%
I ¢ g ACTA MICROBIOLOGICA BULGARICA

Review
Biohydrometallurgy in Bulgaria - Achievements and Perspectives

Stoyan Groudev
University of Mining and Geology “Saint Ivan Rilski”, Sofia, Bulgaria

Abstract

The past and current research and industrial activities in the field of biohydrometallurgy in Bulgaria
cover a large number of problems: microflora of different mineral deposits (such as of ores of non-ferrous
metals, uranium and gold; non-metallic mineral raw materials such as coal, oil, kaolins, quartz sands,
etc.); physiology, biochemistry and genetics of the microorganisms participating in the transformations of
the above-mentioned mineral substrates; bioleaching of copper and other non-ferrous metals and uranium
by means of in situ, dump, heap and reactor techniques; pretreatment of gold and silver-bearing sulphide
concentrates and ores by means of chemolithotrophic bacteria to expose these precious metals; combined
microbial and chemical leaching of precious metals from oxide ores; microbial removal of iron from quartz
sands and kaolins, of sulphur from coal, of silicon from low-grade bauxites, of phosphorus from iron ores;
improvement of the ceramic properties of kaolins; microbial enhanced oil recovery; electricity production
from organic wastes by means of microbial fuel cells.

Several of the above-mentioned activities are connected with the solution of essential environmental
problems: prevention of the generation and/or treatment of toxic waters polluted by heavy metals, radionu-
clides, arsenic, oil, organochemicals, etc. by means of active and/or passive systems, reactive zones, rock
filters, etc.; treatment of soils polluted with the above-mentioned pollutants by different reactors, heap and
in situ techniques; bioremediation of post-mining landscapes and wastes.

Keywords: biohydrometallurgy, bioleaching, bioremediation, chemolithotrophic bacteria, mineral biotech-
nology

Pesrome

Hayuynure u npomumieHu aedHCOTH B oOnactra Ha OUOXMAPOMETANYprusita B MHHAJIOTO H
noHactosiieM B bbarapus oOxBamar rossm Opoil mpoGiemu: MHKpoduopa Ha paziMuyHU MHHEpaIHU
HaxoJuIla (Ha pyau Ha LIBETHU METAJIM, YPaH U 3JIaTO; HEMETAJIHU MUHEPAJIIHU CYPOBHHHU KaTo BBHIVIMILA,
He(T, KAOJIMHU, KBAPLUOBH ISICHIIM U T.H.); (U3MOIOrUS OMOXMMHUSA U T€HETHKa Ha MHKPOOPTaHHU3M,H
y4acTBallM B TpaHC(OPMALIMUTE HA IOCOYCHUTE MUHEPATIHU CyOCTpaTH; OMOJIOTMYHO M3IYIBaHE HAa MeJ
U JIpYT'¥ LBETHU METAJM U ypaH MOCPEICTBOM TEXHUKH, IPUIOKEHEHN in Situ, B HACUMMILA U PEAKTOPH;
MIpeJIBAPUTEIIHO TPETUPAHE Ha 3JIaTHU U CPEOBPHU CYI(PHUIHNA KOHLEHTPATH U PYIU YpE3 XEMOIUTOTPOPHH
OaKTepuH 3a pa3KpHBaHE Ha T€3H OJIaropoHN METAJIM OT MUHEPATHUTE CTPYKTYPH; KOMOMHUPAHO MUKPOOHO
Y XUMHYHO M3JIyrBaHe Ha OJaropoIHU METAIX OT OKUCHH PYIH; MUKPOOHO OTCTpaHsIBaHE HA HKEJSI30 OT
KBapILIOBU MACHIM U KAOJUHM, Ha csIpa OT BbIVIMIIA, HA CHJIMLIMHA OT HUCKOKAaueCTBEHH OOKCHUTH, Ha (hochop
OT JKeJIe3HU Py/IU; 0J00psBaHEe Ha KEpAaMUYHHUTE CBOMCTBA HAa KAOJIMHU; MUKPOOHO IMOBHUIlIaBaHE HA TOOUBA
Ha He(pT; MOTy4YaBaHe HA EJIEKTPHUYECTBO OT OPTaHUYHU OTMAIBIN YPE3 MUKPOOHU TOPUBHH KIICTKH.

Penuna ot ropenocoyeHuTe AEHHOCTH ca CBBP3aHM C PELIABAHETO HA CHUIECTBEHU EKOJIOTWYHU
npobieMu: NpefoTBpaTsBaHe HAa TEHEPUPAHETO W/MIM TPETUpaHe HAa TOKCHYHU BOJAM, 3aMbPCEHU OT
TEXXKH METalli, PaJUOHYKIUAH, apCeH, He(T, OPraHOXMMHUKAIH M T.H., TIOCPEIACTBOM AKTHBHH H/HIU
[IaCUBHM CUCTEMH, JAEHUCTBAIIM in Situ 30HU, CKaJIHU QUITPU U T.H.; TPETUPAHE Ha MOYBHU, 3aMbPCEHU C
TOPENOCOUCHUTE 3aMbPCUTENH, Ype3 TEXHUKH, MPUIIOKEHU B PEAKTOPH, KOHCTPYHUPAHH HACHUIIUINA U in
situ; OrmopeMeuarys Ha JaHIMaPTH | OTIIAIBIN CIIET PYI0100HUB.
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Introduction

The first studies in the field of biohydromet-
allurgy in Bulgaria were started in 1967 by a joint
group of investigators and students from the Uni-
versity of Mining and Geology “Saint Ivan Rilski”
- Sofia and the University of Sofia “Saint Kliment
Ohridski”. In the course of time, engineers from
the then-existing institute NIPRORUDA and from
some industrial enterprises were involved in these
activities.

The realization of efficient large-scale bio-
technologies for processing different mineral raw
materials and recovery of the relevant valuable
components required preliminary studies on the
chemical and mineral composition and structure of
the raw materials, the composition of the indige-
nous microflora of the relevant deposits, as well as
on the real participation and potential of this mi-
croflora in the processes of mineral transformations
and leaching of different components. Initially, spe-
cial attention was paid to the oxidation of sulphide
minerals, ferrous iron and elemental sulphur by dif-
ferent acidophilic chemolithotrophic bacteria, the
mechanisms and the optimum conditions for these
processes, which were essential for the leaching
of copper, other non-ferrous metals and uranium
from the relevant mineral raw materials (Gaidarjiev
et al., 1975; Genchev et al., 1978; Groudev et al.,

1978; Karavaiko and Groudev, 1985; Karavaiko et
al., 1988). The data from these studies made possi-
ble the efficient application of the relevant process-
es under real commercial-scale conditions.

Until now, there were five commercial-scale
operations for dump bioleaching of copper from
low-grade ores and mining wastes. One of them,
located near to the Vlaikov Vrah copper mine, for
a long period of time (1972 - 2003) was the larg-
est operation of this type in Europe. More than
forty million tons of ore with an average copper
content of about 0.15 % were leached by indige-
nous populations of acidophilic chemolithotroph-
ic bacteria, mainly of the species Acidithiobacillus
ferrooxidans, Acidithiobacillus thiooxidans and
Leptospirillum ferrooxidans. The growth and ac-
tivity of these bacteria were stimulated by suitable
changes in the levels of some essential environ-
mental factors such as humidity, pH and content
of air and nutrients (mainly of ammonium and
phosphate ions) in the ore dumps. Initially, cop-
per was recovered from the pregnant leach solu-
tions by cementation with metallic iron (Fe0) but
later solvent extraction followed by electrolysis
was used for this purpose (Groudev and Gencheyv,
1976; Groudev et al., 1978; Groudev and Groud-
eva, 1993; Groudeva et al., 2009; 2011) (Tables 1
and 2, and Figures 1 - 5).

Table 1. Data about the recirculating solutions at the Vlaikov Vrah copper dump leaching operation

Year pH Cu, g/l Fe*, g/l Fe*, g/l
Solution to dump
1968 - 1971 Rainfall
1972 - 1975 30-43 0.05-0.24 24-39 0.05-0.2
1976 - 1985 3.1-45 0.04-0.12 26-42 0.07-0.3
1986 - 1990 34-4.6 0.01-0.04 23-4.1 0.10-0.3
Solution from dump

1968 - 1971 2.1-44 0.3-0.9 0.03-0.2 1.6-23
1972 - 1975 1.9-3.0 1.0-3.2 0.01-0.2 1.7-3.0
1976 - 1985 20-34 0.5-1.5 0.01-0.3 1.8-3.2
1986 - 1990 26-3.5 02-04 0.01-0.3 14-28
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Table 2. Microorganisms in the dump effluents in industrial copper dump leaching operations in Bulgaria

Bioleaching operations

Mi i 1ls/ml i
FAOOISETIRES, CeEsEl Vlaikov Tzar Asen Assarel Medet
Vrah
Thiobacillus ferrooxidans 10%-108 10'-10° 10%-107 10%-10¢
Thiobacillus thiooxidans 10-10° 1-10° 1-10* 1-10*
Leptospirillum ferrooxidans 10'-10° 10'-10¢ 1-10° 1-10%
Bacteria capable of oxidizing S° at neutral pH 0-10? 10° 0-10° 0-10°

(T. thioparus, T. neapolitanus, T. denitrificans)

Moderately thermophilic chemolithotrophic
bacteria (Thiobacillus caldus, Sulfobacillus 0-10° 0 0-10' 0-10!
thermosulphidooxidans)

Extremely thermophilic chemolithotrophic
archaea (Sulfolobus, Acidianus)
Saprophytic bacteria (Acidiphilium,
Pseudomonas, Bacillus, Aerobacter, 1-103 10'-10° 1-10% 10'-10°
Caulobacter, etc.)

0-102 0 0 0

Fungi and yeasts (Cladosporium, Penicillium,

103 -10° 103 103
Trichosporon, Rhodotorula, etc.) 0-10 1-10 0-10 1-10
Algae 0-10? 0-10' 0-10' 0-10'
Protozoa 0-102 0-10' 0-10! 0-10!

Note: The genus Thiobacillus for the acidophilic bacteria was later transformed in the genus Acidthioba-
cillus.

Fig. 1. A general view of the operation for copper dump bioleaching at Vlaikov Vrah mine
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Fig. 4 - 5. The bioleaching of dumps of low-grade copper ores near Radovish, Macedonia
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Three commercial-scale operations for in situ
underground bioleaching of uranium existed until
1991 (Fig. 6 and 7). The largest of these operations
was put into action in 1984 near the town of Simit-
li. Leach solutions containing sulphuric acid, ferric
ions and chemolithotrophic Fe**-oxidizing bacteria
(Acidithiobacillus ferrooxidans and Leptospirillum
ferrooxidans) were grown in aerated bioreactors by
the well-known BACFOX (BACterial Film OXida-
tion) process, in which biofilms of the above-men-
tioned bacteria formed on inert plastic surfaces to-
gether with a matrix of jarosites oxidized ferrous
ions to the ferric state in diluted sulphuric acid (at
pH of about 1.7 - 1.9). The leach solutions prepared
in this way were injected through a large number
of boreholes to a depth greater than 100 meters be-
low the earth surface to reach the uranium-bearing
ore layers. The sulphuric acid dissolved the hexa-
valent uranium present in the ore to the soluble ura-
nyl sulphate, and bacteria and ferric ions oxidized
the tetravalent uranium in the ore to the hexavalent
state, which dissolved in the sulphuric acid. The
pregnant leach solutions containing the dissolved
uranium, the ferrous ions generated by the reduc-
tion of the ferric ions at the oxidation of uranium,
as well as the viable bacteria, were recovered by a
set of production boreholes and directed to the sur-
face for uranium extraction by ion exchange resins.
After the removal of uranium, the leach solutions
were regenerated in the BACFOX reactors and
were recycled to the uranium ores. The uranium re-
tained by the ion exchange resins was solubilized
and then recovered as a primary uranium-bearing
concentrate (the so called “yellow cake”).

Several pilot-scale operations for bacteri-
al pretreatment of gold-bearing sulphide ores to
liberate the gold (and silver) encapsulated in the
sulphide matrix were constructed and tested by
the heap leaching technique using mixed cultures
of acidophilic chemolithotrophic bacteria (Fig-
ure 8). The amount of ores tested in the relevant
heaps largely varied (from 8 to about 4600 tons).
The treatment was carried out until the sulphide
oxidation reached the extent at which almost the
whole quantity of gold was exposed and liberated
from the sulphides. The ores pretreated in this way
were washed by water to remove the residual acid-
ity and then were leached by means of thiosulphate
at a slightly alkaline pH (usually within the range
of 8 - 9) to solubilize gold and silver. A real com-
mercial-scale operation of this type was construct-
ed and efficiently used at the Elshitza mine in the
period 1993-96. Some oxide ores containing main-
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Fig. 6 - 7. In situ and heap bioleaching of uranium
ores in Curilo deposit

ly well exposed free gold were subjected directly
to leaching by thiosulphate (Groudev, 1987; 1999;
Groudev et al., 1999; Spasova et al., 2015).

It must be noted, however, that much higher
extractions of gold (in some cases even about 95%)
were achieved by microbial pretreatment and subse-
quent leaching (by thiosulphate or cyanide) of con-
centrates obtained by dressing (usually by flotation)
of the relevant gold-bearing ores. The microbial
pretreatment was carried out by continuous leach-
ing in systems consisting usually of three or four
aerated and stirred bioreactors with acidified leach
solutions containing nutrients, chemolithotropic
microorganisms and concentrate at initial pulp den-
sities of 10 - 20 %. Different microbial cultures at
different temperatures were tested to establish the



ment and leaching of gold-bearing sulphide ores

optimum pretreatment conditions: mixed meso-
philic cultures, containing mainly Acidithiobacil-
lus ferrooxidans, Acidithiobacillus thiooxidans and
Leptospirillum ferrooxidans, at 30 - 37 °C; mixed
cultures of moderately thermophilic bacteria, main-
ly of Sulfobacillus spp. and Acidithiobacillus cal-
dus at 45 - 55 °C; mixed cultures of extremely ther-
mophilic archaea, containing mainly species of the
genera Sulfolobus, Acidianus and Metallosphaera,
at 68 - 80 °C (Spasova et al., 2015) (Tables 3 and 4).
It is possible to say that samples from prac-
tically all Bulgarian gold deposits (more than 10
in numbers) were tested by the above-mentioned
methods for gold (and silver) extraction.
Pilot-scale operations were also constructed
and efficiently used for removal of iron impurities
from quartz sands, kaolins and clays by leaching
in stirred reactors with culture solutions containing
oxalic and citric acids produced by Aspergillus ni-
ger grown on a nutrient medium with sucrose as
a source of carbon and energy; for production of
high-quality kaolins by treatment with “silicate”
bacteria of the species Bacillus mucilaginosus and

Bacillus circulans, (Table 5) and the operation for
microbial enhanced oil recovery in Tulenovo, lo-
cated near the Black Sea coast (Groudev et al.,
1985, 1989; Groudev, 1987, 1999; Karavaiko et al.,
1988).

Several activities in the field of biohy-
dro-metallurgy were connected with relevant envi-
ronmental problems: prevention of the generation
of toxic acid drainage; treatment of waters polluted
by heavy metals, radionuclides, arsenic, oil, organ-
ochemicals, etc. by means of active and/or passive
systems (Table 6 and Figures 9 and 10); treatment
of soils polluted with the above-mentioned pollut-
ants by different reactor, heap and in situ techniques
(Tables 7 - 9); bioremediation of post-mining land-
scapes (Georgiev et al., 2013; 2014; Groudev et al.,
2005, 2010; Nicolova et al., 2014) and recovery of
valuable components from technological wastes
(Spasova et al., 2007).

The largest operations of this type were con-
structed and used in the uranium deposit Kurilo
located within a relatively short distance of Sofia
(Table 8). Uranium was recovered for a long pe-
riod of time from this deposit and after the end of
the recovery acid drainage waters containing radi-
onuclides, heavy metals (copper, zinc, cadmium,
lead, nickel, cobalt, iron, manganese), arsenic and
sulphates were generated in concentrations usually
much higher than the relevant permissible levels for
waters intended for use in agriculture and/or indus-
try. Different passive systems such as natural and
constructed wetlands (Fig. 9), alkalizing limestone
drains, permeable reactive multibarriers (Table
6 and Fig. 10), reactive in situ zones, rock filters,
were used separately or in different combinations to
treat the polluted waters. The most efficient in this
respect was a multicomponent system consisting of
a permeable multibarrier (with an alkalizing lime-

Table 3. Effect of the prior bacterial oxidation of sulphides on the extraction of precious metals during the

subsequent leaching

Contenet of sulphidic Degree of sulphide Extraction of precious metals, %
sulphur, g oxidation, % Au Ag
42.8 0 23.0 19.4
38.5 10 41.0 32.5
33.8 21 62.2 50.3
253 41 81.1 70.7
20.1 53 90.5 79.0
16.3 62 93.2 83.3
12.4 71 94.1 85.1

86



Table 4. Data about the continuous - flow microbial leaching of a gold - bearing pyrite concentrate

Parameters Values
Pulp density, % 10
Residence time, h 768
Dilution rate, h! 0.00595
Sulphidic sulphur oxidation, % 62
Sulphidic sulphur oxidation rate, g/l 0.1577
Sulphate ions generated during the leaching, g/l 79.5
Sulphate generation rate, mg/l.h 473.21
Iron content in the effluent, g/l 23.90
[ron extraction rate, mg/l.h 142.26
Solid residue after leaching, g 62.8
Weight losses, % 37.2

Table 5. Effect of the way of microbial treatment on the ceramic properties of kaolin

Parameters Before After treatment
treatment By contactin | By leaching with
humid medium stirring
ALO,, % 32.7 323 25.0
Si0,, % 51.2 50.7 40.1
Fe,0,, % 1.16 0.82 0.78
TiO,, % 0.24 0.23 0.15
Ca0, % 0.82 0.77 0.24
Loss on drying, % 0.35 0.91 1.25
Bending strength, MPa 1.4 3.5 2.1
Plasticity, % 323 36.9 33.6
Drying shrinkage, % 3.5 4.2 3.9
Firing shrinkage at 960 °C, % 4.2 4.6 3.9
Water saturation capacity at 960 °C, % 28.0 30.2 27.5
Formation water, % 32.1 34.1 32.5
Whiteness on drying, % 76.5 82.0 82.8
Size fractions, % :
>60 um 0.02 0.02 0.02
10-60 pm 1.25 1.14 1.07
5-10 pm 14.1 11.32 14.01
1-5 pm 33.95 31.12 33.7
<l um 50.68 56.4 51.2
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stone drain and an anoxic section for microbial sul-
phate reduction, biosorption and additional chemi-
cal neutralization) and a constructed wetland. Effi-
cient removal of pollutants was achieved by means
of this system during a period of about ten years
and during the different climatic seasons, even dur-
ing the cold winter months at water and ambient
temperatures close to 0 °C (Groudev et al., 2008).
A very efficient operation for cleaning ac-
id-leached cinnamonic forest soil heavily contam-
inated with radionuclides (mainly uranium and ra-
dium) and non-ferrous metals (mainly copper, zinc
and cadmium) was constructed and tested in situ
under real field conditions using the activity of the
indigenous soil microflora. This activity was en-
hanced by suitable changes of some essential en-
vironmental factors such as pH and water, oxygen
and nutrient contents of the soil (Figure 11). The
treatment was connected with solubilization and
removal of contaminants from the top soil layer
(horizon A) due to the joint action of the soil mi-

croorganisms (mainly of the acidophilic chemo-
lithotrophic bacteria) and leach solutions (diluted
sulphuric acid) used to irrigate the soil. The dis-
solved contaminants were transferred through the
drainage soil effluents to the deeply located soil
subhorizon B, where they precipitated as the rel-
evant insoluble forms (uranium as uraninite, and
the non-ferrous metals as the relevant sulphides)
under the action of the sulphate-reducing bacteria
inhabiting that soil subhorizon. The effluents from
the subhorizon B, containing much lower concen-
trations of inorganic contaminants, but enriched in
dissolved biodegradable organics, were subjected
to additional treatment in a constructed wetland for
removing these residual contaminants. However, it
was demonstrated that an efficient treatment of the
effluents from the subhorizon B, could be achieved
by a microbial fuel cell in which the water clean-up
was connected with electricity generation (Groud-
evetal., 2010; 2014) (Table 10).

Some other essential problems in the field of

Table 6. Data about the acid mine drainages in the uranium deposit Curilo before and after their treatment

by means of the permeable reactive barrier

Parameters Acid mine drainage Multibarrier effluents Permissible levels
Temperature, °C (+1.2) - (+25.1) (+1.4) - (+27.5) -
pH 242 -425 6.22 -7.83 6-9
Eh,mV (+290) - (+597) (-140) - (-280) -
Dissolved O,, mg/l 1.7-6.0 02-04 2
TDS, mg/l 930 -2972 545 - 1827 1500
Solids, mg/1 41 -159 32-104 100
DOC, mg/1 0.5-2.1 51-159 20
SO,*, mg/l 532 -2057 275 - 1225 400
U, mg/l 0.10-2.75 <0.05 0.6
Ra, Bq/l 0.05-0.5 <0.03 0.15
Cu, mg/1 0.79 - 5.04 <0.2 0.5
Zn, mg/l 0.59 -59.8 <0.2 10
Cd, mg/1 <0.01-0.1 <0.004 0.02
Pb, mg/1 0.08 - 0.55 <0.02 0.2
Ni, mg/1 0.17 - 1.49 <0.03-0.1 0.5
Co, mg/l 0.12-1.22 <0.03-0.1 0.5
Fe, mg/l 37-671 0.5-9.5 5
Mn, mg/1 2.8-79.4 05-52 0.8
As, mg/l 0.15-0.59 <0.01 0.2
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Table 7. Bioremediation in situ of contaminated soils (horizon A) in uranium deposits in Bulgaria

Parameters U Ra | Cu | Zn Pb Cd
Contents of contaminants, ppm

Vromos Bay deposit

Before

treatment pH 41 280 611 251 268 7.3

-7.5

After treatment

pH - 7.3 7.1 55 242 99 109 1.7

Permissible

levels (pH>7.0) 10 60 280 370 80 3.0

Kurilo deposit

Before

treatment pH - 68 510 190 215 122 4.5

4.40

After treatment

pH - 321 8.0 65 35 48 55 0.4

Permissible

levels (pH<4.3) 10 65 20 30 60 0.5

Fig. 9. Treatment of acid mine drainage by constru-
cted wetland in the uranium deposit Kurilo

biohydrometallurgy which are currently developed
in Bulgaria can be also mentioned:

*Test systems of the “push-pull” and “push-
through” types for studying the possibilities for
efficient in situ underground bacterial leaching of
non-ferrous metals and uranium from ores were
developed. Such systems were prepared for appli-
cation in the deposit located near Radovish, Mace-
donia, in connection with the possible future copper
bioleaching operation, which will be the largest op-
eration of this type in Europe. These test systems
can be also applied in other ore deposits intended

Fig. 10. Treatment of acid mine drainage by means
of permeable reactive multibarrier in the Kurilo
deposit

for underground in situ bioleaching.
*Characterization of the processes of dump
and heap bioleaching of copper in the commer-
cial-scale operation near Radovish, Macedonia, the
largest operation of its type in Europe, was carried
out with recommendations for stimulation of the in
situ bacterial activity and improvement of the pro-
cessing of the copper-bearing pregnant solutions.
*Systems connecting the bioremediation of
polluted waters and soils with electricity or hy-
drogen generation were developed on the basis of
specific microbial fuel (or electrolytic) cells. Elec-
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Table 8. Toxicity of the soils in uranium deposits before and after the treatment and remediation

Test - organisms Toxicity
Before treatment After treatment and remediation
(pH 7.52) (pH 7.81)
Soil in the Vromos Bay area

Bacillus cereus 40 NOEC at 100
Pseudomas putida 40 100

Lactuca sativa 50 NOEC at 100
Trifolium repens 50 NOEC at 100

Avena sativa 30 90

Lumbricus terrestris 30 90

Soil in the Kurilo deposit

pH 4.4 pH3.2 pH 4.4 (by lime)
Bacillus cereus 40 40 80
Pseudomas putida 30 40 100
Lactuca sativa 40 40 NOEC at 100
Trifolium repens 40 50 NOEC at 100
Avena sativa 30 40 90
Lumbricus terrestris 20 10 60

Notes: The toxicity was expressed as the lowest observed effect concentration (LOEC) at different contents
(in wt. %) of contaminated soil in a mixture with clean soil at the relevant type: NOEC - Not observed effect
concentration.

Table 9. Bioremediation in situ of soil in the Tulenovo oil deposit polluted by oil and toxic heavy metals

Content in the soil Pollutant remova

Pollutants

Before treatment After treatment 1, %

Hydrocarbons, g/kg dry soil
Parafins 3.8 0.01 99.7
Naphthens 10.6 0.08 99.3
Aromatics + polars 3.6 1.61 55.3
Total hydrocarbons 18.0 18.0 1.7 90.6
Heavy metals and arsenic, mg/kg dry soil

Lead 185 64.0 65.4
Cadmium 5.1 2.3 54.9
Copper 262 140.0 46.6
Zinc 212 95.0 55.2
Arsenic 32 18.0 43.7
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Table 10. Data about the electricity generation from wastewater by means of microbial fuel cell (MFC)

Parameters Values
Influents in the MFC

Chemical oxygen demand, mg/l.day 2500 - 3000
pH 6.8-7.1
Eh (-210) - (-230)
Temperature, °C 32
COD used in the MFC, mg/l.day 2300 - 2700
% from the initial 90 -92
Current density, mA/cm? 0.08-0.18
Voltage of the open circuit, mV 86-170
External resistance 20 - 80
Power, mW/m? 770 - 980

Fig. 11. In situ treatment of soil polluted with heavy metals

trochemically active bacteria able to transfer elec-
trons directly to the anode electrode were selected
and used in some of these systems (Groudev et al.,
2010; 2014).

*Experimental leaching of certain precious
and rare elements (such as the platinum group of
metals, gold, silver, rhenium) from different ores,
mineral processing wastes, and pyrometallurgy, by
combined chemical and biological treatments using
different heterotrophic and chemolithotrophic mi-
croorganisms.
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