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MIKROBNE GORIVNE CELIJE: ODRZIVA TEHNOLOGIJA ZA

PROIZVODNJU ENERGIJE | PRECISCAVANJE OTPADNIH VODA
- MICROBIAL FUEL CELL: SUSTAINABLE TECHNOLOGY FOR SIMULTANEOUS
ENERGY PRODUCTION AND WASTEWATER TREATMENT

REZIME

Energija je osnovni pokretac ekonomskog rasta i od vitalnog je znacaja za opstanak modernog drustva. Buduéi ekonomski rast
zavisi od dugoroc¢ne dostupnosti energije iz izvora koji su pristupaéni i ekoloski prihvatljivi. Mikrobne gorivne ¢elije (MFC — micro-
bial fuel cell) mogu predstavljati potpuno novi pristup u precis¢avanju otpadnih voda uz proizvodnju odrzive ¢iste energije. MFC
je elektrohemijski uredaj koji koristi bakterije za proizvodnju elektri¢ne energije iz biorazgradivih organskih supstrata. Bakterije
dobijaju energiju potrebnu za metabolizam prenosom elektrona sa donora elektrona, kao $to su glukoza ili acetat, do akceptor
elektrona, kao sto je kiseonik. Prednosti koris¢enja mikrobne gorine celije u precis¢avanju otpadnih voda su sledece: ¢ist postu-
pak, bezbedan i bez buke, niske emisije i visoka efikasnost uz direktnu proizvodnju energije. Pradmet ovog rada je detaljni pristup
upregledu mikrobnih gorivnih celija, principa rada, vrste mikroorganizama kao i njihova potencijalna primena.

Klju¢ne reci: mikrobne gorivne celije, proizvodnja energije, precis¢avanje otpadnih voda, Zivotna sredina

ABSTRACT

Energy is the main driver of economic growth and it is of vital significance for the modern society survival. Future economic growth
is dependent of the long-term availability of energy from the sustainable and ecologicaly accepted sources. Microbial fuel cell (MFC)
is a new approach to the wastewater treatment with the simulntanious energy production. MFC is an electrochemical device that
uses bacteria to generate electricity from biodegradation of organic substrates. Bacteria obtain the energy required for metabolism
by electron transfer from an electron donor, such as glucose or acetate, to an electron acceptor, such as oxygen. The application of a
microbial fuel cell for the treatment of wastewater has many advantages: the process is clean, sa‘e, noise-free, the emissions are low,
and the efficiency is high with direct energy production. The subject of this review paper is a detailed development of microbial fuel
cells, working principle, types of used microorganisms, as well as potential application.

Key words: microbial fuel cell, sustainable energy production, wastewater treatment, environment

uvoD - INTRODUCTION

Biogorivna celija (BFC) predstavlja znacajnu
tehnologiju u proizvodnji elektricne energije
koriste¢ci organske materije. Kao biokatalizator
za elektrohemijsku reakciju mogu  posluziti
mikroorganizmi ili redoks enzimi izolovani za

« Biofuel Cell (BFC) is a significant technology for energy
« production using orgaric matter. Microorganisms or
. redox enzymes isolated for this purpose can be used
. as biocatalysts for electrochemical reactions occuring
. in the fuel cell. There zre two types of biofuel cells
tu svrhu, te imamo dve vrste biogorivnih celija: ¢ based on the biocatalyst used: microbial (MFC) and
mikrobne (MFC) i enzimske gorivne celije (EFC) [1]. * enzymatic fuel cell (EFC) [1]. Detailed studies of such
Detaljna proucavanja ovakvih sistema su dovela do ¢ systems have led to the discovery of microorganisms
| otkrica mikroorganizama koji obezbeduju energijuza + that obtain energy for their growth oxidizing
svoj razvoj, oksidujuci organska jedinjenja do ugljen- « organic compounds to carbon dioxide with a direct
dioksida uz direktan prenos elekrona do povrine « transfer of the electrons to the electrode surface.
elektrode. Mikrobne gorivne celije koje koriste « Microbial fuel cells that employ electrochemically
elektrohemijski aktivne vrste mikroorganizama . active species of microorganisms do not require the
ne zahtevaju prisustvo posrednika tj. medijatora. : presence of mediators. The role of mediators is to
Uloga posrednika je prenos elektrona od celije : transfer the electrons from the microorganism to the
mikroorganizama do povrsine elektrode. Ovakve : electrode surface. These fuel cells based on direct
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gorivne Celije koje koriste direktan prenos, su mnogo
efikasnije i imaju ve¢u komercijalnu upotrebu od
onih koje zahtevaju prisustvo posrednika. Direktna
upotreba ovih sistema je jos uvek u fazi ispitivanja [2].

Ovakvi mikrobni sistemi imaju prvenstveno znacaj
za proizvodnju elektricne energije na odrziv
nacin. Razne otpadne vode mogu posluziti kao
supstrat za mikroorganizme. Ovakve vode sadrze
organska jedinjenja neophodna za rast i razvoj
mikroorganizama. Najvedi znacaj primene mikrobne
gorivne celije je u tome $to moze istovremeno vrsiti
i pre¢iscavanje otpadnih voda i dobijanje elektricne
energije. Na taj nacin resavaju se dva ekoloski
prihvatljiva problema [1-3].

Cilj ovog rada je detaljno prikazivanje i objasnjenje
ove znacajne tehnologije, njen princip rada
kao i potencijalna primena, sa osvrtom na vrste
mikroorganizama i mehanizme produkcije elektrona
u gorivnoj celiji. Akcenat je stavljen na obnovljive
otpadne biomase dobijene uglavnom iz otpadnih
voda.

MIKROBNE GORIVNE CELIJE

Otkrice da se bakterije mogu koristiti za proizvodnju
elektri¢cne energije iz obnovljive otpadne biomase
izazvalo je veliku paznju jos od 19s0tih [1]. U
poslednjoj deceniji je povecan interes za tehnologije
mikrobne gorive ¢elije (MFC), ¢ime je istaknuto mesto
zauzeo Geobacter sulfurreducens KN4oo, bakterijski
soj sposoban za proizvodnju struje kao jedan od
50 najvaznijih pronalazaka u 2009 godini (Time
Magazine). Prvi prakti¢ni uredaji koji koriste energiju iz
MFC tehnologije pojavili su se 2008 [4]. Meteoroloske
bove sposobne za merenje temperature vazduha,
pritiska, relativne vlage, temperature vode i za
prenos podataka u realnom vremenu putem
radiofrekvencijske telemetrijeiskljucivose snabdevaju
energijom iz mikrobne gorivne celije. Ove mikrobne
gorivne celije generisu struju putem mikrobioloske
oksidacije organskih materija iz podloge u morskim
sedimentima sparenim tako da redukuju kiseonik iz
gornjeg sloja vodene kolone. Elektroni se generisu
iz metabolizma prirodno prisutnih mikroorganizama
u morskim sedimentima, pri ¢emu ove sedimentne
mikrobne gorivne celije ne zahtevaju egzogene
(dodate) mikroorganizme.

Mikroorganizmi u MFC koriste svu potrebnu energiju
i ugljenik za celijski rast iz oksidacije slozenih
organskih materijala pa se kao takva MFC tehnologija
smatra samoodrziva. Sve dok su uslovi pogodni
za proizvodnju struje, pomocu mikroorganizama
povezanih sa anodom, MFC ima potencijal za
proizvodnju elektricne energije na neodredeno
vreme [5].

Ogranicavajuci faktor za opstu primenu mikrobnih
gorivnih ¢elija je visoka cena materijala, kao $to

electron transfer are more efficient and have more
commercial potential use than those that require the
presence of an mediator. The commercial application
of these devices is still in the testing phase [2].

The importance of such microbial systems is primarily
for the electrical energy production on a sustainable
manner. Various wastewaters can be used as a
substrate for the microorganisms in the fuel cell. Such
waters contain organic compounds necessary for the
growth and development of microorganisms. At the
end, the greatest importance of the microbial fuel
cell is simultaneously application: for the wastewater
treatment and electrical energy generation. In this
way, two main ecological problems are solved [1-3].

The aim of this paper is detailed review of this
important technology. Working principles, its
potential applicatior, as well as different types of
the microorganisms and the mechanisms of electron
transfer in the microbial fuel cell will be presented.
The focuse was on renewable waste biomass
obtained mainly from wastewater.

MICROBIAL FUEL CELL

The discovery that bacteria can be used to produce
electricity from renewable biomass has been attracting
a lot of attention sinca the 1950s [il. In the last decade,
interest in the microbial fuel cell technology (MFC)
has increased, where Geobacter sulfurreducens KN4oo,
bacteria capable of producing electricity, is reported
as one of the 50 most important inventions in 2009
(Time Magazine). The first practical devices that use
energy from MFC technology have been annunced in
2008 [4]. Meteorological buoy capable of measuring
the air temperature, pressure, relative humidity, water
temperatures and real-time data transmission via radio
frequency telemetry are exclusively supplied by energy
from the microbial fuel cell. These microbial fuel cells
generate electricity by microbiological oxidation of
organic matter from the marine sediments coupled to
reduce oxygen from the upper layer of the water column.
The electrons are generated from the metabolism of
naturally occurring microorganisms in marine sediments,
whereby these sedimentary microbial fuel cells do not
require exogenous (aclded) microorganisms.

Microorganisms in MFC utilize all the necessary
energy and carbon source for cell growth from the
oxidation of complex organic materials, thus MFC
technology is considered sustainable. As long as
the conditions are suitable for microorganisms’
growth, MFC has the potential to produce electricity
continuously [5].

A limiting factor for the practical application of
microbial fuel cells is the high cost of materials, such
as Nafion membrares that are commonly used in
laboratories as protons exchange membranes i.e. as
electrolyte. Nowadays it has been reported that in
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su Nafion membrane koje se obi¢no koriste u
laboratorijima kao membrane za razmenu protona.
Sada se radi na proizvodnji mikrobnih gorivnih celija
sa nizom cenom primenom zemljanih posuda koje se
koriste u Indiji. Uklanjanjem membrane za razmenu
protona i koris¢enjem zemljanih posuda uz mrezaste
katode od nerdajuceg ¢elika i anode od grafitne
ploce, mogu se proizvesti mikrobne gorivne celije
za samo 1 $. U ovom sistemu se koristi kanalizacioni
mulj kao pocetni inokulum, a izvode se istrazivanja u
kojima se kao izvor ugljenika koristi acetat [s].

Princip Rada Gorivne Celije

Konvencionalna gorivna celija predstavlja
elektrohemijski spreg koji proizvodi elektri¢nu
energiju na osnovu spontane okido-redukcione
reakcije. Njen mehanizam je takav da se dve
polureakcije doticne okido-redukcione reakcije
odigravaju prostorno odvojeno na elektrodama
(redukcija se odvija na elektrodi koja se naziva katoda,
a oksidacija na anodi). One su razdvojene ¢vrstim ili
tecnim elektrolitima, koji nose naelektrisane ¢estice
izmedu te dve elektrode. Veoma ¢esto se koriste
razliciti katalizatori, da bi se reakcije na elektrodama
ubrzale. Na primer, u klasi¢noj gorivnoj celiji kao
sto je PEM (polimerna membrana) gorivni spreg,
baziran na polimernoj polupropustljivoj membrani
kao elektolitu, platina je vrlo efikasan kataizator koja
se koristi za reakcije oksidacije vodonika i redukcije
kiseonika.

Mikrobna gorivna celija je vrsta elektrohemijske
gorivne celije koja pretvara hemijsku energiju
u elektricnu  energiju  upotrebom
mikroorganizama. Tipi¢na mikrobna
gorivna celija se pravi kao sistem u
kome su anodni i katodni deo razdvojeni
polimernom membranom za razmenu
protona (PEM) sa bakterijskom kulturom

India it is possible to decrease this costs of microbial
fuel cells production by using earthen vessels. By
removing the proton exchange membrane and
using earthen vessels together with stainless steel
cathodes and an anode from a graphite, microbial
fuel cells can be produced for only 1 $. In this system,
sewage sludge is employed as initial inoculum and
acetate is used as a source of carbon [s].

Working Principle

Fuel cell is type of electrochemical cell that generates
electrical energy from spontaneous redox reaction.
Two half cell reactions are talking place separately at
the electrodes (ancde is electrode where oxidation
takes place, while cathode is electrode where
reduction takes place). They are separated by a solid
or liquid electrolyte that carries electrically charged
particles between the two electrodes. A catalyst is
often used to speed up the reactions at the electrodes.
For example, in the polymer electrolyte membrane
(PEM) fuel cell, platinum is used as efficient catalyst for
hydrogen oxidation and oxygen reduction reactions.

Microbial Fuel Cell (IMFC) is an electrochemical device
that converts chemical energy to electrical energy
using the catalytic actions of microorganisms. The
typical MFC are designed as system with anode
and cathode compartment separated by proton
exchange membrane (PEM) with bacteria in the
anode compartment, as shown in Figure 1. Bacteria
oxidize substrate (organic compounds) such as
glucose, acetate or wastewater generating electrons
and protons. Protons permeate across the polymer

uanodnom delu, kao sto je prikazano na

Slici1. Bakterija koristi hranljivu podlogu,
odnosno, oksiduje organska jedinjenja
kao $to su glukoza, acetati ili otpadna
voda i pri tome produkuje elektrone i
protone. Posto je polimerna membrana
propustliiva samo za protone, oni
putuju ka katodi, dok elektroni teku kroz
spoljasnje elektricno kolo strvarajuci
elektricnu energiju. Zatim, protoni i
elektroni reaguju na katodi redukujuci
kiseonik do vode [6].

Reakcije koja se odviju naanodikao sto su

na primer oksidacija glukoze ili acetatne
kiseline i na katodi gde je tipi¢na reakcija

redukcije kiseonika, mogu se predstaviti
sledec¢im jednacinama:

Katoda

Baktérija Anoda

Slika 1. Mikrobna gorivna ¢elija [7]
Figure 1. Microbial fuel cell [7]
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Anoda: CH,,0, + 6H,0 > 6CO, + 24 e + 24 H',
C,H,0,+2H,0 > 2CO, +8 e + 24 H’

Biorazgradive organske materije - CO, + & + H”
(anaerobni uslovi)

Katoda: 0,+4 H" +4e > 2H,0

Ukoliko prilikom rada celije dodje do migracije
kiseonika iz katodnog dela u anodni, reakcija na anodi
se inhibira i proizvodnja energije staje. Prema tome,
odgovarajuéi dizajn gorivne celije kao i efikasano
odvajanje anodnog dela gde bakterije rastu i
katodnog dela gde se odvija redukcija kiseonika,
su neophodani. U Tabeli 1 prikazane su osnovne
komponente MFC kao i odgovarajuci materijali.

electrolyte to the cathode, while the electrons flow
through an external circuit and produce electric
power. At the cathode side, electrons and protons are
reacting with oxygen generation water [6].

The redox reactions that are talking place at the
anode such as oxidation of glucose, acetate or
biodegradable organics and at the cathode oxidation
of oxygen can be presented with following equations:

Anode: CH,,O, + 6H,0 > 6CO, + 24 & + 24 H',

6 127 6
C,H,0,+2H,0 > 2C0, +8 e + 24 H’

Biodegradable organics - CO, + e + H* (anaero-
bic conditions)

Cathode: 0,+4 H" +4 e - 2H,0

Tabela 1. Osnovne komponente mikrobne gorivne celije

Komponenta Materijali Napomene
Aviodi Graﬁtigr.aﬁtn.l ﬁlg, ugljeni¢ni papir, ugljeni¢no predivo, Pt, Pt crna, staklasti Neophodno
umrezeni ugljenik
Katoda Graﬁt:grz_aﬁtn! ﬁlv::, ugljeni¢ni papir, ugljeni¢no predivo, Pt, Pt crna, staklasti Neophodno
umrezeni ugljenik

Anodna komora Staklo, polikarbonat, pleksiglas Neophodno

Katodna komora Staklo, polikarbonat, pleksiglas Opciono

Sistem za razmenu protona | Membrana za razmenu protona: Nafion, Ultrex, polietilen, poli (stiren-ko- Nesbhodio

(elektrolit) divinilbenzen); solni most, porcelanska pregrada ili potpuni elektrolit P

Katalizator Pt, MnO,, Fe**, polianilin, electronski medijator imobilisan na anodi Opciono

Table 1. The basic components of microbial fuel cell

Component Materials Comments

P Graphite, graphite felt, carbon paper, carbon fiber, Pt, Pt black, glass cross-linked Nessesary
carbon

Cathode Graphite, graphite felt, carbon paper, carbon fiber, Pt, Pt black, glas: cross-linked Nessesary
carbon

Anode ;

compartment Glass, polycarbonate, plexiglass Nessesary

Cathode : :

compartment Glass, polycarbonate, plexiglass Optional

Heactoljte Membrane for proton exchange (PEM): Nafion, Ultrex; polyethylene, poly (styrene- Nessesy
co-divinylbenzene); salt bridge, porcelain separator or solid electrolyte

Catalyst Pt, MnO , Fe*', Polyaniline, redox mediator immobilized at the anod2 Optional

Vrste mikroorganizama koje se koriste u
mikrobnim gorivnim celijama

Postoje dva tipa mikrobnih gorivnih celija u kojima
se koriste bakterije: mikrobne gorivne Ccelije sa
posrednikom odnosno celije koje zahtevaju prisustvo
medijatora koji omogucuje prenos elektrona od
mikroorganizma do elektrode i mikrobne gorivne
Celije bez posrednika, koje imaju direktan prenos
elektrona [7]. Mediatori mogu biti jedinjenja kao sto
su: tionin, metil violet, neutralno toluidin crveno itd.

Vrste bakterija koji se koriste umikrobnojgorivnoj celiji
bez posrednika su bakterije koje su elektrohemijski

If the oxygen from the cathode side migrates to
the anode, it will inhibit the oxidation reaction and
the production of electricity. Thus, the pragmatic
system must be design to keep the bacteria
efficiently separated from oxygen (anaerobic anode
compartment and cathode compartment where the
reduction of oxygen takes place). In Table 1, the basic
components of MFC zre presented.

Types of microorganisms used in microbial
fuel cells

There are two types of microbial fuel cell that use

i
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Elektroda

Bakterija

Slika 2. Prenos elektrona izmedju bakterije i elektrode [9]
Figure 2. Electron transport between bacteria cell and =lectrode [o]

aktivne i to je razlog zbog kog ne zahtevaju prisustvo
posrednika. Bakterije koje se koriste u ovim gorivnim
Celijama pripadaju onim vrstama koje mogu direktno
prenositi elektrone do elektrode (Slika 2). Neke
vrsta bakterija koje su elektrohemijski aktivne su:
Shewanella putrefaciens, Aeromonas hydrophila.
Takode, bakterije koje redukuju metale pripadaju

familiji  Geobacteraceae,  Desulfuromonadaceae,
Desulfobulbaceae i imaju sposobnost da direktno
prenesu  elektrone do elektrode. Nekoliko

pripadnika ovih familija bakterija, kao $to su
Geobacter sulfurreducens, Geobacter metallireducens,
Geopsychrobacter electrodiphilus, Desulfuromonas
acetoxidans i Desulfobulbus propionicus se uspesno
koriste kao ciste kulture za proizvodnju elektri¢ne
struje [7, 8]. Takode neke vrste bakterija koje imaju
pile, koncaste izrastaje na spoljasnjoj membrani, su
sposobne za ovaj prenos elektrona putem svojih pila.

Prednost mikrobine gorivne celije koja ne koristi
prisustvo medijatora je u tome $to je mnogo
efikasnija, jer prisustvo posrednika moze biti
toksicno za mikroorganizme. Takodje, ovakvi
sistemi su mnogo stabilniji i daju moguénost
proizvodnje energije iz otpadnih voda [9]. Jedan od
najsire ispitivanih mikroorganizama sposobanih da
proizvode struju velike gustine u mikrobnoj gorivnoj
Celiji je G. sulfurreducens. Ovaj organizam je postao
model za mikrobne procesa u MFC, bilo kao ¢ista
kultura ili u smesi sa drugim mikroorganizmima. G
sulfurreducens pripada klasi mikroorganizama koji se
nazivaju elektricigeni (izraz koji se koristi za opisivanje
mikroorganizama koji konzervisu energiju potrebnu
za rast pomocu potpune oksidacije organskih
supstanciuugljendioksid uzdirektan prenoselektrona
do anode u MFC). Primena elektricigena u MFC ima
mnoge prednosti kao $to su: visoka efektivnost
zbog potpune oksidacije organskih supstrata uz
prenos elektrona na elektrodu, dugoroé¢na stabilnost
povezana sa oCuvanjem energije za odrzanje i rast
iz transfera elektrona i direktni prenos elektrona do

bacteria: biofuel calls that require the addition of a
mediator - artificial electron shuttles which transfers
electrons from microbial cells to electrodes, so-
called mediator microbial fuel cells and microbial fuel
cells that generate energy without the presence of
mediator, based on direct electron exchange, so-
called mediator-less microbial fuel cells [7]. Mediators
are compounds such as: thionine, methyl viologen,
neutral red etc.

The types of bacteria that are used in mediator-less
MFC are electrochemically active and that is the
reason why they do not require presence of mediator.
Bacteria in mediator-less MFC are capable to directly
exchange electrons with electrode (Figure 2). For
example, theelectrochemically active bacteriabelong
to the family: Shewanella putrefaciens, Aeromonas
hydrophila. Also, the metal-reducing bacteria
such as: Geobacteraceae, Desulfuromonadaceae,
Desulfobulbaceae can be used as electrochemically
active bacteria in mediator-less MFC. Several
members of these bacterial families, such as
Geobacter sulfurreducens, Geobacter metallireducens,
Geopsychrobacter electrodiphilus, Desulfuromonas
acetoxidans and Desulfobulbus propionicus, have
been successfully used as pure culture to generate
electrical current [7,8]. Additionally, there are some
types of bacteria with pili that are also capable for
direct electron exchange with electrode by using its

pili.

The advantage of a mediator-less microbial fuel
cells is higher efficiency because the presence of a
mediator can be toxic to microorganisms and the
performance of such system is low. Additionally, such
systems are more stable and gave the possibility
of energy production from wastewater [g]. One of
the most widely studied microorganisms capable
of producing high current density in the microbial
fuel cell is G. Sulfurreducens. This organism has
become a model for microbial processes in MFC,
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anode $to izbacuje potrebu za dodatkom egzogena
ili za elektronskim posrednicima [5].

Pregled ispitivanih MFC sistema sa razlicitim
anodama sa mikroorganizmima, kao i razli¢iti supstati
su prikazani u Tabeli 2 [1].

either as a pure culture or in a mixture with other
microorganisms. G. sulfurreducens belongs to the
class of microorganisms called bioelectrics (the term
used to descripe microorganisms that conserve
the energy required for growth by the complete
oxidation of organic substances into carbon dioxide

Tabeli 2. Mikrobne gorivne ¢elije sa razli¢itim anodama, mikroorganizmima i performancama [1]

Maksimalna
Substrat Anoda Bakterijska vrsta gustina snage/
mWm™*
Glukoza Ugljenic¢ni papir Geobacter SPP 403+3.9
Acetat Ugljenicni papir G. sulfurreducens 48+ 0.3
Laktat Ugljenicni papir Geobacter SPP 52+ 4.7
Etanol Ugljenic¢ni papir Betaproteo bacterium 40+2
Cistenin Ugljenicni papir shewgflr:"r: :f%’rztse(?(:Ar;\iss 6) 36
Morski sedimenti Grafit Deltaproteo bacterium 14
Morski sediment Nekorodirajuci grafit Desulfutmonas SPP 25.4 do 26.6
Kanalizacioni mulj Grafit sa Mn** Esherichia coli 91
Kanalizacioni mulj Grafit sa neutral crveno Esherichia coli 152
Kanalizacioni mulj Piating polianilipeko Esherichia coli 6000
nodifikovani
Glukoza Kompoznna:#lgroda Girafit/ Esherichia coli 760
Laktoza Karbon tretiran Teflonom Elektrohemijski aktivna bakterija 15.2
Celuloza Nekvasivi karbon Cellulose degrading bacteria 188

Table 2. Microbial fuel cells with various anodes, microorganisms and their performances

Substrate Anode Bacteria Maximal power
density / mW m*
Glucose Carbon paper Geobacter SPP 403 %3.9
Acetate Carbon paper G. sulfurreducens 48+03
Lactate Carbon paper Geobacter SPP 52+ 4.7
Ethanol Carbon paper Betaproteo bacterium 40+2
Cystenin Carbon paper Gammaproteo and 36
shewanellaaffinis (KMM3586)
Marine sediment Graphite Deltaproteo bacterium 14
Marine sediment Noncorroding graphite Desulfutmonas SPP 25.4 do 26.6
Sewage sludge Graphite sa Mn** Esherichia coli 91
Sewage sludge Graphite with neutral red Esherichia coli 152
Sewage sludge Platinum and polyanilineco- Esherichia coli 6000
modified
Glucose Composite electrode (graohite/ Esherichic coli 760
PTFE)
Lactose Teflon treated carbon fiber | Electrochemically active bacteria 15.2
paper
Cellulose Non-wet-ptof carbon paper Cellulose degrading bacteria 188

Mehanizam produkcije i prenosa elektrona u
mikrobnoj gorivnoj celiji

U najosnovnijem obliku, mikrobna gorivna celija je
uredaj koji koristi mikroorganizme za generisanje

elektricne struje  putem oksidacije organskih
materijala. Mikroorganizmi u MFC metabolisu
organske supstrate i prenose ekstracelularne

elektrone do povrdine elektrode. Oksidacijom
organskih materijala oslobadaju seielektronii protoni

with direct transfer of electrons to anodes in MFCs).
The utilization of electrochemically active bacteria
in MFC has many advantages: high efficiency due
to complete oxidation of organic substrates with
transferring electrons to the electrode, long-term
stability associated with conservation of energy for
maintenance and growth from electrons transfer and
direct transfer of electrons to anode which eliminates
the need for the acdition of external compound or
mediator [5].
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iz supstrata koji se oksidise. Elektroni se prenose na
anodu, a zatim na katodu kroz elektricnu mrezu.
Elektricna struja se generise na nacin sli¢an hemijskoj
gorivoj Celiji, s tom razlikom $to mikroorganizmi
deluju kao katalizator na povrsini anode. Katalizatori
generalno povecavaju brzinu reakcije bez promene
stanja ili primanja energije iz reakcija koje kataliziraju.
Uzimajuci ovo u obzir, mikroorganizmi u mikrobnoj
gorivnoj celiji nisu pravi katalizatori jer dobijaju
energiju iz oksidacije supstrata koja je potrebna
za njihov rast i time proizvode odredjeni gubitak
energije.

BioloSke oksidacije koje se desavaju u bakteriji (Slika
3) predstavljaju metaboli¢ki put odnosno seriju
uzastopnih reakcija oksidacije supstrata kojima
se obezbeduje potrebna energija za celiju i tako
se vrsi prenos elektrona i protona sa supstrata na
krajnji akceptor. Ovaj prenos se vrii sa jedinjenja
viseg redoks potencijala na jedinjenje nizeg
redoks potencijala preko odgovarajucih enzimskih
kompleksa smestenih u celijskoj membrani (Slika 4)
[10]. Dalje se elektroni prenose na elektrodu tj. anodu,
odakle se putem spoljasnjeg kola stvarajci struju
koju iskoridcava potrosa¢, transportuju do katode.
Protoni prolaze kroz elektrolit koji je u ovom slucaju
membrana i dolaze do katode. Na katodi, kiseonik,
koji se snabdeva iz vazduha, reaguje sa elektronima
i jonima vodonika obrazujuci vodu.

Oksido-redukcione reakcije

gubitak elektrona-oksidacija

Slika 3. Bioloske oksidacije [10]

Bakterije koriste razlicite metabolicke puteve
za prenos elektrona u zavisnosti od operativnih
parametra mikrobne gorivne ¢elije. Prenos se vri
kroz tri glavna enzimska kompleksa: NADH (nikotin
adenin  dinukleotid) dehidrogenaza, ubihinon
oksidoreduktaza, citohrom oksidaza [11]. Upotrebu
ovog metabolockog puta su istrazivali Kim i grupa
autora (2004) [12]. Bakterija oksiduje dato gorivo
odnosno hranljive materije (glukozu ili otpadne
vode) i koris¢enjem tih elektrohemijskih enzimskih
kompleksa prenosi elektrone od glukoze (ili drugog
organskog jedinjenja) kao davalaca elektrona ka
anodi kao krajnjeg primalaca elektrona.

Enzimski kompleksi za prenos elektrona

NAD je najvazniji koenzim koji u¢estvuje u reakcijama

The overview of different microbial fuel cells with
anode types, microorganisms and substrates are
presented in Table 2.

Mechanisms of electron production and
transfer in microbial fuel cell

In general, microbial fuel cell is a device that uses
microorganisms to generate electrical energy
through the oxidation of organic compounds.
Microorganismsin MFC metabolize organic substrates
and transfer the extrace!lular electrons to the surface
of the electrode. By substrate oxidation, electrons
and protons are together releases from the reactions.
The electrons are transferred from the bacteria to the
anode and then through the external circuit to the
cathode. The electric current is generated in a similar
manner to the classical fuel cell, with the difference
that in MFC microorganisms act as a catalyst at the
anode side. Catalysts generally increase the rate of
reaction without changing the state or receiving the
energy from the catalysed reactions. Taking this into
account, microorganisms in the microbial fuel cell
are not real catalysts because they obtain energy
from the oxidation of the substrate required for their
growth and thus produce a certain energy loss.

Biological oxidations in the bacteria cell (Figure
3) represent a metabolic pathway or series of
successive substrate oxidation reactions to provide
the necessary energy for the bacteria cell as well as
transferring electrons and protons from the substrate
to the final acceptor. This transfer is carried out from
the compounds of higher redox potential to the
compound of lower redox potential, through the
corresponding enzyme complexes located in the
cell membrane (Figure 2) [10]. Further, electrons are
transferred to the electrode, i.e. anode, from where
they are transferred through the external circuit to the
cathode. The protons pass through the electrolyte,
which is in this case polymer membrane, and reach
cathode side. On the cathode, oxygen, supplied
from the air, reacts with electrons and hydrogen ions
(protons), forming water.

Redox reactions

loss of electron - oxidation

Lo —90 P ®
N oo/ v/
lowenergy  dain of electron - oxidation

e high energy

Figure 3. Biological oxidations [10]

Different metabolic pathways for transferring
electrons are used by bacteria, depending on the
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dehidrogenovanja. U ovom procesu on se iz svog
oksidovanog oblika NAD* redukuje u redukovan
oblik NADH. NAD prenosi hidronijum jon sastavljen
od protona i dva elektrona, dok se drugi proton sa
molekulavodonika odvodiureakcionusredinu. NADH
najc¢esce predaje svoj vodonik flavin proteinima u
lancu disanja, ali moze da redukuje i druga jedinjenja
(piruvat u laktat).

Flavin enzimi (FAD, FMN) koji takode reverzibilno

primaju i otpustaju atom vodonika se dele na dve

osnovne grupe:

1. Prave flavin dehidrogenaze ( koje neposredno
oksidisu supstrat i oznacavaju se Fp spec.)

2. Flavin enzime prenosioce elektrona, koji ne
oksidisu direktno supstrat ve¢ koenzime drugih
enzima (oznacavaju se kao Fp et.)

Ubihinon ili koenzim Q pripada koenzimima
aromati¢ne strukture i ima ulogu prenosioca
elektrona sa flavin enzima na sistem citohroma.
Citohrom oksidaze su po strukturi hromoproteini i
razlikuju se po vrsti prosteti¢ne grupe i po strukturi
proteinske komponente. Dele se na tri osnovne
grupe A,B i C. Grupa A sadrzi kao prosteti¢nu grupu
citohemin. Grupa B sadrzi hem (feroprotoporfirin).
Grupa C sadrzi citohemin C. Tacan mehanizam
delovanja citohroma nije rasvetljen, ali je sigurno da
se otpustanjemiili primanjem jednog elektrona menja
valenca gvozda u prosteti¢noj grupi. U redosledu
prenosenja elektrona sa jednog prenosioca na drugi,
svaki citohrom ima svoje ta¢no definisano mesto koje
zavisi od redoks potencijala [10].

Pogonska sila za prenos elektrona je razlika u redox
potencijalu enzimskih kompleksa tokom prenosa
elektrona u bakteriji, koja ¢ini da elektroni idu tacno

operational parameters of MFC. Electrons and
concomitantly protors can be transported through
three main enzyme complexes: NADH (nicotinamide
adenine dinucleotide) dehydrogenase, ubiquinone
oxidoreductase, cytochrome oxidase [11]. The use
of this pathway was investigated by Kim et al (2004)
[12]. Bacteria oxidize fuel (glucose or wastewater) and
use these enzymatic complexes to transfer electrons
from glucose (or other organic compound), as donors
of an electrons to the anode, as the final acceptor of
the electrons.

Enzyme complexes inside the bacteria cells
for the electron transfers

NAD is the most important coenzyme involved in
the dehydrogenation reactions. During this reaction,
NADH, the oxidized form, is reduced to NAD, the
reduced form of NADH. NAD transfers the hydrogen
ion composed of protons and two electrons, while
the second proton from hydrogen molecules is taken
to the reaction medium. In general, NADH passes its
hydrogen to flavin protein in the respiratory electron
transport chain; however it can also reduce the other
compounds (e.g. pyruvate to lactate).

Flavin enzymes (FAD, FMN) also reversibly receive

and release a hydrocen atom, and are divided into

two basic groups:

1. Flavin dehydrogenase (which directly oxidizes the
substrate and are labelled as Fp. spec.)

2. Flavin enzyme transducers of electrons, which
do not directly oxidize the substrate, but the
coenzyme of other enzymes (labeled as Fp. et)).

Ubiquinone or coenzyme Q belongs to the

tim putem (od molekula velike energije do molekula

OPADANJE REDUKCIONOG POTENCIJALA
TOKOM TRANSPORTA ELEKTRONA

NADH—> F\m—»t:.s—»(':—»‘g:sb§
it bl

Sukcinat —> FAD —>FeS

Slika 4. Prenos elektrona u bakterijskoj ¢eliji od NADH dehidrogenaze do citohrom

oksidaze

Figure 4. Electron transport chain in the bacteria cell from NADH to cytochrome

oxidases

|—>Cit ¢,—> Cit c—>Cit a - ay—> O,

___coenzymes with aromatic
structure and has the
role to transfer electrons
between flavin enzymes
and cytochrome complex.
The cytochrome oxidases
are chromoproteins and
differ by type of prosthetic
group and by structure of
the protein component.
They are divided into three
basic groups A, B and C.
Group A contains as a
prosthetic group cytoheme
a. Group B contains heme
(feroprotophorphyrin).
Group C contains cytoheme
c. The exact mechanism
of action of cytochrome
is not clarified, but it is
certain that by releasing
or receiving one electron,
the iron valence in the
prosthetic group changes.
In the respiratory transport

(,low ) OV
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manje energije). Tokom ovog prenosa elektrona,
bakterija proizvodi za sebe energiju u obliku ATP.
Ova energija u bakteriji se javlja na osnovu razlike u
elektrohemijskom potencijalu duz ¢elijske membrane
(Slika 4).

POTENCIJALNA PRIMENA MFCA

Koris¢enje anode kao krajnjeg akceptora elektrona
pomocu bakterija dovelo je do moguc¢nosti Sirokog
spektra primene. Jedno od najaktivnijih podrucja
istrazivanja mikrobnih gorivnih celija je proizvodnja
energijeizotpadnih voda gde se kombinuje oksidacija
organskih ili neorganskih jedinjenja [3]. Studije
pokazuju da bilo koje biorazgradljivo jedinjenje
moze biti izvor energije u mikrobnoj gorivnoj celiji.
Najvise su ispitivani acetati, glukoza, skrob, celuloza,
psenicna slama, piridin, fenol, p-nitrofenol i slozene
smese kao $to su komunalne otpadne vode, otpad iz
proizvodnje piva, efluent iz deponija, smese masnih
kiselina i naftni zagadjivaci (Slika 5).

Microbial Fuel Cells

chain, every compound has its own exact location
that depends on the redox potential [10].

Underlying force for electron transfer is difference in
redox potential of enzyme complexes during electron
transfer in bacteria that make electrons go exactly
this way from a high-energy molecule (the donor)
to a lower-energy molecule. During that electron
transport bacteria produce energy in form of ATP for
itself. That energy generation in bacteria occurs due
to the electrochemical potential gradient difference
across membrane that is created during that electron
transport in enzyme complexes (Figure 4).

POTENTIAL APPLICATION OF MICROBIAL
FUEL CELLS

The use of anode as end acceptor of electrons by
bacteria has led to a2 wide range of applications.
One of the most active application of microbial
fuel cell is the energy production from wastewater,

—

Wastewater SR RARN —
- Municipal ! : {
- Agricultural !
- Industrial

- Dairy

- Brewery/Food
- Manvure

- Compost

H,0
HCO,-
s.

\| o,

e

Bioelectricity

or inorganic compounds is
combined [3]. Studies show
that any  biodegradable
compound can be a source
of energy in a microbial fuel

where oxidation of organic

= cell. The most commonly
::H,COO' used compounds are acetates,
HCO,- glucose, starch, cellulose,
NO, wheat straw, pyridine, phenol,

p-nitrophenol and complex

::o mixtures such as municipal
C,H,OH wastewater, beer  waste,
H,0, effluent from landfills, fatty
N, acid mixtures and petroleum

contaminants (Figure 5) .

Slika 5. Mikrobna gorivna celija za preéis¢avanje otpad-
nih voda [3]
Figure 5. Microbial fuel cell for wastewater treatment [3]

Prednost ovih sistema u odnosu na konvencionalne
sisteme za preciscavanje otpadnih voda je sto se
generise manje otpadne biomase i nema potrebe
za intenzivnom aeracijom. Medjutim, primena
mikrobnih gorivnih celija velikih razmera za tretman
otpadnih voda je jo$ uvek suocena sa problemima
prebacivanja sa laboratorijskih na industrijske
dimenzije i malom brzinom razgradnje supstrata.

Sposobnost mikrobne zajednice u mikrobnim gorivnim
Celjama da razgradjuje Sirok spektar ekoloskih
zagadivaca moze biti vrednija od proizvodnije elektri¢ne
energije, posebno kada MFC tehnologija moze da se
koristi za ekolosku remedijaciju in situ. Ispitivanja sa
Geobacter vrstama su pokazala da MFC tehnologije
mogu biti vazne u anaerobnoj razgradnji naftnih
komponenti i procednih voda deponija koje odlaze u

The advantage of these
systems in comparison to the conventional
wastewater treatment systems is that less waste
biomass is generated and there is no need for
intensive aeration. However, the application of large-
scale microbial fuel cells for wastewater treatment
is still limited by scaling up issues from laboratory
to industrial dimension, and low rate of substrates
decomposition.

The ability of the microbial community in microbial
fuel cells to degrade a wide range of environmental
pollutants may be more valuable than electricity
generation, especially when MFC technology can
be used for environmental remediation in situ.
Studies with Geobacter species have shown that MFC
technologies can be important in the anaerobic
decomposition of petroleum components and
industrial wastewaters that go into groundwater.
Oxidation of the pollutant is associated with the
reduction of Fe (lll). The redox process can be
enhanced by the addition of a Fe (lll) chelator or a
redox mediator that causes an increase in electron
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podzemene vode. Oksidacija zagadivaca je povezana
sa redukcijom Fe (lll). Oksido redukcioni proces se mogu
pojacati dodatkom Fe (lll) helatora ili redoks medijatora
koji izazivaju povecanje transfera elektrona izmedu
celija i nerastvornih Fe (lll) oksida. Zagadivaci se ¢esto
zadrzavaju u prirodi zbog nedostatka odgovarajucih
akceptora elektrona, a dodavanje helatora ili redoks
medijatora ili drugih akceptora elektrona u zemljiste
nije izvodljivo. Ciste kulture Geobacter metallireducens
su u mogucnosti da oksidisu benzoat i toluen pomocu
elektrode kao krajnjeg akceptora elektrona. Postavljanje
elektrode u zemljista kontaminirana ugljovodoni¢nim
kontaminantima ubrzavajurazgradnjutoluena,benzena
i naftalina [s]. Koris¢enje elektrode kao akceptora
elektrona u zemljistu je pogodno i sa aspekta $to se
mikroorganizmi odgovorni za razgradnju lokalizuju
zajedno sa kontaminantom na grafitnoj anodi. Nakon
postavljanja elektroda moze se osigurati kontinualni
dugorocni elektronski rezervoar za razgradnju $tetnih
zagadivaca sredine. U ovakvom sistemu proizvodnja
struje pomocu mikroorganizama je irelevantna u
odnosu na povecanje brzine bioremedijacije.

Pored toga, ispitivanja su pokazala da mikrobne
gorivne celije mogu imati potencijal u uklanjanju
inhibitora fermentacije koji se akumuliraju u procesnoj
vodi tokom prerade celulozne biomase. Uklanjanje
inhibitora omogucava povecanje prinosa proizvoda
fermentacije, uz dobijanje manje koli¢ine energije.

Jedna neobi¢na primena MFC tehnologija je
snabdevanje energijom ugradenih medicinskih
uredaja uz koriscenje glukoze i kiseonika iz krvi.
Ugradeni MFC mogu davati energiju neodredeno
vreme i time smanijiti potrebu za zamenom baterija [5].

ZAKLJUCAK

Mikrobne gorivne celije su elektrohemijski spregovi
za pretvaranje hemijske energije u elektri¢nu
energiju uz prisustvo mikroorganizama kao
katalizatora. U ovakvom sistemu, elektrohemijski
aktivne bakterije koje su smestene u anodnom delu,
koriste organska jedinjenja iz otpadnih voda kao
supstrate razlazuci ih do CO, H O i toplotu u procesu
oksidacije. Istovremeno se vrsi i prenos elektrona i
protona sa bakterijske celije do anode, a zatim se oni
dalje transportuju razli¢itim putevima do katode gde
reaguju sa kiseonikom obrazujuc¢i vodu. Pokazalo
se da mikrobne gorivne celije imaju visestruku
primenu, gde je najznacajnija nova tehnologija
za preciscavanje otpadnih voda uz istovremenu
proizvodnju elektri¢ne energije na odrziv nacin.
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transfer between cells and insoluble Fe (Ill) oxides.
Pollutants are often kapt in the nature due to the lack
of suitable electrons acceptors, and the addition of
chelator or redox mediator or other electron acceptor
in the earth is not feasible. Pure cultures of Geobacter
metallireducens are able to oxidize benzoate and
toluene by electrode as the final electron acceptor.
Placing the electrode in soil contaminated with
hydrocarbon accelerates the decomposition of
toluene, benzene and naphthalene [5]. The use of
the electrode as an acceptor of electrons in soil
is advantageous because the microorganisms
responsible for the decomposition are localized
togetherwith the contaminanton the graphite anode.
After placing the electrodes, a continuous long-term
electronic tank can be provided for decomposing
harmful pollutants of the environment. In this system,
the production of elactricity by microorganisms is
irrelevant in comparison to the increased rate of
bioremediation.

In addition, studies have shown that microbial fuel
cells may have the potential to remove fermentation
inhibitors that accumulate in process water during
the processing of callulose biomass. Removal of
inhibitors allows increasing the yield of fermentation
products, while achieving less energy.

One interesting application of MFC technology
is the supply of energy to implantable medical
devices using glucose and oxygen from the blood.
Implantable MFCs can deliver energy continuously
and thus reduce the need for constant replacement
of battery [s].

CONCLUSIONS

Microbial fuel cells are electrochemical device that
convert chemical enargy into electrical energy in
the presence of microorganisms as catalysts. In
such system, electrochemically active bacteria that
are located in the anode compartment are using
organic compounds from wastewater as substrates,
decomposing them to CO, HO and heat in the
oxidation processes. At the same time, the transfer of
electrons and protons from the bacterial cell to the
anode is carried out. Further they are transported
in different ways to the cathode, where they react
with oxygen to form water. It has been shown that
microbial fuel cells have different applications,
where the most important is the new technology
for wastewater treatment while simultaneously
producing electricity on a sustainable manner.
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