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Background. The formation of an exoelectrogenic biofilm in a microbial fuel cell (MFC) is an important
stage, because it affects later on current generation by the system. The fermented residue after methanogene-
sis as an inoculum contains not only exoelectrogenic microorganisms, but also methanogens, which reduce
the productivity of MFC. The use of current allows the formation of a biofilm enriched with exoelectrogenic
microorganisms.

Objective. The purpose of our study was to establish the parameters of MFC under periodic application of
external voltage.

Methods. A two-chamber H-type MFC with a salt bridge between the chambers was used for the study. The
anolyte was stirred with a magnetic stirrer for 4 h a day and a 3V voltage was simultaneously applied to cre-
ate selective conditions for exoelectrogenic biofilm growth.

Results. The application of external voltage stimulated the increase in the current and voltage of the MFC.
With the periodic application of an external voltage, the MFC current increased to 788 + 40 nA for the
MFC with a resistor and without load. After disconnection and discharge, the MFC current dropped to
189 = 10 pA for the MFC without load and to 154 £ 8 pA for the MFC with a resistor, respectively. Under
the conditions of MFC operation without applying external voltage, the current was 960 + 50 pA for MFC
with an open circuit and 672 * 35 pA for MFC with a closed circuit when a resistor is connected. For
all MFC, the current gradually decreased over time. MFC demonstrated capacitive behaviour: after accumu-
lating charge for 4 h, a discharge from 622 £ 30 mV to 462 £ 23 mV was observed. Microscopy showed foul-
ing of the anode. Since the fermented residue after methanogenesis is mixed consortium, the anodic biofilm
was also mixed consortium enriched with different species of exoelectrogens.

Conclusions. Periodic application of external voltage allowed to increase the current by 17% and double the
voltage compared to MFC without external voltage supply. However, after disconnecting the external voltage
source, the MFC gradually discharged, that is, the current and voltage decreased. The maximum value of the

current of the MFC with an open circuit was 22% more than the MFC with a closed circuit.
Keywords: microbial fuel cell; external voltage; biofilm; bioanode.

Introduction

The use of fossil fuels causes environmental
pollution, which creates a need for sustainable and
environmentally friendly technologies for obtaining
energy [1]. Microbial fuel cell (MFC) is a technol-
ogy in which wastewater treatment and energy
production are carried out simultaneously due to
the bioelectrochemical conversion of substrates
by exoelectrogenic microorganisms [2]. In a two-
chamber MFC exoelectrogenic microorganisms
oxidize organic substances with the formation of
electrons at the anode. Electrons from the anode
through an external electrical circuit are trans-
ported to the cathode, and protons are transported
through the membrane between the cathode and
anode chambers. At the cathode electrodes, pro-
tons and the terminal electron acceptor, which in
many cases is oxygen, combine to form water [3].
In the anode chamber, either exoelectrogenic an-

ode bacteria represented by a pure culture or a mi-
crobial consortium can be used as bioagents that
decompose organic compounds with the release of
electrons. The microbial consortium is more resis-
tant to changes in the qualitative and quantitative
composition of the medium due to a wide range of
compounds, which is able to transform [4]. The
main role in the production of electricity is played
by exoelectrogenic bacteria, which are directly at-
tached to the anode [2]. Thus, for a more efficient
conversion of the substrate into electrical energy, it
is important to form a biofilm enriched with
exoelectrogenic bacteria on the anode. The source
of obtaining exoelectrogenic bacteria is a number
of natural and artificial sources, in particular, such
as river sludge, anaerobic sludge, sand, compost,
soil, etc. [5]. The fermented residue after methano-
genesis contains a significant number of exoelec-
trogenic bacteria, but on the other hand, it is also
rich in other types of bacteria, in particular
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methanogens [6]. Methanogenesis is known to in-
hibit bioelectrochemical reactions through compe-
tition for substrate [7]. It has been shown that
electrical stimulation contributes to the biological
oxidation of organic compounds. Guo et al. [8]
obtained a specific power of 2,035.08 mW/m® in
MFC with an applied voltage of 1.1V, which is
higher compared to the control without applied
voltage. The applied voltage of 2V promotes the
growth of anode biomass, and the consortium is
enriched with bacteria of the genus Shewanella [9].
Similarly, Guo et al. [8] demonstrate that tran-
siently applied voltage enriches Flavobacteriaceae
and reduces Metganotrichaceae in the anodic con-
sortium. The absence of a voltage source promotes
direct interspecies electron transfer [10]. The ap-
plied voltage furthers to increase the driving force
of substrate oxidation and bacterial adhesion to
the anode surface [11]. Increasing the applied vol-
tage by 1.2V and above shows a negative effect
on methanogenesis [12]. In contrast, an applied
voltage of 0.39 V furthers more methane produc-
tion [10]. Tice & Kim [13] used an applied voltage
of 3.5V to evolve oxygen and to inhibit methano-
genesis. The application of the appropriate voltage
facilitates the migration of a large number of pro-
tons and electrons through the proton exchange
membrane and through the external circuit, re-
spectively [14]. At a voltage of 3 V and above, free
radicals are formed, so the anodic biofilm needs
time to recover [15]. Pietrelli [9] demonstrated that
an MFC under an applied voltage of 2 V accumu-
lates charge and then discharges as a capacitor.
The purpose of our study was to establish the pa-
rameters of MFC under periodic application of ex-
ternal voltage.

Materials and Methods

A two-chamber H-type MFC with a salt
bridge between the chambers was used for the
study (Fig. 1). The volume of the cathode and an-
ode chambers was 1 dm?® each. Each chamber is
made of polypropylene. The salt bridge consisted
of 2.4 g of agar, 8.947 g of KCI, 120 ml of distilled
water [16]. The length of the salt bridge was
105 £ 5mm. The cameras were connected by a
polyvinyl chloride tube @8x3mm. The tightness
of the entry was ensured by PG-11 cable entries.
The electrode frame was made of a stainless-steel
mesh that was wrapped with carbon fiber. The
weight of the entire electrode was 8.5 £ 0.5g, the
weight of the carbon thread on the electrode was
4.5+ 0.5 g. The dimensions of the electrodes were

100 x 50 mm (£5 mm), the visible area was 0.01 m>.
Electrodes were washed with IN HCI and IN
NaOH and distilled water and then left in distilled
water for 24 h before use [17]. The electrodes were
connected by a stainless-steel wire with a 66 Q re-
sistor, as a small external resistor is useful for
higher organic compound substrate utilization [2].

The anolyte consisted of 50 mM PBS buffer
solution (pH 6.1) with sodium acetate (1 g/dm?’) [18],
FeCl; (200 uM) [19] and 10 ml of vitamins and
minerals. The concentrations of PBS components
were (in grams per liter of distilled water):
4,58 Na,HPO,, 2,45 NaH,PO,, 0,31 NH,ClI, 0,13 KCI.
The concentrations of components of the vitamins
and minerals solution were (in milligrams per liter of
distilled water): 1,5 retinol palmitate, 0,01 cholecalci-
ferol, 60 ascorbic acid, 13 nicotinamide, 10 a-toco-
pherol acetate, 5 calcium pantothenate, 1,2 ribofla-
vin, 1 thiamine nitrate, 2 pyridoxine hydrochloride,
0,003 cyanocobalamin, 0,4 folic acid, 20 Mg?* (mag-
nesium lactate), 15 Ca?" (calcium hydrogen phos-
phate), 12 P°* (calcium hydrogen phosphate),
10 Fe** (ferrous fumarate), 3 Zn?" (zinc sulphate),
1 Cu?** (copper sulphate), 1 Mn?* (manganese sul-
phate), 0,1 Mo®* (sodium molybdate).

Fermented residue after methanogenesis (De-
partment of Bioenergy, Bioinformatics and Envi-
ronmental Biotechnology of the Igor Sikorsky Kyiv
Polytechnic Institute) was used as a source of
exoelectrogens (inoculum) (dry weight 7.3 +0.1¢g
per anode chamber). Fermented residue after me-
thanogenesis consists different microorganism in
particular exoelectrogens and methanogens. This
inoculum is enriched with microorganisms from
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Figure 1: Scheme of a microbial fuel cell: / — anode chamber,
2 — cathode chamber, 3 — anode, 4 — cathode, 5 — polyvinyl
chloride tube with a salt bridge in PG-11 cable entries, 6 —
closed gas pipe, 7 — check valve, & — stainless steel wire, 9 —
resistor, 10 — PG-9 cable entries
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family Methanosarcinaceae, such a Methanobacte-
rium sp., Meathanosaeta sp. and was described by
Golub et al. [20]. For inhibition methanogens ex-
ternal voltage was applied to create selective condi-
tions for exoelectrogenic biofilm growth. The ano-
Iyte was stirred with a magnetic stirrer for 4 h a
day and a 3V voltage was simultaneously applied.
Two 1.5V AA batteries were used as a voltage
source. During mixing, the resistor was replaced
with an LED lamp with an amplifier (Fig. 2). To
determine the influence of devices that consume
electrical energy on electrical characteristics of the
MFC an LED (600 Q) or a resistor (66 Q) was
connected. In addition, the LED was used as a
voltage source indicator. The contents of the anode
chamber were stirred to improve the mass transfer
Potentiostat

inside the anolyte.
W502 13 3296
‘ LED
Transistor @ \
2N 555 Y808 =

Figure 2: Scheme of induction LED amplifier

The catholyte consisted of 50 mM PBS buffer
solution (pH 6.1) with K;[Fe(CN)] 50 mM [18].
Voltage and current were measured with a mul-
timeter (DT 830B, China). The dry mass of ino-
culum and electrodes was determined by drying
them to a constant mass in a drying cabinet
(LabExpert 3050 MC, China) at 105 °C. Weighing
was carried out using an electronic scale (SPU 123
Scout Pro OHAUS, Switzerland). The experiment
was carried out in three replicates. MFC without
the addition of inoculum was used as MFC with
an abiotic anode to determine the bioelectro-
chemical nature of the current in MFC. For com-
parison, an additional experiment was conducted
without the application of external voltage, similar
to the one described above with a closed and open
circuit with the addition of inoculum in each. The
difference was in the absence of external voltage
application.
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From 580 to 864 h (during 284 h), apply of
external voltage was stopped to restore the bio-
film [15]. MFC has capacitive behaviour. To check
the capacitive behaviour, a voltage of 3V was ap-
plied for 4 h with simultaneous stirring, and the
change in the open circuit voltage was measured.
During all measurements, the resistor was replaced
by a LED, and the open-circuit voltage was also
measured. Microscopy was used to determine the
presence of immobilization of microorganisms on
the anode (XSP-139TP Ulab TM, China). Statisti-
cal data processing was carried out using the Mi-
crosoft Excel software package, determining the
arithmetic mean and standard deviation.

Results

With the periodic application of an external
voltage, an increase in the MFC current was ob-
served (Fig. 3). In the MFC with an abiotic anode
that did not contain inoculum, the current did not
exceed 20 = 5 uA during the entire study. The
MFC current gradually decreased from 189 * 10
to 81 = 4 pA for the MFC without load and from
154 £ 8 to 91£5 puA for the MFC with a resistor
when measured daily before applying an external
voltage. During the cultivation, the anolyte was re-
placed twice (partially), but the addition of a new
portion of the substrate did not cause a significant
increase in the current when measured daily before
applying an external voltage (Fig. 3, a,b). After
336 h from the start-up of the MFC, the decrease
in current became slower. The current measured
immediately after disconnecting the external vol-
tage on the first day was 178 £ 9 pA for the MFC
with LED, and 660 + 33 uA for the MFC with a
resistor and no load (Fig. 3c). On the second day,
the current measured immediately after discon-
necting the external voltage reached maximum val-
ues, namely 390 = 20 pA for MFC with LED and
788 £ 40 uA for MFC with resistor and no load.
The current gradually decreased to 21 £ 1 pA for
MFC with LED, to 123 £ 6 pA for MFC with re-
sistor and 131 = 7 uA for MFC without load. After
partial replacement of the anolyte, the current
gradually increased to 96 = 5uA for MFC with
LED, and to 295 + 15 pA for MFC with a resistor
and to 304 = 15 pA for MFC without load.

For comparison, MFC without applying an
external voltage with a closed and open circuit was
studied. Already in the first day, the current in-
creased to 960 = 50 pA for MFC with an open cir-
cuit and to 672 £ 35 puA for MFC with a closed
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circuit when the resistor was connected (Fig.4). connected. After the light of the LED appeared on
The current gradually decreased to 590 * 30 uA for the 5th day, the measurement of the MFC current
MFC with an open circuit and 460 = 23 uA for with the LED was started. The current when con-
MFC with a closed circuit when the resistor is necting the LED gradually increased.
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Figure 3: Change in a microbial fuel cell (MFC) current over time before applying external voltage for MFC with a bioanode and
for MFC with an abiotic anode: (a) with a resistor (66 Q) (—&— — MCF with bioanode, —e— — MCF with abiotic anode),
(b) without load (—&— — MCF with bioanode, —#— — MCF with abiotic anode), (c) change in current after periodic application
of an external voltage 3V with a resistor (—e— 66 Q), with an LED (—=— 600 Q), and without load (—&— open circuit). Arrow —
replacement of 500 ml of anolyte
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Figure 4: Change in a microbial fuel cell current over time without applying an external voltage with an open and closed circuit:
(a) with a resistor (66 Q), (b) with an LED (600 Q); —e— — open circuit, —@— — closed circuit
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The current of the MFC immediately after
disconnecting the external voltage of 3 V and the
MFC with a closed circuit without applying an exter-
nal voltage were compared (Fig. 5). The maximum
value of the MFC current after disconnecting the
external voltage was 17% more than the MFC opera-
ting without applying external voltage. A gradual
decrease in current was observed for both MFC.
When the LED was connected, there was a gradual

900
800 ®
700
600
500
400
300
200
100
0

Current /, pA

0 50 100 150 200
Time from start-up, h

a

decrease in the current after applying an external
voltage, and a gradual increase for MFC with a
closed circuit without applying an external voltage.

With the periodic application of external vol-
tage for 48 h, an increase in voltage was observed
up to 406 £ 20 mV for MFC with LED and
414 £ 20 mV for MFC without load (Fig. 6). Sub-
sequently, the no-load voltage in the experiment
increased to 425 + 20 mV for MFC with LED and
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Figure 5: Change in a microbial fuel cell (MFC) current over time for MFC after periodic application of an external voltage 3 V
and MFC with closed circuit without applying an external voltage: (a) with a resistor (66 Q), (b) with LED (600 Q); —e— — MFC

with closed circuit without 3V, — MCEF after 3V
500 600
450
> 400 > 500
E 350 g 400
= 300 =)
o 250 o 300
2 200 P;f
S 150 3 200
> 100 100
30 W MH_".
0 0
0 200 400 600 800 1000 0 500 1000
Time, h Time, h
a b
1200
> 1000
g 800
>
o 600
20
%’ 400
~ 200
0
0 100 200 300 400 500 600
Time, hours

C

Figure 6: Change in a microbial fuel cell (MFC) voltage over time before applying external voltage for MFC with a bioanode and
for MFC with an abiotic anode: (a) with an LED (600 Q), (b) without load, (c) change in voltage MFC without load after periodic
application of an external voltage. Arrow — replacement of 500 ml of anolyte; —&— — MCF with bioanode, —#— — MCF with

abiotic anode
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444 + 20 mV for MFC without load, while for
MFC with an abiotic anode, it did not rise above
80 £ 5mV during the entire operating. The voltage
remained relatively constant throughout the opera-
tion. The voltage measured immediately after dis-
connection of the external voltage source on the
first day increased to 1062 = 50 mV for MFC with-
out load, and decreased almost by half after 389 h.
After partial replacement of the anolyte, the no-
load voltage gradually increased to 952 * 45 mV,
and then began to gradually decrease again.

The voltage of MFC when LED connected
without applying an external voltage was relatively
stable during operation and averages 450 £ 22 mV for
MFC with a closed circuit and 480 = 25 mV for
MFC with an open circuit (Fig. 7). Without load,
the voltage gradually increased to 740 = 37 mV for
MFC with open circuit and 710 £ 35 mV MFC
with closed circuit.
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The voltage of the MFC immediately after
disconnecting the external voltage of 3V and the
MFC with a closed circuit without applying an ex-
ternal voltage were compared (Fig. 8). The voltage
was about 500 mV for the MFC with the LED
after applying the voltage and without applying
the voltage. The voltage without load was about
1000 mV for the MFC after applying the voltage,
compared to 500 mV for the closed circuit MFC
without the external voltage applied.

For 12 days (from 580 to 864 h), the applying
of external voltage was stopped to restore the
biofilm. During this time, the voltage and current
of MFC did not change significantly. And after the
external voltage was applied again, it did not sig-
nificantly affect the MFC voltage and current.
Hence, it can be assumed that the formed biofilm
does not need to be restored.
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Figure 7: Change in a microbial fuel cell voltage over time without applying an external voltage with an open and closed circuit:

(a) with an LED (600 Q), (b) without load;
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Figure 8: Change in a microbial fuel cell (MFC) voltage over time for MFC after periodic application of an external voltage 3 V and

MFC with closed circuit without applying an external voltage: (a) with LED (600 Q), (b) without load;
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When studying the capacitive behaviour of
MFC, it was established that the open circuit volt-
age increased from 413 £20 mV to 622 = 30 mV
for MFC with bioanode and from 65 £ 3 mV to
260 = 13 mV for MFC with abiotic anode (Fig. 9).
After that, the external voltage source was discon-
nected, and during the first hour voltage decreased
to 462 £ 23 mV for the MFC with bioanode and to
127 £ 6 mV for MFC with abiotic anode. Within
4 h after disconnecting the external voltage source,
the open circuit voltage dropped to 461 + 23 mV
for MFC with bioanode and to 80 £ 4 mV for MFC
with abiotic anode and remained constant, which
indicated that the MFC had the ability to accumu-
late charge for a short time.
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Figure 9: Effect a microbial fuel cell (MFC) open circuit voltage
on capacitive behaviour of MFC. A voltage of 3 V was applied for
4 h from 912 to 916 h: —&— — MCF with bioanode, -
MCEF with abiotic anode

Microscopy of the anode carbon fiber from
the MFC with bioanode and MFC with abiotic
anode after operation of MFC allowed to establish
the presence of flake-like structures on the carbon
fiber from the MFC with bioanode (Fig. 10). Simi-
lar structures are observed during immobilization
of aerobic or anaerobic sludge. Such structures
were observed over the entire surface of the fibers
and were visually tightly connected to the fibers.

a b

Figure 10: Microphotograph anode in a microbial fuel cell:
(a) carbon fiber without anode biofilm (magnification 400x),
(b) carbon fiber with anode biofilm (magnification 200x)

Discussion

When an external voltage was applied, the
current increased in the MFC with a bioanode and
with an abiotic anode, but the preservation of the
current after disconnection of the external voltage
in the MFC with a bioanode indicated that the
biological component in the MFC is involved in
the formation of the current. In the MFC with an
abiotic anode, after disconnection of the external
voltage, the current dropped to values of less than
20 pA, which was 5 times less than the current in
the MFC with the inoculum. The gradual decrease
in the current can be explained by the multi-layer
fouling of the electrodes by microorganisms from
the inoculum, which could lead to a decrease in
the availability of the substrate for microorganisms.
Also, the obtained data indicate that in the absence
of stimulation and the application of external volt-
age, the fermented residue after methanogenesis
reveals itself as an inoculum rich in exoelectro-
genic microorganisms. Voltage, creating selective
conditions, at the same time slightly suppresses the
metabolism of microorganisms, forcing them to
create multi-layered biofilms, and at the same time
affects redox processes associated with electrolyte
components. The dynamics of current values indi-
cated the establishment of a relatively stable system
of immobilized microorganisms, which were quite
resistant to certain changes in the system, for ex-
ample, to the addition of a substrate. On the other
hand, this indicated the absence of further growth
of the biofilm of exoelectrogenic microorganisms
and the establishment of the limit of access of the
substrate to exoelectrogens, since the current did
not increase after the addition of a new portion of
the substrate.

The flake-like structures that were observed
during microscopy and the presence of current and
voltage allowed to make assumptions about the
immobilization of exoelectrogens on the anode.
However, these flake-like structures were very
dense, which can explain the decrease in current in
MFC during cultivation due to the difficulty of
mass exchange and a very dense network of micro-
organisms. Because of this, microorganisms that
were located further from the surface of the carbon
fiber and closer to the anolyte can be the first to
consume the substrate, and due to the absence of
mediators or morphological structures such as pili
between these bacteria and those closer to the
surface of the electrode, the availability of orga-
nic compounds for exoelectrogens on anode can
be reduced.
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The obtained results indicated that the exter-
nal voltage has a positive effect on the MFC cur-
rent generation. However, over time, the influence
of external voltage significantly decreased due to
the dense growth of the anode surface and redox
processes on the electrodes. The fermented residue
after methanogenesis contains a large number of
organic compounds and microorganisms, which
can lead to uneven biochemical transformation of
organic substances by suspended microorganisms
and immobilized on the anode, which in turn leads
to fluctuations in the current and voltage values.
Timmers et al. [21] note that voltage fluctuations
can be caused by changes in anodic potential.
Considering the fact that the fermented residue af-
ter methanogenesis consists of a large number of
organic compounds by itself and the complete re-
placement of the anolyte was not carried out dur-
ing the entire cultivation in MFC, a mixed poten-
tial, that is, an average potential of simultaneous
biochemical redox reactions, could be observed.
Saravanan et al. [22] note that external voltage af-
fects enzyme activity, changes in zeta potential,
and changes in electrode sediment viscosity. After
a certain period of work, the substrates were de-
pleted, and metabolites accumulated in the MFC,
which reduced the activity of exoelectrogenic mi-
croorganisms [23]. However, the accumulation of
the biofilm limited the arrival of new portions of
the substrate to the exoelectrogenic bacteria di-
rectly on the electrode, as evidenced by the ab-
sence of an increase in current and voltage after
the introduction of a new portion of the substrate.
Conversely, during the cultivation, a stable biofilm
was formed, which returned to constant values af-
ter the disconnecting of the external voltage. An
external voltage of 3 V in combination with stirring
allowed selectively activate exoelectrogens in the
first days, as evidenced by the increase in current
during the first 48 h. However, the influence of ex-
ternal voltage gradually decreased. The obtained
results indicated that to stimulate the deposition of
exoelectrogens on the anode in MFC, it is suffi-
cient to apply an external voltage of 3V with si-
multaneous stirring for 4 h per day for 2-3 days,
since further applying of external voltage did not
lead to a significant further increase in current and
voltage. On the other hand, the fermented residue
after methanogenesis contains a large number of
exoelectrogenic microorganisms [5], and the effect
of selective inhibition by the external voltage sig-
nificantly reduces the total voltage and current
generated by MFC. Thus, the effect of 3V voltage
for 4 h on the one hand allows creating selective
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conditions for exoelectrogens and suppressing me-
thanogenesis, but on the other hand reduces the
overall current production by the system.

Power generation in MFC is related to the
presence of exoelectrogenic genera in anodic bio-
film. Eyiuche et al. [6] points that in anodic com-
munities fed with acetate at a higher frequency de-
tected Geobacter and Desulfuromonas, which have
exoelectrogenic properties. Fermentative bacteria,
such as Clostridium and Escherichia coli, which
may be in fermented residue after methanogenesis
also can produce electricity [24]. Since the in fer-
mented residue after methanogenesis used as in-
oculum in this study consists many different spe-
cies, the anodic biofilm was most likely enriched
with different species of exoelectrogens.

The maximum values of the open circuit volt-
age in the experiment with an applied external vo-
Itage of 3V and in the experiment without applying
an external voltage were 1062 = 50 and 710 £ 35 mV,
respectively. However, after disconnecting the ex-
ternal voltage source the voltage decreased from
1062 £ 50 mV to 430 £ 20 mV, and during a long
time the effect of the applied external voltage de-
creased. Such results indicate that the applying of
external voltage has a short-term effect on the effi-
ciency of generating electrical energy of MFC.

Conclusions

Periodic application of external voltage al-
lowed to increase the current by 17% and double
the voltage compared to MFC without external
voltage supply. However, after disconnecting the
external voltage source, the MFC gradually dis-
charged, that is, the current and voltage decreased.
MFC demonstrated capacitive behaviour: after ac-
cumulating charge for 4 h, a discharge from 622 to
462 mV was observed. MFC demonstrated capaci-
tive behaviour: after accumulating charge for 4 h, a
discharge from 622 + 30 to 462 + 23 mV was ob-
served. The maximum value of the current of the
MFC with an open circuit was 22% more than the
MFC with a closed circuit.
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KMl im. Iropsi Cikopcbkoro, Kuis, YkpaiHa
®OPMYBAHHA AHOOHOI BIONNIBKU 3A NPUKINALEHS 30BHILUHLOT HAMPYIU

MpobnemaTtnka. YTBOPEHHS eK30enekTporeHHoi bionniskvn B MikpobHOMy nanmeHoMy enemeHTi (MIE) € BaxnueBumM etanom, OCKinbku
BiH BNNMBaE Ha NoAanbLuy reHepadiio CTpyMy cuctemoro. PepMeHTOBaHMI 3anuLLIOK NIiCNsS MeTaHoreHe3y siK iHOKYNAT MICTUTb He TiflbKu
€eK30eNeKTPOreHHi MiKpoopraHiammn, a 1 MeTaHoreHu, siKi 3HWKyTb NpogykTuBHicTb MIME. BukopuctaHHs ctpymy gae amory cdopmyBa-
T BionniBky, 36araveHy ek3oeneKkTporeHHUMM MiKpoopraHismamm.

Merta. BctaHoBneHHs napameTpis MIME 3a nepioanyHOro npyvknageHHs 30BHILLHLOT HaMpyru.

MeToauka peanisauii. [Ins gocnimkeHHs BUKOpUCToBYBanu gsokamepHuin MIME H-tuny i3 conboBMM MICTKOM M kamepamu. AHORMIT
nepeMillyBany MarHiTHOK MilLankol NpoTArom 4 roa Ha AeHb i OAHOYacHO npuknaganu Hanpyry 3 B Ans cTBOPeHHSA CeneKkTUBHMX
YMOB A5151 POCTY €K30€eNeKTpOoreHHoi 6ionniBku.

Pe3ynbTaTu. [NprknageHHs 30BHILUHLOIT HANPYrn CPUYMHAE NiABULLEHHS cunu cTpymy Ta Hanpyru MIE. 3a nepiognyHoro npuknagaHHs
30BHIiLWHBLOI Hanpyru cuna ctpymy MINE 3poctae go 788 + 40 mkA anst MIE i3 pesuctopom Ta 6e3 HaBaHTaxeHHs. [icns BigKnoYeHHst
Ta po3psgkeHHst cuna ctpymy MIE BignosigHo cnagae go 189 + 10 mkA onsa MIME 6e3 HaBaHTaxeHHs Ta go 154 + 8 mkA MIIE i3 pe-
3uctopomM. 3a ymoB hyHKuUioHyBaHHst MIME 6e3 npuknageHHst 30BHILLIHBOT Hanpyru cuna cTpyMmy ctaHoButb 960 + 50 mkA ans MIME 3 Bia-
KpUTUM KOHYTpOM i 672 + 35 MKA ana MIE i3 3aMKHyTMM KOHTYpOM npu nigkntoveHomy pesucTopi. Ans Bcix MMNE cuna ctpymy nocty-
NoBO 3 YacoMm 3HKyeTbcs. MIMNE aeMoHCTpye eMHICHY NOBeiHKy: MiCNs HaKOMUYEHHs 3apsay NPOTAroM 4 rof, CnocTepiraeTbCs po3psasa
Big 622 + 30 go 461 + 23 mB. Mikpockonisi nokasana obpoctaHHs aHoga. Ockinbku depMEHTOBaHWIA 3anuLLOK MiCMsi MeTaHoreHesy €
3MiLLaHMUM KOHCOPLIiyMOM, aHofHa Gionnieka Takox 6yna 3amMiluaHnM KOHCOpLiyMOM, 36ara4eHnm pisHMMKU BUAAMU €K30EMEKTPOreHiB.
BucHoBku. [NepiognyHe npuknagaHHa 30BHIWHBOT HAaNpyru Aae 3Mory 36inbwuTy cTpym Ha 17 % Ta Hanpyry BABiYi nopiBHaHO 3 MIME
6e3 nogadi 30BHiWHBOI Hanpyrn. OgHak nicns BiAKMOYEeHHs 30BHIiLWHBbOro Axepena Hanpyru MIME nocTynoBo po3psiixaeTbes, a came
3MEHLLYIOTLCS cuna CTpymy Ta Hanpyra. MakcumansHe 3HaveHHs cunu ctpymy MIE 3 BigkpuTM KOHTYpOM Ha 22 % 6inbwe 3a MIE i3
3aMKHYTUM KOHTYPOM.

Knto4yoBi cnoBa: MiKpoOHWIN ManvBHUIA eNeMeHT; 30BHiLLHS Hanpyra; 6ionniska; 6ioaHoa.



