regeneration of oxidant — ferric ion (Fe*") and ensuring low pH condition [8-10]. Iron
and/ or sulfur oxidizing bacteria involved in bioleaching processes such as
Acidithiobacillus  ferrooxidans, Acidithiobacillius  thiooxidans, Leptospirillum
ferrooxidans, L. ferriphilum catalyze oxidation of ferrous ions and sulfur to ferric ions
(equation 2) and sulfuric acid (equation 3) respectively, that in turn significantly
increases the overall reaction rate of chalcopyrite biooxidation (Equation 1);

bacteria
4Fe® + O, + 4H" ——» 4Fe®* + 2H,0 (2)

bacteria
2S + 30, + 2H,0 ——— 250,% + 4H" 3)

The oxidation of pyrite could be served as a source of ferrous ion according to
following reaction:
FeS, + 8H, O + 14Fe®** —— 5Fe " + 250, % + 16H" (4)

Indirect contact mechanism presumes attachment of bacterial cells to mineral
surfaces that allows considerably increasing the rate of chalcopyrite bioleaching [11, 12].
The optimal growth and bioleaching activity of bacteria is strongly affected by physico-
chemical factors such as pH, substrate concentration, particle size, as well as bacterial
cell adhesion, adaptation and other properties [13-17].

The goal of the present work was to study the possibilities and effectiveness of
bioleaching for the processing of Kajaran low-grade copper-molybdenum ore. The
influence of particle size (PS), pulp density (PD), adaptation of culture on the process of
copper extraction from tested ore samples was investigated.
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Materials and methods. Ore samples. Sulfide and oxidized samples of Kajaran copper-
molybdenum ore were used for the present investigation. The chemical composition of the ore
samples was determined by Inductively Coupled Plasma — Mass Spectrometry (ICP-MS). The
results of ICP-MS analysis is shown in tab. 1.

Table 1. Chemical composition of the analyzed ore samples

N Samp|eS MO Totaly % CU Totaly % S Totaly % Fe Totaly % S|OZ Totaly %
1 Oxidized ore 0,023 0,77 0,49 0,49 1,55
2 Sulfide ore 0,145 0,63 13 13 1,51

The mineral composition of ore samples was studied in reflected light by polarizing
microscope up to 400 times magnification. Sulfide ore mineral composition was found to be as
follows: pyrite (euhedral)>>> chalcopyrite (anhedral) >bornite. Oxidized ore was comprised of
chalcopyrite (anhedral, replaced on margins by iron oxihydroxides), pyrite (partly euhedral) and
galena embedded in malachite. Malachite is supposed to replace chalcopyrite, while hematite
represents a typical replacement of pyrite.

Indigenous consortia of iron oxidizing bacteria. Acidophilic iron oxidizing bacterial
consortia “Kashen” and “Kavart” used in this study for the bioleaching of sulfide and oxidized
ores were obtained from acid mine drainage water of the appropriate copper ore deposits in
Armenia using enrichment technique. The consortia originally contained acidophilic sulfur
oxidizing At.thiooxidans, iron oxidizing At. ferrooxidans and Leptospirillum spp. bacteria. The
optimum pH and temperature ranges at which suitable growth of the isolated bacterial consortia
has been observed, are 1.8-2.0 and 30-35°C, respectively. The bacterial consortia were cultivated
and maintained in Mackintosh medium with ferrous iron as the source of energy [18].

Culture preparation. Bacterial consortia were transferred to Mackintosh medium
containing additionally 100 mg/L dissolved Cu and grown for 3-5 days prior to ore leaching tests.
In the logarithmic phase of growth the cells were collected by centrifugation at 6000g for 15 min.
Biomass collected was washed with acidified Mackintosh medium without Fe?" and resuspended
in the same medium. Bacterial cell number was determined by phase contrast microscopy using a
Thoma counting chamber, as well as by the method of tenfold dilutions. The most probable
number (MPN) of cells was calculated using the McCready Tables.

Bioleaching of ore samples. Sulfide and oxidized samples of Kajaran low-grade copper-
molybdenum ore were tested for bioleaching. The samples were ground in a porcelain mortar to
reach a size range between -3500 + 45um. The ore samples were passed through sieves to obtain
fractions of different sizes. Mineral grains were placed into Erlenmeyer’s flasks (250 ml),
moistened with water, and sterilized at 0.5 atm. for 30 min. Then 100 ml Mackintosh medium
without Fe?* pH adjusted to 2.0 with 10 N H,SO, was added. Consortia (bacterial suspension -
10%cells/ml) of “Kashen” and “Kavart” used for the bioleaching of ore samples were added to the
flasks. The bioleaching experiments were carried out at 37°C in the periodic mode and under
shaking conditions (170 rpm). Bioleaching of sulfide and oxidized ore samples was studied in the
range of pulp density from 10 to 20 % and particle sizes of 45-3500 um. The pulp density was
calculated as the ratio between solid and liquid. Sampling was performed at 24 h intervals and pH,
iron and copper ions were analyzed. The concentration of dissolved copper in the leaching solution
was determined by atomic absorption spectrometry (AAS 1N). The content of Fe®* and Fe** was
determined by the complexometric method with EDTA. The efficiency of bioleaching ore samples
was assessed according to dissolved iron and copper.

Column bioleaching. At the next stage of investigation the bioleaching of ore samples was
carried out in glass columns (percolators) with 35 mm in diameter and 220-230 mm in height
using “Kashen” and “Kavart” microbial consortia. Class columns were loaded with oxidized ore
samples with PS varying in the range of 0.8-3.5 mm and 9K medium (1:1). Percolation was
supplied by microcompressors. The experiments were performed at two stages. At the end of the
first stage pregnant sulutions were replaced with fresh medium.
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Results and Discussion. Influence of particle size. The influence of particle size

of ore samples on the bioleaching of copper by bacterial consortia was studied in the
range of 45-3000 pum (fig. 1).
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Fig.1. Effect of particle size on bioleaching of copper by “Kashen” consortium from sulfide
(a) and oxidized (b) ores of Kajaran deposit (PD — 20%, pH —1.8; t — 35°C, 180 rpm)

As presented in fig. 1, the rates of copper dissolution increased with decreasing
particle size from 3000 um to size fraction of +45 um. The obtained results showed that
the highest efficiency of copper extraction for both sulfide and oxidized ore samples was
observed at PS of 45 um. It can be explained that the decrease in the particle size leads to
an increase in the total surface area and consequently, the rate of sulfide mineral
oxidation and extent of copper dissolution.

Influence of pulp density (PD). In fig. 2 the effect of pulp density on copper
extraction during the bioleaching of sulfide and oxidized ore samples is presented. Pulp
densities of 10 and 20 % were tested. Data presented show that the amount of copper
transferred into the solution by both bacterial consortia increases about 2-3 times with
the increasing of PD from 10 to 20% (fig. 2).
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Fig.2. Recovery of copper from sulfide ore by “Kashen” consortium
(a) and oxide ore by “Kashen” and “Kavart” consortia at pulp density of 10 (Kash 10, Kav 10)
(b) and 20 % (Kash 20, Kav 20) (b) (PS - 63 pum, t—30 °C, 160 rpm)

However the extent of total copper extraction from sulfide and oxidized ore
samples at pulp density of 10 % is higher than at 20 % (tab. 2). It is suggested that the
pulp density has an important influence on the dissolution rate of samples because the
higher pulp density leads to the higher shearing force while the lower pulp density
cannot provide enough energy for the growth of bacteria. Besides, high pulp density can
enhance metal extraction but the dissolution of certain compounds which have an enhance
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metal extraction but the dissolution of certain compounds which have an inhibitory toxic
effect on the growth of leaching bacteria will also increase.

Copper extraction by isolated bacterial consortia. Comparative studies of the
activities of bacterial consortia “Kashen” and “Kavart” isolated from the corresponding
mines in bioleaching of copper from tested ore samples were performed. Testing of
different cultures for copper extraction was carried out at pulp densities of 10 and 20 %.

Table 2. Influence of pulp density on bioleaching of copper from Kajaran ore samples by
consortia “Kashen” and “Kavart” (PD — 10, 20 %, t — 30°C, 160 rpm)

Ore Pulp Bacterial Extracted Cu
N | Samples | density | consortia | mg/L for | mg/L for %
15 days 22 days 22 days

1 ° 10% “Kashen” 235 261 41,3
2| 2w “Kavart” 202 231 36,5
3 UE) © 20% “Kashen” 401 433 34,4
4 “Kavart” 318 334 26,5
5 10% “Kashen” 1257 1424 100
6|2 o “Kavart” 1193 1193 100
7!18° 20% | “Kashen” 1732 2677 100
8 “Kavart” 2355 3007 100

As shown in the presented data, “Kashen” consortium indicated higher activity of
copper extraction from sulfide ore at 20 % of PD and both tested ore samples at 10 % of
PD. (tab. 2). While “Kavart” culture was more active in bioleaching of oxidized ore
samples at 20% of PD (fig 2b, tab. 2). It is suggested that the pulp density has an
important influence on the dissolution rate of samples because the higher pulp density
leads to the higher shearing force while the lower pulp density could not provide enough
energy for the growth of bacteria. It is worth mentioning that high pulp density can
enhance metal extraction but the dissolution of certain compounds which have an
inhibitory toxic effect on the growth of leaching bacteria will also increase.

Copper extraction by adapted bacterial consortia. In the next series of the
experiment on bioleaching, “Kashen” and “Kavart” consortia adapted to the tested
samples by several passaging in the presence of gradually increasing concentrations of
ores were used.

Table 3. Bioleaching of copper from sulfide ore sample by adapted consortia “Kashen” and
“Kavart” (PD - 10 and 20 %, t — 30°C, 160 rpm)

Ore |Consortia Pulp Extracted Cu
N | Samples used density mg/L mg/L %
Initial 15 days 15 days
1 - 10 % 99,2 531 84 %
2| g “Kashen” 10 % 111 598 94 %
3| o “Kavart” 10 % 99,2 581 91 %
4] & - 20 % 81,3 631 50,1 %
5|13 “Kashen” 20 % 123 1242 98,6 %
6 “Kavart” 20 % 75,4 763 60,5 %
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Fig.3. Bioleaching of copper from sulfide (a) and oxidized (b) ore samples by adapted consortia
“Kashen” and “Kavart” (PD-20 %, t - 30 °C, 160 rpm)

The results obtained show that the use of adapted bacterial consortia allows to
increase copper extraction from sulfide ore up to 5 times, reaching 91-94 % at a density
of 10 % pulp and 98 % at a density of 20 % in 15 days (tab. 3, fig 3a).

In the case of oxidized ore, copper extraction is increased by about 2 times
through adapted consortia, reaching 100 % in 2-3 days (fig. 3b). Thus, the extent of
copper extraction from tested ore samples significantly increases (up to 94-100 %) when
adapted bacterial consortia are used.

Column bioleaching. At the next stage of investigation the bioleaching of ore
samples was carried out in glass columns (percolators) using “Kashen” and “Kavart”
microbial consortia. The experiments were performed at two stages. At the end of the
first stage pregnant sulutions were replaced with fresh medium. The obtained results
showed that for 13 days of bioleaching 18 and 26-28 % of copper was extracted in the
absence and presence of microbial consortia “Kashen”, respectively (fig. 4). At the
second stage additional 37-49 % of copper was extracted by microbial consortia.

Investigations showed that the column bioleaching was greatly affected by PS.
Thus, the reduction of PS to 0.8-1.6 mm led to the increase of copper extraction from
oxidized ores by about 3 times and reached 100 % in 9-12 days compared with that of
control without bacteria (84 %). The results suggest that bacterial leaching can be an
effective approach for the treatment of low-grade copper-molybdenum ores and is a
promising method for copper extraction.

Fig.4. Biolaching of oxidized ore by “Kashen” consortia: 1- control without bacteria,
2, 3-uninoculated by “Kashen” consortium (PD- 150: 120, pH 1.3, at room temperature)
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The obtained results showed that the highest efficiency of copper bioleaching by

the used bacterial consortia was observed at PS of 45 um and PD of 20 % for both
sulfide and oxidized ore samples. Besides, “Kashen” culture showed higher activity of
copper extraction from both tested ore samples at 20 % of PD. “Kavart” culture was
more active in bioleaching of oxidized ore samples at 10 % of PD. It was revealed that
the use of adapted cultures allowed increasing the extent of copper extraction up to 91-
94 % and 98 % from sulfide ore within 15 days at 10 and 20 % of PD. In case of the
oxidized ore, the extent of copper extraction by the mentioned adapted cultures was
doubled, reaching 100 % in 2-3 days. Experiments carried out in percolators suggested
that bacterial leaching can be effectively applied for the processing of Kajaran low-grade
copper-molybdenum ore and copper extraction.
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