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BIOLEACHING OF METALS FROM A WASTE ORE IN CONNECTION WITH COPPER
RECOVERY, ENVIRONMENT PROTECTION AND ELECTRICITY GENERATION
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ABSTRACT. A waste ore dump located in central Bulgaria, near Sredna Gora Mountain, after a long period of industrial and then spontaneous bioleaching process,
still contained about 0.14 % residual copper and was inhabited by different acidophilic chemolithotrophic bacteria. After rainfall, as a result of spontaneous bacterial
activity, acid drainage waters were generated and polluted the environment. To solve this problem, an experimental laboratory installation to treat samples of such
waters was constructed. The installation consisted of percolation columns containing samples from the dump, a collector pool for the drainage waters, a cementation
unit for copper precipitation and a BACFOX (BACterial Film OXidation) unit for bacterial oxidation of the ferrous ions to the ferric state. The solutions treated in this
way were recycled to the ore subjected to leaching. Another portion of the barren solutions from the cementation unit were treated by means of a permeable reactive
multibarrier. The effluents from this multibarrier were enriched in biodegradable organic substrates and were characterized with a pH close to the neutral point,
absence of dissolved oxygen and low electrochemical potential and were inhabited by anaerobic heterotrophic microorganisms, including some electrochemically
active bacteria possessing iron or sulphate anoxic respiration. It was found that these effluents were suitable for generation of electricity in microbial fuel cells. The
treatment of the effluents from these cells in the BACFOX unit made these effluents suitable for leaching copper from the waste ore.
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BMONOrM4YHO U3NYrBAHE HA METANU OT OTPABOTEHA PYJA, CBbP3AHO C JOBMB HA ME[], ONMA3BAHE HA
OKOINHATA CPELA U TEHEPUPAHE HA ENEKTPUYECTBO

WUpena Cnacoea, MapuHa Hukonosa, lnamen Neopzues, CmosiH Mpydes

MurHo-eeonoxku yHusepcumem "Cs. Mear Puncku”, 1700 Coghusi, bvneapus

PE3IOME. Hacvnuwe ot otpaboTeHa pyaa, pasnonoxeHo B Bbnrapus, 6nuso go CpeaHa opa, cnea Abnbr nepuoa Ha Npoueck Ha NPOMULLAEHO U CMOHTAHHO
6uonormyHo M3nyreaxe, Bce olle cbhabpxale okorno 0.14 % octatbyHa Med n Delwe obuTaBaHO OT pasnMyHM auMAOUNHM xemonuToTpodHu baktepun. Criea
AbX[A, B Pe3ynTaT Ha CroHTaHHaTa bakTepuanHa akTWBHOCT, Ce reHepupaxa KuCcenu [peHaxHn BOAM, 3aMbpCsBally OKOMOHaTa cpeda. 3a pellaBaHe Ha TO3u
npobney, belwe koHCTpyMpaHa nabopaTopHa WHCTanauus 3a npepaboTBaHe Ha yacT OT Tean BopW. MHCTanauusta ce CbCTOELe OT NepKOMaLMOHHU KOMOHM,
CbAbPXKaLLM Npobu OT HACUNULLETO, KonekTopeH BaceilH 3a ApeHaxHWTe BOAW, CTPYKTYpa 3a yTasBaHe Ha MeATa W CTPYKTypa 3a GakTepuanHo OkvcneHue Ha
tbepoitorute [0 GepuitoHn. PasTBopuTe, TPETUPAHM MO TO3M HAYMH, CE peLuknMpaxa KbM W3nyreaHata pyga. [pyra yact oT obeamefeHuTe pasTBopu crieq
LMMeHTaLmsTa Ce TpeTupaxa 4ypes Mponycknuea peaktvBHa MynTubapuepa. Bogute, m3twyawm ot Tasu myntubapuepa, bsxa HaborateHu Ha 6uonorMyHo
pa3rpaguMu opraHnyHu cybeTpaTh W ce xapaktepuaupaxa ¢ pH 6nusko 40 HeyTpanHusi NYHKT, OTCLCTBME Ha Pa3TBOPEH KUCMOPOA W HUCBK eneKTPOXMMUYEH
noteHuuan un 6sixa 06utaBaHN OT aHaepobHN XeTePOTPOPHN MUKPOOPraHN3MK, BKIIOUMTENHO OT HAKOM €NEKTPOXMMUYHO aKTUBHI BaKTepuu, NpuTexaBaLLy Kensso
unu cyndatHo aHaepobHo AuwaHe. YcTaHoBeHo Gelue, ye u3TuyawmTe OoT MynTubapuepaTa Bofn Osxa MOAXOASLM 33 reHepupaHe Ha enekTpU4YecTBOTO B
MWKPOBHM rOpUBHY KNeTKM. TPETMPaHETO Ha M3THYaLLMTe OT Teav KrneTku Boam B cTpykTypata BACFOX rv npeBbpHa BbB BOAM, NOAXOAALLM 3a U3MYrBaHe Ha Mef OT
otpaboteHata pyaa.

KniouoBu AyMU: benHa pyaa, U3Bnnu4aHe Ha MeTanu, reHepupaHe Ha eneKkTpu4ecTBo, onaseaHe Ha OkonHaTa cpeda

Introduction constructed by transformations of the existed ore piles. The
solution percolated through the dumps and dissolved copper.
The ore piles located at the Tsar Asen copper mine, located Most copper was solubilized from the oxide minerals by means
near the Sredna Gora mountain, in Central Bulgaria, initially (in of the sulphuric acid which was added to the effluents from the
1983) contained about five million tons of copper oxide ores cementation unit before their recycling to the dumps. The
from the open cut mining. The initial copper content was about sulphur content of this ore was too low to permit the formation
0.30 %. Malachite was the main copper-bearing mineral but of sufficient amounts of sulphuric acid during the bacterial
about 20 % of the copper was contained in sulphide minerals, oxidation of sulphide minerals.
mainly i.n chalcocite. The lost rock consisted of granite-diorite It must be noted, however, that the role of acidophilic
porphyrites. chemolithotrophic bacteria present in the ore dumps was also
The piles containing such low-grade copper oxide ore were essential and a considerable amount of the copper present in
subjected to commercial-scale bioleaching by using the the ore (mainly the copper in the sulphide minerals) was
classical, at that time, flowsheet of such operations. The leach leached as a result of the bacterial activity (mainly of
solution Containing bacteria (main|y native ac|d0ph|||c Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans
Chemo”thotrophs), dissolved oxygen, Su|phuric acid and iron but also of Leptospirillum ferrooxidans which presence in the
ions was pumped to the top of the ore-bearing dumps ore was established later). The role of these bacteria in the

leaching of the ore steadily increased in the course of time
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which was connected with the much faster leaching of copper
from the oxide minerals in comparison with the much more
difficult leaching from the sulphides, especially from the
chalcopyrite, which was connected with the oxidation of these
minerals. The leaching of copper oxide minerals by means of
sulphuric acid can be performed as a chemical process using
sulphuric acid added to the system from outside. However, the
chemolithotrophic bacteria inhabiting the ore facilitate this
process and make it economically more attractive by
generating sulphuric acid in situ by the oxidation of sulphide
minerals (mainly of pyrite and chalcopyrite) present in the
relevant ore. The bacterial oxidation of these sulphides can be
a direct process carried out by bacteria attached on the mineral
surface or to be carried out by means of ferric ions produced
as a result of the preliminary bacterial oxidation of ferrous ions
(Groudev, 1994; Groudev and Groudeva, 1993; Groudev et al.,
2014; Groudeva et al. 1987).

The different amenability of the copper minerals to leaching
results step by step to changes of the residual mineralogical
and chemical compositions of the relevant copper ores. In
general, these changes consist in the decrease of the total
content of copper in the partially leached ores and in the
increase of the relative portion of the sulphidic copper in these
ores. In some cases, these changes are connected with the
generation of acid drainage waters as a result of the bacterial
oxidation of the residual sulphides, mainly of the pyrite, still
present in such ores.

The generation of acid drainage waters in principle is a very
serious environmental problem since in most cases these
waters contain different toxic elements, such as heavy metals,
radionuclides and arsenic. The prevention of this process is
usually much more desirable than the subsequent treatment of
such waters. Unfortunately, the efficient prevention of acid
generation in the huge dumps of rich-in-sulphides waste ores
or other mineral wastes is usually an extremely difficult and
costly process. In some cases is necessary, even after the
total remediation of the environment, to treat polluted drainage
waters arising mainly as a result of the activity of some of the
indigenous microorganisms inhabiting the relevant territory.
Such treatment can be connected with the extraction of some
valuable components such as some non-ferrous metals and
rare earth elements, and even with the production of electricity
by means of especially constructed microbial fuel cells
(Groudev et al., 2014).

This paper contains some data about the possibility to
combine the bioleaching of copper from an waste ore with the
subsequent processing of the copper-bearing pregnant
solutions for recovery of cement copper, enrichment of the
barren solutions from the cementation in biodegradable
organic substrates, followed by the recovery of electricity from
the treatment of these solutions in a microbial fuel cell.

Materials and Methods

The ore in the real dump was subjected to a periodic control
including the parameters essential for the bioleaching
processes (humidity, chemical and mineralogical composition
of selected ore samples, presence and numbers of
chemolithotrophic bacteria attached on the ore particles, as
well as pH, Eh, chemical and microbiological composition of
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the liquid phase in contact with the ore and of the dump
effluents.

The laboratory installation for studying the bioleaching
processes consisted of a system of percolation columns
containing samples from the waste ore, collector ponds for the
pregnant column effluents, cementation units for copper
precipitation and BACFOX (BACterial Film OXidation) units for
bacterial oxidation of the ferrous ions to the ferric state.

The system for leaching of the ore consisted of four identical
plastic percolation columns 80 c¢cm high and with an internal
diameter of 20 cm. Each of the columns contained 80 kg of
waste ore, with a particle size minus 20 mm. The ore was
inhabited by its natural consortium of chemolithotrophic
bacteria. The ore in two of the columns was irrigated by
solutions from the cementation unit, and in the other two
columns — by solutions from the BACFOX unit. Ammonium and
phosphate ions were added to these solutions as nutrients for
bacteria.

The cementation unit consisted of four plastic cylindrical
columns also 80 cm high and with an internal diameter of 20
cm. The columns were filled with iron shavings characterized
by large free surfaces to facilitate the precipitation of the
cement copper. Each of these columns was connected to
receive the pregnant copper-bearing effluent from the relevant
percolation ore-containing column.

A portion of the barren solution from the cementation unit
was treated by means of a permeable reactive multibarrier.
The multibarrier was a plastic cylindrical column 80 c¢cm high,
with an internal diameter of 30 cm. The column was filled with
a mixture of limestone (crushed to minus 10 mm particle size)
and organic matter consisting of spent mushroom compost,
fresh leaf compost, animal manure and saw dust. These
components contained their own viable indigenous microflora
consisting of different anaerobic microorganisms, mainly
sulphate-reducing  bacteria and other interconnected
microorganisms. Apart from the natural microflora of the
organic  substrates, inoculum  containing  selected
electrochemically active microorganisms was also added to the
multibarrier effluents, together with a nutrient solution
containing biologically essential elements. Such solutions were
subjected to continuous-flow circulation from the inlet and
outlet of a membrane-less microbial fuel cell. This fuel cell was
a plexiglas column 50 c¢m high, with an internal diameter of 10
cm, with corrugated slab graphite anode and cathode
electrodes located in the bottom and in the top sections of the
column, respectively. The treatment of the effluents from the
fuel cell in the BACFOX unit made these effluents suitable for
leaching copper from the waste ore.

The BACFOX unit consisted of nine plastic columns 80 cm
high and with an internal diameter of 3.0 cm each, installed
together in a vertical position on the false bottom of a larger
plastic column also 80 ¢cm high and with an internal diameter of
20 cm. The surface of the plastic columns was corrugated for
increasing the total area for the formation of the biofilms able to
oxidize the ferrous iron to the ferric state. These biofilms
consisted of ammonium and potassium jarosites densely
populated by acidophilic chemolithtrophic bacteria mainly of
the species Acidithiobacillus ferrooxidans and Leptospirillum
ferrooxidans. The numbers and activity of these bacteria were
maintained by keeping the whole unit operating during the



solutions circulation or submerged in a nutrient solution
containing biologically essential elements (usually the 9K
nutrient medium was used, with a pH in the range of about 1.8
- 2.3 and with ferrous iron added as ferrous sulphate as a
source of energy). The growth and activity of the bacterial films
were stimulated by the aeration of the unit with air enriched in
carbon dioxide (to about 0.2 %).

The composition of the circulating solutions was monitored
at different sampling points located at the inlet and outlet of the
units included in the system described above. Elemental
analysis was done by atomic adsorption spectrometry and
induced coupled plasma spectrometry in the laboratory. The
analysis of the elements in solid samples from the ore and
precipitates was carried out by decomposition of the samples
and measurements of the concentrations of the relevant ions in
solution. Mineralogical analysis was carried out by X-ray
diffraction techniques. The isolation, identification and
enumeration of the microorganisms was carried out by the
methods described elsewhere (Karavaiko et al., 1988;
Bergey's Manual of Determinative Bacteriology, 1994; Sanz
and Kaéchling, 2007; Escobar et al., 2008; Johnson and
Hallberg, 2003).

Results and Discussions

The bioleaching of the initial low-grade copper ore in the real
dump to a great extent was connected with the chemical
solubilization of the copper oxide and carbonate minerals by
the sulphuric acid added to the leach solutions from the outside
(Table 1).

The copper extraction from the sulphide minerals, especially
from the chalcopyrite, was connected with the oxidation of
these minerals, mainly by the chemolithotrophic bacteria
inhabiting the dump (Table 2).

This first stage of the leaching turned the initial susceptible
to chemical leaching low-grade copper ore (with 59.4 % from
the copper present in oxide and carbonate minerals) into a
much more refractory low-grade ore with copper predominantly
present in sulphides, mainly in chalcopyrite and covellite. A

Table 1.

representative sample of this ore was taken from the dump and
was tested under laboratory conditions to obtain a stable
information about the possibility to continue further the
treatment of this ore. The initial experiments revealed that the
deep changes in the mineral and chemical compositions of the
ore resulted in a quite different efficiency of the copper
extraction during the subsequent leaching tests. The leaching
by means of sulphuric acid was efficient only towards the
residual copper present in oxide and carbonate minerals.
However, the stimulation of the chemoalithotrophic bacteria still
present in the ore by adding nutrients (mainly ammonium and
phosphate ions) and maintaining the pH of the leach solutions
within the range optimal for these bacteria (from 1.70 to 1.90)
resulted in a very efficient bioleaching of sulphides, even of
chalcopyrite. The content of copper in sulphides was
decreased from the initial 112 mg/100 g ore to 49.6 mg/100 g
(i.e. extraction of 55.72 %) for a period of 180 days by leaching
in the percolation columns mentioned in this paper. A very
positive effect on this leaching was connected with the
maintaining of a relatively high Eh potential of the leach
solution (higher than 550 mV/) by the bacterial oxidation of the
ferrous ions after the cementation process to the ferric state in
the BACFOX unit. The continuous irrigation of the ore in the
columns was very efficient when the leach solutions treated in
the BACFOX unit, apart from the predominantly ferric ions,
were aerated and contained some dissolved oxygen.

Portions of the barren solutions from the cementation unit
(Table 3), instead to be treated for ferrous ions oxidation by the
BACFOX unit, were subjected to treatment by means of the
permeable reactive multibarrier (Table 4). This treatment was
connected with the removal of the toxic components dissolved
in these solutions (mainly of the heavy metals and sulphates).
The microbial dissimilatory sulphate reduction and the sorption
of dissolved metals by the dead plant biomass in the
multibarrier were the main mechanisms participating in the
water cleaning. The sulphate-reducing bacteria and some
metabolically connected microorganisms, mainly cellulose-
degrading and sugar-fermenting bacteria, were the prevalent
members of the microbial consortium inhabiting the
multibarrier.

Data about the bioleaching of a typical low-grade copper ore under different conditions

I The initial ore sample was subjected to industrial and then spontaneous natural dump bioleaching for a period of about eight

years

Copper content and phase distribution in the ore

Before leaching After leaching Cu extraction %
mg Cu/100 g % mg Cu/100 g %
Cu in oxide and carbonate minerals 243.5 594 28.0 20.0 88.5
Cu in secondary sulphide 116.5 28.4 71.0 50.7 39.1
Cu in chalcopyrite 50.0 12.2 41.0 29.3 18.0
Total Cu content 410.0 100.0 140.0 100.0 65.85

IIl. A sample taken from the ore treated in the first stage and with the composition mentioned for the sample after the above

leaching was subjected to new bioleaching in percolation columns for a period of 180 days

Before leaching

After leaching Cu extraction %

mg Cu/100 g % mg Cu/100 g %
Cu in oxide and carbonate minerals 28.0 20.0 74 13.0 73.6
Cu in secondary sulphide 71.0 50.7 27.6 48.4 61.2
Cu in chalcopyrite 41.0 29.3 22.0 38.6 46.3
Total Cu content 140 100.0 57.0 100.0 59.3
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Table 2.

Microfiora of the effluents from the real ore dump in Tsar Asen

and from the ore-containing laboratory percolation columns

addition, it was possible to increase the efficiency of electricity
generation by such cells by involving some electrochemically
active microorganisms from outside to these systems.

Microorganisms Cells in the effluents from:
Real ore dump | Lab percolation Table 4. ,
columns Data about the treatment of barren solutions from the
Cellsiml ceme'ntation ynit gf the laboratory installation by the permeable
Acidithiobacillus 105106 105108 reactive multibarrier __
ferrooxidans Parameters t Betfore t t AIter t Pe:mlslsmle
e T YEETT; reatmen reatmen evels
Adihiobacilus 10210 10810 oH 260-3.25 | 712-752 | 6-9
Leptospirillum 102-105 105-107 Eh, mv (+405) - (+563)|(104) - (235)] -
ferrooxidans Diss. Oz, mg/l 0.3-1.0 0.1-0.2 2
Thiobacillus 0-102 0-10" SO"dS, mg/l 53-125 25-95 100
thioparus COD, mg/l 32-T71 345 - 684 40
Thiobacillus 0-101 0 S04, mgll 415-1926 | 198 -590 400
denitrificans Cu, mg/l 32-153 <05 0.5
Sulfobacillus 0 0-10¢ Zn, mg/l 82-23 <05 10
thermosulfidooxidans Cd, mg/I 0.03-0.14 <0.01 0.02
Acidithiobacillus 0 0-10° Fe, mg/l 307-1440 | 14-82 5
caldus Mn, mg/l 6.2 - 41 <05-17 0.8
Heterotrophic 101 -103 0-102
bacteria The microorganisms used in this study, apart from the
Fungi 10— 10° 0-102 sulphate-reducing bacteria, which transferred electrons from
Algae 0-102 0 the organic substrates to the anode electrode located in the
Profozoa 0-102 0 anoxic section of the MFC by means of the hydrogen sulphide
acting as mediator, included also bacteria of the genera
Table 3. Geobacter and Shewanella. These bacteria formed biofiims on

Data about the recovery of copper by means of cementation of
the pregnant leach solutions from the ore dump and from the
ercolation column

Parameters Pregnant solutions from
Dump Percolation
column

Content of the copper in the 05-12 | 08-17
pregnant solutions, g/l
Recovery of copper from the 86 - 92 92-95
pregnant solutions, %
Retention time, min 75-90 70-80
Iron consumed per kg of copper | 29-34 | 2.8-3.2
precipitated, kg
Copper content in the cement 60 - 68 80-84
copper, %
Copper content in the effluents 37-131 32-97
from the cementation unit, mg/|

Note: The effluents from the cementation unit were acidified and recycled to
the dump or to the BACFOX unit.

It was possible to decrease further the concentrations of
dissolved organic compounds and sulphates in the multibarrier
effluents by increasing the residence time. However, the
efficient reduction of sulphates to hydrogen sulphide followed
by precipitation of the dissolved metals as the relevant
insoluble sulphides was connected with the presence of
relatively higher concentrations of dissolved organic
compounds as donors of electrons for the sulphate-reducing
bacteria. This usually resulted in high residual concentrations
of dissolved organics in the multibarrier effluents at a moment
when the metal concentrations in these effluents were
decreased below the relevant permissible levels. This made
possible the connection of the removal of these organics with
the generation of electricity by the microbial fuel cells (MFC). In

170

the anode and were able to transfer electrons from the organic
substartes via the bacterial respiratory chains directly to the
anode. It must be noted, however, that the formation of active
and stable biofilms of this type was a slow process and about
five months were needed for obtaining the maximum current
density generation. Data about the optimum conditions for the
connection of the water treatment with the electricity
generation in this study are shown in Table 5.

Table 5.
Data about the optimum conditions for the combined
wastewater treatment and electricity generation

Parameters Values
Characteristics of the feeding wastewater:
COD, mg O2/l.h 170 — 680
S04%, mg/l.h 147 - 590
COD/S04Z, ratio 23-35
pH 7.12-17.52
Eh, mV (-104) - (-235)
Temperature, °C 30-35
Heavy metal concentrations Bellow permis-
sible levels
Optimum conditions in the MFC:
Voltage of the open circuit, mV 260 - 280
Current density, mA/cm? 0.32-0.35
02 dissolved in the cathodic section, mg/l 75-8.0
Power, mW/m?2 750 - 800

The continuous treatment of the effluents from the
permeable multibarrier by the MFC was connected with a
gradual increase of the maximum COD and sulphate removal
rates to 248 mg O2/l.h and 114 mg/l/h, respectively. It was
possible to decrease the residual concentrations of dissolved
organic carbon and sulphates in the effluents below the



relevant permissible levels for waters intended for use in
industry, i.e. less than 20 and 400 mg/l, respectively. It must be
noted, however, that the treatment of the polluted waters at
relatively lower concentrations of the organic donors of
electrons (less than 150 mg O2/l.h) decreased considerably the
efficiency of water cleaning and electricity generation. The
decrease was connected with the impossibility of these
concentrations to satisfy the needs of the microorganisms
forming the biofilm on the anode. It was also found that the
species composition of the biofilm gradually changed in the
course of time.

Comparative experiments for treatment of the multibarrier
effluents by means of conventional aerated bioreactor revealed
that it was also possible to decrease the concentration of
dissolved organic carbon below the relevant permissible level.
However, the concentration of sulphates during the treatment
was increased and the amount of sludge was much higher (by
about one third) than that generated during the anaerobic
treatment by the MFC.

Conclusions

The waste ore used in this study and containing only 0.14 %
copper was efficiently leached in percolation columns by
means of a mixed population of acidophilic chemolithotrophic
bacteria. 59.3 % of the copper was leached for a period of 180
days. The pregnant copper-bearing effluents from the columns
were efficiently treated by cementation with zero-valent iron
and a cement copper containing from 80 to 84 % copper was
produced at a very high recovery of 92 — 95 % from the
pregnant solutions. The barren solutions from the cementation
unit were a subjected to cleaning by means of a permeable
reactive multibarrier and the levels of most essential
parameters of the effluents with exception of the dissolved
organic carbon and sulphates were decreased below the
relevant permissible levels for waters intended for use in
agriculture and industry. The effluents from the multibarrier
were efficiency used for generation of electricity with power of
750 — 800 mW/m?2 by means of MFC.

The results obtained during this study are a solid base for
the testing of this research approach under pilot-scale
conditions.
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