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Abgtract. Bioeectrochemical systems provide a promis-
ing tool for the copper recovery from the heap leaching
solutions which usually contain low copper and high iron
concentrations. In this study, the role of copper and fer-
rous ion concentrations, and external resistance in the
removal of synthetic sulfuric acid solutions by a lab-scale
Microbial Fuel Cdl (MFC) was investigated and good
results were obtained in the removal of copper.
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1. Introduction

Low grade ores from abandoned and producing de-
posits, overburden rocks, mill tailings, and non-ferrous
slag are considered to be one of the largest sources for
non-ferrous metals production.* Heap leaching is a widely
used extraction method for low-grade ores and minerals,
including copper, gold, silver, and uranium.

Oxide copper ore, mixed oxide-sulphide ores and
low-grade copper sulphide ore, which, for economic rea-
sons, cannot be enriched by flotation, may be processed
by heap leaching methods.? However, processing of a
huge amount of low-grade ore causes serious problems
such as lower copper-cathode-production efficiency from
such a low-concentrated pregnant leach solution (PLS) in
the solvent extraction and electro-winning (SX-EW)
plants.3 The PLS usually contains up to ca. 2 g/L of cop-
per, while the iron concentration is up to ca. 5 g/L dueto,
e.g., leaching of iron minerals.* Also, it contains an exten-
sive area of elements, such as Cu, Fe, Ni, Zn, etc.
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Almost 20% of annual Cu production is carried
out using dectro-winning.® In industrial electro-winning,
the typical operating conditions are cdll voltage of ca. 2V,
copper ion concentration of ca. 50 g/L, current density of
0.02-0.045 Alcn?, temperature of 313-333 K, current
efficiency of 89-94 % and specific energy consumption of
1.8-2.5 KWhkg of copper.® The application of EW for
dilute leaching solutions purification, specifically the
removal of Cu, is actually a difficult approach, since the
recovery of metals from dilute solutions is known to in-
volve high operating expenses.

Microbial Fuel Cells (MFCs) are a novel technol-
ogy to convert biodegradable materials directly into elec-
tricity. During the last years, applications of microbial fue
cells expanded from wastewater purification combined
with electricity production to production of added-value
components in the cathode, like H, and H202.7’8 A new
potential application of MFCsis the removal and recovery
of metals from mining and metallurgical wastewaters and
leachates. Compared to the electrowinning, the metallur-
gical MFC has the advantage of electricity production
instead of dectricity consumption, and the high removal
efficiency leading to final copper concentrations <1.2 mg/L.°
Later, Motos et al.” tried to improve the MFC perform:-
ance by modifying the el ectrode materials, the membrane,
and the distance between eectrodes and mass transport
within the system. Using a synthetic solution containing
2g/L of Cu, high current density and power production
were achieved in their improved cell. The current was
enhanced from 3.2 to 23 A/m? while the power density
increased from 0.8 to 5.5 W/n.*°

Metal recovery with Bio-Electrochemical Systems
(BESs) was first illustrated with copper,™ and, afterwards,
some other metals, such as zinc, silver, and vanadium,
have been successfully recovered.*** Ter Heijne et al.’
studied the recovery of copper in an MFC using a bipolar
membrane. The catholyte consisted of 1 g/L of Cu*" as
CuCl, at pH 3. Maximum power density of 0.8 W/m? and
copper removal of 99.88 % were obtained.
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Zhang et al.”> investigated the cathodic reduction of
complex-state copper(ll) in a microbial fuel cell. They
used a synthetized solution containing 5 mM and 50 mM
of Cu and NHs, respectively. Electrochemical reduction
mechanism of Cu(NHs),*" was studied and copper re-
moval efficiency of 96 % was obtained.

Fedje et al.’® studied the washing of soil or ash
(combusted soil/bark) with acidic waste liquids followed
by electrolytic Cu recovery by means of bioel ectrochemi-
cal systems. Copper with 99.7-99.9 wt.% purity was re-
covered from the acidic leachates, using BES. They also
investigated the behavior of the main impurities in the
solution. Co-deposition of Zn 0.1%-03% and Pb
0.01 %-0.03 % were measured.

Kaur et al.™” studied the copper recovery in a bio-
electrochemical system using synthetized and real digtill-
ery effluents (relatively high copper concentration, i.e.,
1g/L followed by a lower concentration, i.e., 50 mg/L).
60-95 % copper was recovered in the form of deposits
depending on starting concentration. According to their
results, better performance was observed at high Cu?*
concentration with double metal removal efficiency. Ini-
tial Cu®* concentration, pH and external resistance were
found to play an important role.

Thus, the first purpose of this sudy wasto determine
the effect of external resistance and initial Cu®* concentra-
tion on the removal of copper, power and current genera
tion in the MFC. The empirical findings in this study pro-
vide further ingghts into the correlation of operational vari-
ables such as external resistance and Cu?* concentration in
the catholyte. The second aim of this study was to investi-
gate the impacts of mgjor impurities, such as iron, in the
process of copper removal and recovery. Indeed, most of
the studies reported so far in the literature have focused on
simple synthetic solutions, which contain only free Cu ions
(Cu™) in the catholyte. By contrast, real wastewater and
particularly acidic heap leaching solutions, typically contain
a complex mixture of metals, such as Cu*, Fe** and other
ionic and non-ionic constituents. Therefore, the viahility of
copper remova and recovery from synthetic binary solu-
tions containing Cu?"and Fe** ions was herein examined.
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Furthermore, main attention was aso placed at analyzing
the influence of catholyte composition on the performance
of a copper-reducing MFC, primarily in terms of current
density and power density.

2. Experimental

2.1. Microbial Fuel Cell

A rectangular-shape bioreactor consisting of two
joint chambers made from plexiglass sheets, were used in
this study as shown in Fig. 1. Each reactor consisted of an
anode and a cathode chamber (400 and 600 mL effective
working volume for cathode and anode compartment,
respectively), which were separated by a proton exchange
membrane (PEM-Nafion™ N117-Dupont Co., USA) with
an available surface area of 12.25 cn”. Both anode and
cathode e ectrodes were made of stainless-steel mesh with
the same geometrical surface area of 14 cm® (both sides).
BES reactor was connected to a computer equipped with a
data logger (DGHS-EL20101-R3, Danesh Gostar Co.,
IRI); a saturated calomel electrode (SCE, +0.244V vs.
SHE, Metrohm Co., Switzerland) was used as a reference
electrode to record the individual anode and/or cathode
potential during the various experiments. Throughout the
study, all potentials were reported with respected to the
SHE. The external circuit consisted of copper wires (about
2mm, outer diameter). Both compartments were air
proofed in order to prevent O, leaking into the anaerobic
chambers, being toxic to anaerobic bacteria thriving at the
anode and competing with Cu** ions as terminal electron
acceptors at the cathode. The membrane was precondi-
tioned prior to being used. To thisaim, it was sequentially
soaked and boiled in a hydrogen peroxide solution (H2Oo,
30 %), deionized (DI) water, and then sulfuric acid solu-
tion (H2SO,4, 0.5M); each step taking one hour. Prior to
being used, the PEM was immersed and boiled in deion-
ized water for one hour.”® Before making the electrical
connection, the steel meshes were first cleaned by soaking
in pure acetone or ethanol overnight.

Fig. 1. A scheme of the experimental apparatus
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2.2. Materials

All chemicals used for the experiments were ana-
Iytical grade and were used as received without any extra
purification. The agueous solutions and reagents were pre-
pared by using distilled water (DI). Anaerobic dudge, cal-
lected from the industria town sewage (Yazd, Iran), was
used as inoculum in the anode compartment. Culture me-
dium contains the following ingredients (all per liter of DI
water): 136 gL CH3;COONa3H,O, 1.05g/L NH.CI,
15g/L KHPO, 22 gL KHPO, and 0.2 gL yeast ex-
tract.”® Phosphate buffered-saline (PBS) solution includes
(per liter): NaHPO,2H.O (4.77 g), NaHPO, (2.759),
NaCl (2.93g) (to increase solution conductivity). Also,
copper (I1) sulfate (with 99% purity) solution in desired
concentrations, sulfuric acid (with 98 % purity) and nitric
acid (with 65 % purity) were used in the experiments. All of
the chemicals used were purchased from Merck (Germany).

2.3. Inoculation and Operation
of the MFC

To dart up the experiment, the anodic chamber of
the MFC was filled with a 60 mL inoculum and 540 mL of
culture medium, prepared as described in Section 2.2. Dur-
ing this initial phase, the cathode chamber was filled with
phosphate buffered-saline (PBS) solution (400 mL, pH 7)
and was kept constantly aerated at the approximate flowrate
of 80 mL/min. The experiments were performed under fed-
batch process conditions, in a temperature-controlled incu-
bator (308+2 K). A fixed external resistance was connected
between the anode and cathode to dase the circuit (500 Q
in al experiments, except where otherwise noted) and to
check the dectricity generation. After acclimation phase
and voltage stabilization, the air injection into the cathode
compartment was stopped and the buffer solution was re-
placed with 400 mL of the copper sulfate (CuSO,) solution,
containing the desired initial concentration of Cu?". The
initial catholyte pH was adjusted to 2 using concentrated
HNO; solution. A magnetic girrer was used to mix the
anolyte and catholyte, so as to minimize the occurrence of
substrate and biomass concentration gradients. Prior to
gtarting the bioelectrochemical experiments, the anode and
cathode chambers were purged with nitrogen (N2) gas
(80 mL/min) to eliminate the dissolved oxygen and estal>-
lish anaerobic conditions. Eventualy, the reactor was oper-
ated ingtantly for the recovery of copper and the rdated
experimentsas shownin Fig. 2.

2.4. Chronoamperometry of Copper
Electrowinning from Mixed Solutions

Chronoamperometry (CA) tests were performed in
a typical three-electrode cell with a working volume of
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150 mL which was continuously stirred and operated at
pH 2. The working electrode, consisting of a titanium
plate(purity of 99.95 %) of 14 cm’” surface area, was con-
trolled at -0.1V vs. SCE by means of a potentiostat
(Ivium Model, Series V11108, Netherlands). The counter
electrode was a platinum sheet (purity of 99.95%). The
distance between the working and the counter electrode
was kept constant at 3.0 + 0.1 cm. All measurements were
performed at 298 K. During electrowinning, the cell volt-
age was monitored with a digital multimeter.

Fig. 2. Experimenta setup of double chambered MFC

2.5. Analytical Procedures
and Electrochemical Measurements

The Cu?* concentration was determined using an
Atomic Absorption Spectrometer (Young Lin AAS-8000
Series, 8020 Model, Korea). Observation of reduced
product formed on the cathode surface was carried out by
Scanning Electron Microscopy (SEM) (TESCAN,
VEGAS3, Czech Republic). The cdl voltage (Ee) was
measured across an external resistor (Rex) through a data
logger with constant current at 2 hours intervals. When the
cell voltage output was stable, a stepwise change of exter-
nal loads using a variable resistor box (10-10,000 Q) was
used to obtain a polarization curve and identify the maxi-
mum power generation. The interna resistance (R of
the cell was calculated from the slope of cell voltage (V)
versus | using Eq. (2):

V=E-I-R,, 1)
where E is electromotive force of the cell. %

Power density (Pgensity), normalized by the anode
surface area, was computed by using Ohnm's law as
Eq. (2):

E
Proay = @

The copper removal efficiency was calculated as

Eq. (3):

C.-C -C,
%"'“100% (3)

0

RE., =
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In the above equations, P is the power density
(MW/m?P), Ea is the measured cell voltage (MV), R is
the external resistance, | is the current calculated by
Ewl/Rext (MA), A is the geometrical surface area of the
anode electrode. Cy is the primary Cu®* concentration of
the catholyte fed into the cathode chamber (g/L). C; is
the residual Cu®* concentration in the catholyte at time t
(g/L), and Cg is the CU?* concentration in the anolyte
at timet (g/L). For total Cu analysis, 5 mL samples were
removed from the cathode chamber.

3. Results and Discusion

3.1. Analysis of the Open Circuit
Voltage (OCV) of the MFC

The MFC was run for about 36 days and the cell
performance was monitored measuring OCV. During an
initial startup phase, the cathode chamber of the MFC was
filled with PBS and was kept aerated, while the anode was
filled with the inoculum and supplied with acetate as elec-
tron donor. During this phase, the anode and cathode were
open-circuited (the MFC was operated without aload or a
resistance in the externd circuit) in order to maximize the
substrate conversion rate and in turn accelerate the devel-
opment of an electroactive biofilm on the anode surface.
After approximately 4 days of operation, the Open Circuit
Voltage (OCV) of the MFC stabilized at approximately
0.3V, indicative of the presence of an active electric cur-
rent-generating anodic biofilm. Subsequently, aeration
was stopped, and the cathode chamber was replaced with
3 g/L of copper solution.
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Fig. 3. Time course of the open dircuit voltage (OCV) curve
and spikes of nutrient solution
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The catholyte replacement resulted in a sharp in-
crease of the OCV, up to nearly 0.600 V (Fig. 3), a value
which is only dlightly lower than the theoretical cell volt-
age of 0.660 V. Importantly, upon reaching its maximum
value, the OCV remained nearly constant throughout the
whole experimental period, except on day 10 and 13 when
it temporarily dropped, probably due to the shortage of
organic substrates at the anode, yet it immediately re-
sumed to the previous values as soon as nutrients were
supplied again (3mL of a 15g COD/L solution), as
shownin Fig. 3.

3.2. Influence of the External
Resistance on the MFC Performance

Effect of external loading on the MFC performance
was studied. Three MFCs were run for 7 days using exter-
nal resistors of 15, 100, and 1000 Q at an initial Cu**
concentration of 0.5g/L. The current and voltage across
these resistors were monitored. The obtained results are
shownin Fig. 4.

When the external resistance was decreased from
1000 to 15Q, the current density increased from about
0.38 to 1.3 A/m in day 3 which indicates high electron
transfer from the anodic to cathodic chamber. Similarly,
Lyon et al.,?* Zhang et al.” and Kook et al.® observed
that a conventional MFC with a lower external resistance
showed a higher current generation.

According to the results, the maximum voltage was
on day 3 with 0.5V across 1000 Q resistor with maxi-
mum power density of 178 mwW/m? at 0.38 A/m?. The
least power (40 mwW/m? at 1.3 A/n?) was attained by the
15 Q resistor. The high values across 1000 Q are attrib-
uted to the high amount of work to be done to overcome
the high resistance.**

Polarization tests were carried out after the accli-
mation and voltage stahilization which corresponded to
days 2, 3, and, 4 for 15, 100, and 1000 Q, respectively.
Fig. 5 displays the voltage—current and power—current
plots of the MFCs with the various external resistances,
determined according to the method described in Sec-
tion 2.5.

A maximum power density (Pma) Of 156 mW/n
was achieved with the 15Q circuit load, while lower
power densities of 136 and 96 mW/m? were obtained with
the 100 and 1000 Q resistors, respectively. The estimated
internal resistance (Ry) of the MFC operated with an
external resistance of 15Q was 348 Q, while it was
dightly higher (i.e., 356 and 429 Q) when the applied
external resistances were 100 and 1000 Q, respectively.
The lower performance of the MFC with a 15 Q resistor
might be due to the significant ohmic loss resulting from
the existence of void spacesin the interior of the biofilm.
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Fig. 4. Effect of external resistances on (A) current density, (B) cdl voltage and (C)
power density generation (Initial Cu® concentration of 0.5 g/L, catholyte pH=2,
and externd resistances of 15 Q, 100 Q and 1000 Q)

It is well known that the electrochemical oxidation
of acetate is an acid-producing process. In the anode com-
partment, acetate is oxidized according to the following
reaction:

CH3COO + 2H,0 =——=2C0O, + 7TH" + 8¢ 4

As shown in the above equation, the oxidation of
every mole of acetate produces 7 moles of proton, which
can result in a pH decrease within the biofilm microenvi-
ronment. This can lead to an increase in the potential for

acetate oxidation and an inhabitation of microbial metabo-
lism, both negatively influencing the MFC performance.”®
When an MFC was operated at a high current density or a
low resistance, this problem becomes more serious due to
the higher proton production rate. Kook et al.? reported
cyclic voltammetry measurements which confirm that the
anode surfaces of a low-resistance MFC could have been
better enriched in redox-active components and thus,
covered by athicker biofilm.
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A suitable biofilm structure is crucia for the
maximum power density and sustainable current genera
tion of the MFCs. Previous studies showed that the
biofilm established at a higher external resistance tended
to form a compact structure with a less active biomass and
a lower EPS content.”*? This led to an increase of the
maximum power density with the decrease of external
resistance. However, when the external resistance became
lower than the optimum value, a loose biofilm structure
with a less active biomass and a higher EPS content was
developed, resulting in more void spaces beneficial for
proton and buffer transport and reduction of the electrical
conductivity within the biofilm. Therefore, a lower maxi-
mum power density and higher maximum sustainable
current generation can be obtained.

3.3. Influence of Initial Copper Concen-
tration on the MFC Performance

In order to evaluate the effect of the Cu?* concen-
tration on the MFC performance (i.e., current and power
generation), various initial Cu* concentrations of 0.5, 1,

0.70
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and 2 g/L were applied to the cathode chamber of the
MFC. The low external resistance of 15Q was used to
maximize the electric currents to the cathode. After reach-
ing a pseudo-steady state condition, polarization curves
were determined (Fig. 6).

Interestingly, the peak power density of the MFC
increased from 167 mW/m’ (at about 0.6 A/m?) to
234 mWi/n?? (at 0.8 A/nv®) as the Cu** concentration was
increased from 0.5 to 1g/L, and it further raised up
270 mW/m?(at 1 A/n") as the applied Cu?* concentration
was 2 g/L. In accordance, the internal resistance of the cell
decreased from 335 to 227 Q, and finally 198 Q, by in-
creasing the applied Cu?* concentration from 0.5to 2 g/L,
asshowninFig. 6.

Taken as a whole, the reported results clearly high-
light that the MFC performanceis improved by increasing
the Cu?* concentration, most likely as a result of a de-
crease in the concentration polarization in the cathode.
Analogoudly, the observed decrease of the internal resis-
tance, which likely resulted from the increased electrical
conductivity of the catholyte, may also have contributed
to the improved MFC performance.
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So far, the MFC performance with a Cu?* catholyte
was examined only by few researchers. However, the
results of this study are fully in agreement with the con-
clusions drawn by Tao et al.” Zhang et al.,”’ and Su-
mishaet a.”®

3.4. Anaerobic Cathodic Copper
Reduction

In order to consider the possibility for copper re-
moval and recovery, an experiment was conducted under
anaerobic conditions in which the catholyte contained
0.18 g/L of Cu** as CuSO, at pH 2. An external resistor of
15 Q was employed in order to maximize current genera
tion and in turn copper reduction. The experiment lasted
12 days. During the MFC operation, an average current
density of 0.52 A/m? was achieved. Over time, as the
copper concentration gradually decreased, the current
density diminished, down to values as low as 0.15 A/n¥,
at the end of the 12-day operational period. According to
Ter Heljne et al.,° at low copper concentrations (less than
0.2 g/L in their work), mass transfer limitations causes
small current densities.

A decrease in copper concentration resulted in a
decrease in cathode potential. As aresult, cell voltage and
current density decreased as well. The reduction of Cu®*
ions in the catholyte and the corresponding copper re-
moval vs. timeisshownin Fig. 7.

At the end of the experiment, the Cu?* concentra-
tion in the cathode comportment was 0.05¢g/L, with a
corresponding removal efficiency of 71.3 %.

The effect of the initial Cu®* concentration on cop-
per removal was also evaluated by performing experi-
ments in which the concentration of Cu** was increased to
0.3, L4 andfinally 3.2 g/L. After 12 days, copper removal
of 75.27 %, 37.91 %, and 17.04 % was obtained, respec-
tively.

According to the Fig. 8, at thefirst 4 days, increas-
ing the initial Cu** concentration in the catholyte from
0.18 to 3.2 ¢g/L resulted in an increase in the precipitation
rate from 0.9 to 4.27 mg Cuh. After that, the copper
deposition rate remained almost constant for the solution
containing 1.4 g/L of Cu, while it reduced to 0.67 mg
Cu/h for the solution containing 3.2 g/L of Cu*2



Bio-Electrochemical Recovery of Copper from Dilute Acidic Solutions as a Function of External... 427

020 - ' - - - 100
ﬁ ) —+— Concentration (g/L)
~ —a—Recovery (%)
g 80
: 3
S -
£ 0 g
g 0.10 g
E a0 %
: :
[>] =]
g O
S 20
&
5
@]

0.00 0

0 48 96 144 192 240 288

Time (Hours)
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Fig. 9 shows the surface of the cathode after 12
days of MFC treatment using a solution containing
14 gL of Cu*.The copper deposit displays octahedral
habit that eventually connects to form a dense layer. This
may be attributed to the slow growth of copper. The
denseness of the copper product allowed for strips of cop-
per to be peeled off the electrode for recovery.

3.5. The Impact of Fe?' Concentration
on the Copper Recovery in the MFC

Effect of ferrous ion presence on the copper re-
moval was studied using a solution containing 1.4 g/L of
Cu**. Firstly, chronoamperometry experiments were per-
formed in the presence of 2 and 5g/L of Fe**. Fig. 10
shows the results.

Notably, results shown in Fig. 10 indicate that the
removal of copper was dightly improved in the presence
of Fe* ions. The increase in Fe** concentration, corre-
sponded to an increase in the current density from 1.2 to
2.1 Alm?. The presence of ferrous ions in the system may
produce a background current as a result of Fe** reduc-
tion. The combination of Fe?* reduction and copper reduc-
tion resulted in higher current densities. In spite of that,
however, the co-presence of iron caused iron impurities
entering into the copper deposits (data not shown).
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Fig. 10. Effect of different Fe* concentrations on the copper
€l ectrowinning by chronoamperometry technique (CuSO, solu-
tion, Cu*=1.4 g/L, pH=2, and 2 hours)

Secondly, two MFCs were run in the presence of
ferrous ions concentrations of 2 and 5¢g/L. The MFCs
were operated using a 15 Q resistance for 12 days. Fig. 11
shows the results. In agreement with the chronoam-
perometry results, the presence of Fe** also improved the
performance of the MFC. Indeed, the average current
density increased from 0.8 to 0.95 A/m? after adding Fe**
at concentrations of 2 and 5¢g/L. Notably, a 7.23% in-
crease was obtained over aperiod of 288 hours.

The findings obtained from the biological fuel cell
in terms of current density and copper deposition arein a
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good agreement with the results obtained from the chro-
noamperometry tests.

50
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Copper Recovery (%)

10 | —8—Cu2+=1.4, Fe2+=2 g/LL
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0 96 192 288

Time (Hour)

Fig. 11. Effect of Fe** concentrations on the copper recovery
using an MFC (CuSO, solution, Cu**=1.4 g/L,, and pH=2)

4. Conclusions

Copper production industry faces the need of proc-
essing of low-grade ores and tailings. Heap leaching is
one of the main methods to reach this goal. However, the
heap leaching PLS usually contains low copper and high
iron concentrations but also extensive amounts of ele-
ments, such asMg, Mn, Ni, Zn, etc. While ailmost 20 % of
annual Cu production is carried out using €l ectro-winning,
its application for dilute leaching is difficult and involves
high operating expenses. Biodectrochemical systems
provide a promising tool for the recovery of copper from
the heap leaching solutions which usually contain low
copper and high iron concentrations.

In this research, the role of copper and ferrous ion
concentrations, and external resistance in the removal of
synthetic sulfuric acid solutions by a lab-scale microbial
fuel cell was investigated. According to the findings,
higher external resistance results in a higher power density
(in example 180 mwW/m? for the 1000 Q). However, cop-
per metal recovery needs higher current density so that
lower external resistance should be used. In this study,
current density of 1.3 A/m? was obtained when the 15 Q
resistor was connected to the MFC. Results showed that
the peak power density of the MFC increased from
167 mW/n’ (at about 0.6 A/m?) to 270 mW/m’ (at about
1 A/m?) as the Cu** concentration was increased from 0.5
to 2 g/L. The Cu*" elimination performance was 71.34 %,
75.27 %, 37.91 %, and 17.04 % for Cu** concentrations of
0.18, 0.3, 1.4 and 3.2¢g/L, respectively. Chronoampe-
rometry tests showed that addition of ferrous ions to the
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solution enhances the current density but also copper re-
moval. Similarly, the increasing of Fe™ concentration
from 2 to 5g/L increased both current density (about
20 %) and copper extraction (about 7 %). The results of
this study confirm the ability of the MFCs for the metal-
lurgical recovery of copper from impure dilute sulfuric
acid solutions obtaining from heap |eaching processes.
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BIOEJIEKTPOXIMIYHA PEKYIIEPALIS MIII
3 PO3BEJIEHHUX KUCJIOTHUX PO3YUHIB
SIK ® YHKIISI 30BHIIITHHOI'O OITOPY,
KOHIEHTPAIIT MIII
TA 3AJIBA

Anomauia. bioenexmpoximiuni cucmemu € nepcneKmueHuM
iHCmpymenmom Ol pekynepayii Miol 3 po3uunie Kyniacmozo 6uiy-
208Y6aHHs, y AKUX NEPEBUANCHO HU3bKA KOHYenmpayis mioi ma
sucoKka Konyewmpayis 3aniza. Y yiti pob6omi 00cniodceno ponb
KOHYeHmpayii ionig MiOl ma 3ai3a, a MmaKodic 306HIUHLO20 ONOPY Y
BUOANIEHHT CUHMEMUYHUX PO3YUHIE CIPUAHOT KUCIOMU 3 OONo-
MO2010 1a6OpamopHo20 MikpooHo2o namuserozo eremenma (MFC).
Ompumaro xopowi pe3ynomamu 6UOIeHHsl MiOI.

Kntouosi cnosa: miob, po3uun Kynuacmozo uiy208y6aHHs,
bioenexmpoximiuHi cucmemu, MIKpOOHULL NATUBHULL eeMeHm, 306-
HIWHIL Onip.



