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Background. Microbial fuel cells are devices in which electricity is generated by microorganisms called exo-
electrogens. During the process of anaerobic respiration exoelectrogens emit electrons outside the cell. These
electrons can be transferred to the anode of biofuel cell via several different mechanisms. Electricity generation
in microbial fuel cells depends primarily on the electrochemical activity of the exoelectrogens present in the
anode space. Nowadays, the usage of microorganisms, immobilized as biofilms on the anode, is constantly
increasing. Natural sources for exoelectrogens selection such as activated sludge, biofilter biofilms, sediments
of seas and rivers have a very diverse microbial composition. Therefore, it is important to immobilize relatively
deficient in natural sources exoelectrogens on the anode during the biofilm formation process. The main
research areas are the development of a technique for obtaining of electroactive biofilms enriched with exo-
electrogens along with reduction of the period of biofilm formation process.

Objective. We set a goal to study the process of high exoelectrogenic biofilm formation basing on the combination
of different methods of exoelectrogens isolation and immobilization at the anode of a microbial fuel cell.
Methods. A three-stage technique was used to obtain a highly exoelectrogenic biofilm which, due to the
combination of typical isolation and immobilization techniques of exoelectrogens, allows obtaining the biofilm
in which the vast majority of microorganisms are exoelectrogens. In the first stage, a biofilter biofilm was used
as a source of exoelectrogens. The biofilm formed in the first stage was used as an inoculum for the second
stage of biofilm formation. During the second stage an additional selective factor (applied additional potential
in the electrical circuit of the microbial fuel cell) was used. The third stage of biofilm formation was the
isolation of exoelectrogens capable of reducing ferum (I1I) compounds from secondary biofilm with subsequent
application of these cells as inoculum.

Results. The usage of the proposed method allows obtaining of a biofilm enriched with exoelectrogenic bacteria.
The maximum current density generated by the biofilm, obtained during the first stage, reaches 140 pA/cm?,
during the second — 400 pA/cm?, during the third — 615 pA/cm?. The duration of biofilm formation at each
stage was 110 h, 40 h, and 60 h, respectively.

Conclusions. It has been proven that the duration of biofilm formation is reduced almost twice as a result of
a combination of typical methods of isolation and immobilization of exoelectrogens; obtained biofilm has high
electrochemical activity and properties similar to biofilm, formed by pure cultures of exoelectrogens.
Keywords: microbial fuel cells; biofilm; exoelectrogens; electrochemical activity.

Introduction

The rapid growth of interest in the usage of bio-
fuels (primarily biodiesel) is damaging to farmland.
It leads to soil depletion and deterioration. It is also
accompanied by a sharp reduction in the area for
growing crops, intended for food. Development of
new technologies for renewable energy sources gen-
eration with the possibility of simultaneous wastes
utilization is a very urgent problem. Algae are cur-
rently being promoted as an ideal third generation
biofuel feedstock [1, 2]. But another promising tech-
nology for renewable energy production and waste
water treatment is bioelectrochemical method of
electricity generation in microbial fuel cells. An

important advantage of this method is the possibility
of using wastewater with biodegradable organic com-
pounds. The systems in which such a process occurs
are called microbial fuel cells (MFCs) [3].

MFC:s are bioelectrochemical systems that gen-
erate electrical current using bacteria. This process
is based on the catabolism of organic substances such
as glucose, acetate, butyrate or other organic com-
pounds contained in wastewaters. Bacteria oxidize
the organic compounds and release electrons to
the anode. Electrons are delivered to the cathode
through an external electric circuit. MFCs could be
defined as devices able to transform chemical energy
of organic compounds into electricity via electro-
chemical reactions involving biochemical pathways [3].

© The Author(s) 2019. Published by Igor Sikorsky Kyiv Polytechnic Institute.

This is an Open Access article distributed under the terms of the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/), which permits
re-use, distribution, and reproduction in any medium, provided the original work is properly cited.



Innov Biosyst Bioeng, 2019, vol. 3, no. 4

The basis of the MFCs is the ability of certain
microorganisms to extracellular electrons transfer to
the anode during the process of organic substances
consumption. In such systems, the anode is a termi-
nal electron acceptor, while electron donors are or-
ganic compounds of the nutrient medium. Microor-
ganisms of such systems are called exoelectrogens [3,
4]. Exoelectrogens are presented in the form of bio-
films in MFCs rather than free-flowing microorgan-
isms in recent studies.

To release electron to the electric circuit the
exoelectrogenic cell should contact with the MFC
anode. The interaction between the cells and the an-
ode may take place in a form of direct or indicrect
contact — through soluble mediators. That is why the
presence of mediators is required almost in all cases
of the free-flowing biomass usage. It has been re-
vealed that widespread artificial mediators are me-
tabolites, generated by the degradation of the certain
dyes [5], such as methylene blue, neutral red [6],
resazurin, humic acid, safranine O [7], malachite
green [5], potassium permanganate, potassium ferri-
cyanide, bromocresol green [8]. Artificial mediators
are expensive [9] and can often cause the additional
pollution of the treating wastewater because of their
toxicity for bacteria and animals [8, 9]. It is also
known that intensive mixing or bubble aeration is ne-
cessary to maintain biomass in a suspended state [10].
Another way is to use different types of flow reac-
tors [11]. But all these methods add expenditures to
the technology. The latest studies confirm that
MFCs with biofilm have higher overall productivity
than others with free-flowing biomass.

According to modern concepts, a biofilm is a
continuous multilayer formation of microorganism
cells attached to the phase separation surface and
one to another, and immersed in a biopolymer ma-
trix. The biofilm is characterized by attachment to
a solid surface, structural heterogenity, significant
genetic diversity, complex interactions within the
grouping and extracellular matrix of polymeric sub-
stances.

When it comes to actual application, the usage
of MFCs with mixed anode consortia is more prof-
itable than pure culture of exoelectrogens. It has
been proven that the electricity generation capacity
and the ability to adapt to the complex substrates are
lower for MFC systems, operated with pure cultures
of exoelectrogens than for the systems, operated with
mixed consortia [12, 13]. Thus, in order to create
the biofilm, enriched with different types of micro-
organisms, natural sources of exoelectrogens are pre-
ferred. The big challenge is to grow the biofilm, en-
riched with exoelectrogens while activated sludge or
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sediments are being used as the source of inoculum.
Activated sludge and other natural sources of exo-
elecrogens are rich in different types of organisms,
which can colonize the anode and prevent electron
transfer. That's why the biofilm growing process aims
not only on immobilization of bacterial cells on the
anode surface, but also on some kind of selection.

There is a certain number of techniques for for-
mation of biofilm with exoelectrogenic activity. They
are based on supporting of conditions that can pro-
mote the development of exoelectrogens and sup-
press other bacteria [13—17].

Vogl [17] determines the most common ap-
proaches to improvement of anode biofilm forma-
tion process: providing conditions that simulate the
natural environment of the inoculant bacteria, pois-
ing the anode potentials, chemical correction of
wastewater used as a substrate, variation of MFCs
configuration, temperature, pH and other parame-
ters variation, chemical or physical pretreatment of
the anode surface, management of the substrate ef-
fects on the startup, MFC inoculation with the pre-
acclimated cultures from another MFC, using efflu-
ent of another MFC as the source of inoculum,
scraping off the biofilm of a populated anode and
applying it to a fresh anode. All these methods are
designed with the purpose of increasing the number
of exoelectrogens' cells in the biofilm and reduction
of the duration of biofilm formation process.

The objective of this work is to study the pro-
cess of anode biofilm formation with high exoelec-
trogenic activity, basing on combining and compar-
ing different methods of exoelectrogens selection
and immobilization.

Materials and Methods

The process of biofilm selection and formation
was carried out in anaerobic conditions at a temper-
ature of 37 £ 2 °C. Biofilter biofilm from the anaer-
obic reactor was used as a source of exoelectrogens.
A laboratory self-made cylindrical two chamber
MFCs were made of plexiglass. MFCs were con-
structed as previously described [18]. A total volume
of anode compartment was 0.5 dm?; a total liquid
volume of cathode compartment was 0.4 dm?>. A car-
bon felt (16 cm?) fixed on a stainless steel wire was
used as the anode. The cathode (9 cm?) was made
according to the method described in [19] and had
4-polytetrafluoroethylene layers and 0.5 mg/cm? of
Pt. The electrode compartments were separated by
a proton-selective membrane (10 cm?, Nafion 112,
Dupont). The anode chamber was filled with a me-
dium, containing 15 MM of sodium acetate in 50 mM
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phosphate buffer solution (pH 7), metal salt and vit-
amin solutions as described in study [20]. The cathode
chamber contained phosphate buffer solution (pH 7).

The biofilm formation on the first stage was
carried out according to the methods described in
researches [3, 21]. But this time biofilter biofilm was
used as inoculum. The biofilm (10 g) was immersed
into the flasks, containing 500 cm? 15 MM of sodium
acetate in 50 mM of phosphate buffer solution
(pH 7.0) and glass beads. The flasks were shaken
(30 minutes) to suspend cells from the biofilm. The
anode chamber was inoculated with the suspend
cells (20 cm’).

The second stage of the biofilm formation was
carried out in the same conditions, but previously
formed anode biofilm was used as a source of exo-
electrogens. During the second stage of the biofilm
forming the anode was polarized at a positive po-
tential (e.g., at 0.25 V vs. Ag/AgCl) [22]. The cur-
rent density was measured with the view to monitor
the process of exoelectrogens immobilization on the
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anode. Cultivation was carried out under semi-batch
conditions with the replacement of a regular nutri-
ent medium, but without adding the inoculum.

The third stage of exoelectrogens selection was
carried out in flasks, filled with phosphate buffer,
metal salts and vitamin solutions, as well as with the
addition of Fe (III) salt (100 mM) and sodium ac-
etate (10 mM) as electron acceptor and donor, re-
spectively. The secondary biofilm from the anode of
the MFC was used as the source of exoelectrogens
for third stage of the biofilm formation. Part of the
anode carbon material (1 cm?) from the MFC was
immersed into the flasks, containing 30 ml of the
phosphate buffer solution (pH 7.0) and glass beads.
The flasks were shaken (5 minutes) to suspend cells
from the biofilm. Then they were diluted to 10-° with
the buffer into bottles, containing Fe (III)-acetate
medium (50 ml). The bottles were incubated at
37 £ 2°C. After exoelectrogens selection, they were
immobilized at the anode of MFC [21]. The stages
of biofilm formation are illustrated in Fig. 1.
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Figure 1: Stages of biofilm formation
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The consumption of organic compounds from
the nutrient medium was determined by measuring
COD value before and after cultivation. Upon the
exhaustion of organic compounds in the nutrient
medium the complete replacement of the solution
in anode chamber was carried out, but without add-
ing an inoculum.

Results

During the first stage of biofilm formation the
current density increased to 140 £ 5 puA/cm? after
110 hours. Then current density decreased after 48
hours. After replacing of the nutrient medium in the
anode chamber the current density increased to
140 £ 5 pA/cm?. After adding of nutrients and new
portion of the inoculum to anodic chamber, the ex-
oelectrogenic activity of the biofilm increased and
during the subsequent 3 cycles it has reached the
value of 140 £ 5 pA/cm?. Since the repeated adding
of nutrients and inoculum did not provoke the in-
crease of current density, the process of biofilm
forming could be considered complete (Fig. 2).

At the second stage of the biofilm formation a
pure anode material was immersed into the anode
chamber of MFC with a formed biofilm on the an-
ode. Such process of re-forming the biofilm of exo-
electrogens was studied under batch conditions of
cultivation, and the biofilm that was formed in such
a way was called secondary. Upon immersion of a
sterile (without microorganisms) carbon material in
an anode chamber with a pre-formed anode biofilm
the formation of a new biofilm with an exoelectro-
genic property was observed at a much shorter pe-
riod of time. The maximum value of the current
density of such biofilm was achieved after 40 hours
already (Fig. 3). During three repeated cycles the
value of current density has reached approximately
the same value of 400 + 10 pA/cm? Further adding
of pure carbon materials did not provide receiving a
biofilm with a higher current density.

Higher values of the current density of the bio-
film were achieved upon application of the procedure
of exoelectrogens selection from natural associations;
the procedure was described in the following study
[21]. In this rapid selection strategy, described in this
study, the growth of the primary biofilm on the anode
of MFC takes place along with its subsequent transfer
to medium with crystalline iron oxide (III), which is
an electron acceptor for exoelectrogens.

After natural consortium of microorganisms was
cultivated in such environment, a large number of
microorganisms with the ability to reduce Fe (III) has
developed. Therefore, such an enriched consortium
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was transferred to an anode chamber of the MFC, in
which they were able to use anode as the terminal
electron acceptor, but not the crystalline Fe(III)-
oxide.

After the cultivation of resuspended cells for
10 days at a temperature of 37 £ 2 °C the black par-
ticles were observed in the solution. According to the
results, described in one of recent studies, [23], these
black particles could be Fe;Os and FeCOs; com-
pounds, which were formed as a result of Fe (III)
reduction into Fe (II) with the electrons, emitted
during the metabolism by exoelectrons. The obtained
microorganisms suspension was used to form a biofilm
in MFC. The received maximum value of the biofilm
current density was 615 £ 10 pA/cm? (Fig. 4). For this
sample, the maximum value of current density was
obtained in the following period (during 60 hours).
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Figure 2: Current density of a microbial biofilm during the first
stage of biofilm formation
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Discussion

Comparing the results of biofilm formation on
the first stage with results, described in [23, 24], it
may be concluded that the value of the current
density of biofilm, obtained by this procedure, is al-
most twice as lower (140 pA/cm? comparatively to
230 pA/cm?). These results can be explained via the
fact that the formed anode biofilm contained micro-
organisms that were could use other electron accep-
tors. Exoelectrogens’ metabolites may be such ter-
minal electron acceptors in anaerobic conditions.
The difference in the values of the current density
can also be explained by the fact that during the
anode biofilm formation not only the nutrient me-
dium was replaced, but also new portions of inocu-
lum were added. The steady current values were
reached for almost thrice less time (5 days vs. 17 days).
Such a reduction in the biofilm formation duration
can be explained via higher temperature of cultiva-
tion (37 +2°C in this study and 22°C in [24]).
Comparing the results with results, described in [25],
we can notice that the duration of biofilm formati-
on is reduced by 40 hours (110 hours compared to
150 hours), and stable current density values are ob-
tained in 3 cycles, not in 4 as in [25]. These results
can be explained by higher temperature of cultiva-
tion and higher concentration of microorganisms in
the inoculum.

The biofilm, formed on the second stage, had
similar properties (400 pA/cm? vs 480 pA/cm?) as
described in [24], although the current density of the
primary biofilm was different. This is proven by the
fact that such a procedure allows the selection of
exoelectrogens and the biofilm formation from an
inoculum with a different concentration of exoelec-
trogenic microorganisms. Comparing the results,
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described in [25], we can conclude that secondary
biofilm, formed in this way, had similar current den-
sity, but this value was reached 20 hours earlier
(40 hours vs 60 hours).

Studying of the three-stage procedure for the
biofilm formation showed that the duration of the
process of formation was reduced twice via the com-
bination of different procedures for its formation,
and the exoelectrogenic properties of such a biofilm
are similar to the biofilm, formed of the pure culture
of Geobacter sulfurreducens [23, 26]. Comparing
the results with study [25], we can conclude that
increase of the temperature of cultivation allowed
to reduce the period of cultivation by 20 hours
(60 hours vs 80 hours) and increase the current den-

sity by 15 pA/cm? (615 pA/cm? vs 600 pA/cm?).
Conclusions

The results of research of formation of exoelec-
trogenic anode biofilm for microbial fuel cells are
presented. The suggested method of mixed culture
biofilm formation includes integration of previously
used methods such as using of additional voltage,
growing the secondary biofilm on the basis of the
biofilm, formed from natural source of inoculum
(biofilter biofilm) with following isolation of exo-
elecrogens with common electron acceptor. It is
shown that the combination of known procedures
for biofilm forming provides the possibility to reduce
the duration of its formation almost twice. The sec-
ond and third stages of biofilm formation lasted al-
most twice as less than the first one (40 and 60 hours
compared to 110 hours). At the same time, the value
of the current density increased from 140 + 5 uA/cm?
to 400 = 10 pA/cm? (in the second stage) and
615 = 10 pA/cm?(in the third stage).
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K.O. Wypceka, J1.C. 3ybyeHko, I'. Cobuyk, €.B. KyabmiHCbkuin
®OPMYBAHHA BUCOKOEK3OEJIEKTPOrEHHUX BIOMIBOK Y MIKPOBHUX MANMBHUX ENEMEHTAX

Mpo6nemartuka. MikpoGHi NanunBHI enemMeHTV — Lie NPUCTPOI, B SKMX BiAOYBaeETbCA reHepyBaHHS eNeKTPUYHOI eHeprii MikpoopraHiamamy —
ek3oenekTporeHamu. B npoueci aHaepoBbHOro AnxaHHs eK30eNeKTPoreHn 3aaTHi BUAINSATY eNEKTPOHN HA30BHI KMiTMHK, 3BiKM OCTaHHI 3a
paxyHOK pi3HMX MeXaHi3miB nepealoTbCs Ha aHod bionanuBHOro enemMeHTa. 'eHepyBaHHS eNeKTPUYHOI eHeprii B MIKpOOHMX NanmBHUX
ernemMeHTax 3anexvTb Hacamnepen Bif, eNekTPOXiMiYHOI aKTMBHOCTI MiKpOOpraHi3miB, MPUCYTHIX B aHOAHOMY npocTopi. HUHi Bce yacTiwe
BMKOPMCTOBYIOTb MiKpOOPraHiamu, Lo iMMobinisoBaHi y Burnsigi 6ionniskv Ha aHogi. MNpupoaHi axepena BUAINEHHS €K30€NeKTPOreHHNX
MiKpOOPpraHi3aMmiB, Taki ik akTUBHUI Myn, 6ionnieku 6iodpinbTpiB, AOHHI 0Caay MOpIB Ta PivOK, MaloTb AyXe Pi3HOMaHITHWI MIKpOOHWIA cknag,.
Tomy Baxnueo, Wo6 y npoueci popmMyBaHHSA GionniBkM came ek30eneKTPOreHu, AKi YNCenbHO CTaHOBMATL AOCUTb Many YacTKy Bif
3aranbHoi KifbKOCTi MIKpOOpraHiamiB i3 npupoaHnx axepen, iMmobisdyBanucs Ha aHogi. OCHOBHUMW HanpsiMamuy JOCNifKeHb € po3pobka
MEeTOAVK/ OTPUMAaHHSA eNeKTPOaKTUBHMX GionniBoK, 36arayeHnXx ek30erneKkTporeHaMm, Ta CKOPOYEHHst TpMBanocCTi npolecy opMyBaHHSA
Gionnisku.
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MeTa. [JocnigxeHHs npouecy hopMyBaHHS BUCOKOEK30ENEKTPOreHHoi 6ionniBku1, 3aCHOBAHOIO Ha NOEAHAHHI PiI3HUX METOAMK BUAINEHHS
Ta iMmob6ini3auii ek3oenekTporeHiB Ha aHoAi MiKpOBHOro NanMBHOIO efieMeHTa.

MeToauka peanisauii. [ns ogepxaHHs BUCOKOEK30eNeKTPOreHHoi 6ionniBku 6yno BUKOPUCTAHO TPUCTaAIiHY METOANMKY, sika 33 paxyHOK
NOEAHAHHSA TUNOBUX METOAMK i30M0BaHHA Ta iMMOBIinisaLii ek3oeneKkTporeHiB Aae MOXIMBICTb OTPUMaTK BioNmiBKy, B SKi NepeBaxHy
GinbLUiCTb MiKpOOpraHi3miB CTAHOBNSATL ek30enekTporeHn. Ha nepLuomy etani sik xxeperio eK30enekTporeHis BUKOpUCTOBYBanu Gionnisky
6iocbinbTpa. bionnisky, O yTBOpUIAcsa Ha NepLLIOMy eTari, BUKOPUCTOBYBANW 5K iHOKYIOM A4S Apyroi cTagii dopmyBaHHs Gionnisku. Ha
OpPYrin cTagii TakoXX BUKOPUCTOBYBanNu A0AAaTKOBUI CENEKTUBHUIA hakTop — Npuknaganv 4oAaTKOBWIA NOTEHLian B eNeKTpuYHe Koo Mik-
po6Horo nanueHoro enemeHTa. TpeTs cragis opMyBaHHs GionniBku nonsrana y BuaineHHi 3 6ionnieku, cpopmMoBaHoi Ha apyri ctagil,
KMNiTUH eK30eNeKTPOoreHiB, Aki 34aTHi BigHoBnoBaTK cnonyku 3anisa (Ill), 3 noganbwmnm BUKOPUCTaHHAM LMX KNITUH SK iHOKYMIOMY.
PesynbTaTtn. BrkoprctaHHa 3anponoHoBaHOi METOAMKM Aae 3Mory oTpuMaTtyh GionniBky, 36arayeHy ek3oenekTporeHHUMu G6akrepismu.
MakcumarnbHa rycTuHa cTpymy, siky reHepyeana Gionnieka, oTpuMaHa Ha nepLwin cragii, gocarae 140 MkA/cM?, Ha apyrin — 400 MKA/cMm?,
Ha TperTiit — 615 MkA/cM?. Tpusanicte popMyBaHHs GioNiBKkM Ha KOXHIl 3i cTagin craHosuna 110, 40 Ta 60 rog signosigHo.

BucHoBku. [NokasaHo, o B pe3ynbTaTi NOEAHAHHSA TUMOBUX METOAMK i30M1t0BaHHSA Ta iMMODGini3auii ek3oeneKkTporeHiB Tpueanicte dop-
MyBaHHs GionniBky cKOpOYyETLCS Malxke BABIYi, @ oTpyMaHa GionniBka Mae BUCOKY eNEKTPOXiMiYHY aKTUBHICTb i BMACTMBOCTI, aHaNoriyHi
6ionniskam, chopMOBaAHUM YNCTUMU KySbTypaMn €K30ENEKTPOreHiB.

Knio4yoBi cnoBa: MikpobHi nanveHi enemeHTn; Gionnieka; ek30enekTporeHun; enekTpoxiMmiuyHa akTUBHICTb.

E.A. Wypckas, J1.C. 3ybuyeHko, I". Cobuyk, E.B. KyabMuHckui
®OPMUPOBAHUE BbICOKO3K303NNIEKTPOrEHHbIX BUOMJIEHOK B MUKPOBHbLIX TOMIUBHbLIX SNEMEHTAX

Mpobnemartnka. MrKpobHbIE TONNMBHBIE 3NEMEHTbI — 3TO YCTPOWCTBA, B KOTOPbLIX MPONCXOANT reHepUpOBaHNE SMEKTPUYECKON SHeprum
MUWKPOOpraHn3Mamm-ak303nekTporeHamu. B npoliecce aHaspobHOro AbixaHWs 3K303MEeKTPOreHbl CMOCOOHbI BbIAENSATb 3NEKTPOHbI HAPYXKY
KNeTKW, OTKyAa NocnefHue 3a cHeT pasfyHbIX MexaHn3mMoB nepeaaloTcsi Ha aHogd G1oTonnMBHOMO anemeHTa. 'eHepupoBaHWe aneKkTpu-
YeCKON 3HEPrn B MUKPOOHbBIX TOMMMBHBIX 3NIEMEHTax B NEPBYIO OYepedb 3aBUCUT OT SMEKTPOXMMUYECKOW aKTUBHOCTU MUKPOOPraHm3-
MOB, MPUCYTCTBYIOLLMX B @HOAHOM npocTpaHcTBe. Celyac Bce yalle MCnonb3ylT MUKPOOPraHn3Mbl, UMMOGWM30BaHHble B BUuae 6uo-
NneHKkn Ha aHoge. MpupoaHbIe NCTOYHUKN BbIAENEHNS 9K303MEKTPOreHHbIX MUKPOOPraHN3MOB, Takvue Kak akTUBHbIA un, GuonneHku 6uo-
UNLTPOB, AOHHbIE OCaAKN MOPEN U PeK, UMEIOT O4YeHb LUMPOKUIA MUKPOBHLIN cocTas. [oaToMy BaxHO, 4TOOLI B npoLiecce hopmmpoBa-
HWS BUONMEHKN UMEHHO 3K303MEKTPOreHbl, KOTOPbIe YNCMEHHO COCTaBNAT BECbMa Masyo A0 OT 06LLEero KonnyecTsa MUKPOOPraHn3a-
MOB aKTMBHOrO una, umMobunmamposanucb Ha aHoge. OCHOBHbIMW HanpaBneHUsSIMU UCCNEAoBaHNS SBNSAIOTCH pa3paboTka MeToanKM
Nony4eHns 3NeKTPOAKTUBHBIX BMOMNeHoK, 0boralLeHHbIX 3K303MEKTPOreHamu, 1 CoKpalleHne NPOoJOoIMKUTENBHOCTM NpoLiecca hopMmpo-
BaHWs GUONMeHKN.

Llenb. ViccneposaHve npouecca hopMUpPOBaHWS BbICOKOANEKTPOreHHOW B1oNneHkN, OCHOBaHHOTO Ha COMETaHUM PasnunyHbIX METOANK
BbIAENEHUs 1 UMMODMIN3aLMmM 3K303MEKTPOreHOB Ha aHoAe MUKPOBHOro TOMMMBHOMO 3NiEMEeHTa.

MeTopauka peanusauuu. [Ins nonyvyeHns BbICOKOINEKTPOreHHon bruonneHku 6bina ncnonb3oBaHa TpUcTaaninHas MeToAuKa, KoTopas 3a
CYET COoYeTaHWs TUMOBbIX METOAMK M30NMPOBaHUS Y MMMOOMNMU3ALMN IK303MEKTPOreHOB MO3BONSAET NONyyYnUTb GUOMNEHKY, B KOTOPON
nopasnsowee 60MbLUMHCTBO MUKPOOPraHM3MOB COCTaBMAOT UMEHHO 3K303MEKTPOreHbl. Ha nepBom aTane B Ka4ecTBe MCTOYHMKA IK30-
3MEeKTPOreHOB MCMonb3oBanu Guonnexky, BblaeneHHyo 13 buodunbtpa. ObpasoBasLLytoCs OMONMEHKY HA NepBOV CTaANM MCNOMNb30BanNM
KaK WHOKYMIOM [nsi BTOPOro atana hopmupoBaHus. Ha BTOpoN cTaguu Takke MCMofb30Banu AOMOMHUTENbBHBIA CeNneKTUBHLIN dakTop —
npuKnaabiBanu AOMOMHUTENbHBIA MOTEHLMAn B 3NEeKTPUYECKYHO LieMb MUKPOBHOrO TOMMMBHOMO anieMeHTa. TpeTbs cTagns BblAeneHus
9K303MEKTPOreHHbIX MUKPOOPraHM3MOB 3akioyanach B BblAeNeHUn n3 6uonneHkn, chopmMmpoBaHHON Ha BTOPOW CTagmm, KNeToK 3K30-
3MEeKTPOreHoB, KOTOpble CNOCOOHbLI BOCCTaHaBNMBaTbL coeanHeHus xenesa (l11), ¢ nocnepyowmnm ncnonb3oBaHNeM 3THX KNETOK B kaye-
CTBE VMHOKyMoMa.

PesynbTathl. Vicnonb3oBaHne npeanoXeHHOW METOAMKM MO3BONSAET NOny4nTb 61uonneHky, oboralleHHyH 3K303NeKTPoreHHbIMbl HakTe-
pusMu. MakcumMarbHas NOTHOCTL Toka, KOTOpYLo reHepupoBana Guonnexka, nonyyeHHas Ha nepBov ctaguum, gocturaet 140 MkA/cMm?,
Ha BTOpOIt — 400 MKA/CM?, Ha TpeTbern — 615 MKA/cM2. [innTensHOCTL hopMmpoBaHus GronneHku coctaensna 110, 40 Ta 60 4 cooTseT-
CTBEHHO.

BuiBoabl. [TokasaHo, 4To B pesynbTate CoYeTaHWsi TUNOBbLIX METOAUK U30NMPOBaAHUS Y UMMOBUMN3ALIMN 3K303NEKTPOreHOB NPOAOMKH-
TenbHOCTb (POPMMPOBaHNA BMOMMEHKM COoKpaLLaeTca NoYTU BABOE, a NonyyYeHHast OMONMeHKa MMeET BbICOKYHO SMTEKTPOXMMUYECKYIO aK-
TUBHOCTb M CBOWCTBA, aHanormyHble 61onneHkam YUCTbIX KyNbTyp 3K303MEKTPOreHoB.

KntoueBble cnoBa: MVIKpOGHbIe TOMNNMBHBIE 31EMEHTbI; GMONMeHkKa; OK303J1EKTPOreHbl; 3NeKTPOXnMn4eckasa akTMBHOCTb.



