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Preface

Prominent scientists of today declared that thentyvBrst century will be the
era of biological sciences and other science waddde into the background. There-
fore, for example, predictions by the famous phygsiof modern age N. Bohr, are
already coming true. In 1950s he repeatedly empddghat in the near future inten-
sive penetration into the mysteries of nature wanddhe preferences not of physics,
but namely of biology. For the most part of it, therent scientific literature is to any
extent devoted to the study of wildlife. Today, leans of biological systems are
concerned by tens of sciences both in fundamentbhpplication aspects.

Sciences related to implementing of modern biokalgicivances are very pro-
ductive. Thus, solving of many crucial problemstioé present, such as energy,
food, medicines and other useful substances priotiacnsuring of sustainability
and environmental quality improving, environmentadnitoring, is connected with
active implementation of biotechnology.

Such a rapid progress of biology and biotechnolegyld not be possible with-
out their active interaction with other scienceshsas chemistry, physics, physical
chemistry, electrochemistry and others. The deeisifference of modern state of
science is in that a big amount of research isggom at the intersection of science,
and the involvement of scientists of various sptefis essential for the practical
solving of the problem. Nowadays ideas and metloddigology, physics, chemistry,
mathematics, electrochemistry, electronics, nahotg@ogy and other fields of
knowledge are closely intertwined in solving bidtgmroblems. The authors of this
monograph are the representatives of differentclnstely related sciences: electro-
chemistry, environmental biotechnology and envirental engineering — technology
of water and wastewater treatment. Therefore ssesesand challenges of
bioelectrochemistry are close for them and theywarg concerned about them.

This monograph is devoted to a very timely topi@dBergy production via
bioelectrochemical systems is of the great intebesause of its potential applica-
tions in environmental biotechnology and renewalergy. Energy and water sup-
ply are two of the biggest challenges facing huyami the coming decades. The
efforts of modern scientists to develop stratefieshe recovery or efficient usage
of resources are, therefore, highly justified. Grdloreaking technology is needed
to implement novel means of converting and consegrvesources. BESs fit this
global goal. Issues of mathematical modeling priesein the monograph deserve
a particular attention. The basis of BES is a biofivith exoelectrogens. Biofilm
formation is determined by a variety of biologicathemical, and physical process-
es. By generating quantitative predictions fromcdgsions of biofilm characteris-
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tics that have been turned into the rational fofmaa@omplete set of equations,
mathematical models can lead to deeper and broaderstanding.

The authors express their sincere acknowledgeroghetDean of the Faculty
of Biotechnology and Bioengineering of NTUU “KPItdtessor Oleksii M. Dugan
and the Dean of the Faculty of Chemical TechnolofNTUU “KPI” Professor

Igor M. Astrelin, who agreed to be reviewers ofthook, for valuable advice on
the contents of the monograph.
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List of acronyms

AC — anodophilic consortium
ADP - adenosine diphosphate
AP — action potential

ATP  — adenosine triphosphate
BEP - bioelectric potentials

BES - bioelectrochemical system

BFC - biofuel cell

BLM - bilayer of lipid membrane
CCS - chemical current source
CEM - cation exchange membranes
CNT - carbon nanotubes

COD - chemical oxygen demand
DMRB - dissimilatory metal-reducing bacteria
DNA - deoxyribonucleic acid

EMF - electromotive force

FC — fuel cell

MFC — microbial fuel cell

MMFC — modified microbial fuel cell
NHE - normal hydrogen electrode
OCV - open-circuit voltage

SHE - standard hydrogen electrode
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I ntroduction

Nature has taken care of everything
so that all you find is what you can learn from.
Leonardo da Vinci

Bioenergy, biology and electrochemistry are inesoly linked. In XVIII cen-
tury it was known that electrochemical processay ph important role in nature.
The intensive studies of recent decades have congly demonstrated that bio-
logical processes, especially associated with gnemsformation, have electro-
chemical nature. A growing interaction of biologydeelectrochemistry is mutually
very beneficial. Then electrochemistry has foundea and extremely productive
area in biology for applying its capabilitidsuzminskiy and Shchurska, 2010

The subject of electrochemistry is the study ofl#ives related to mutual trans-
formation of chemical and electrical energy. Chexhieactions are usually accom-
panied by absorption of heat or heat release (ogatiiermal effect), but not elec-
tricity — electrical energy. But the electrochemyisttudies reaction either occurring
being externally fed by electricity or being theis® of electricity. In electrochem-
ical reactions electrons and charged particlesof@stand anions respectively) are
necessarily involved. Naturally, the energy of thearticles is a function of the
electric field generated at the boundary layer Cetele — electrolyte”. Thus, the
rate of electrochemical reaction depends not onlthe temperature, the activity of
the catalyst and reaction participants, that issdrae factors that determine the rate
of a chemical reaction, but also on the potentraltiee boundary layer of phases
with different conductivity. Boundary layer poteaitivariation at the constant con-
centrations of electrochemical reaction participaanid temperature allows chang-
ing the rate of reaction in tens, hundreds anddhods times and in some cases
even products composition. This makes the electhmital reactions more ma-
nageable and easily controlled compared with treametal ones. Electrochemical
reactions can be defined as chemical reactionstatieeof which is a function of
potential. Therefore, the electrochemical reactidiffer from chemical not only in
energy generation process effect and also in theuamof activation energy
(Antropov, 198%

At the present stage of science and technologyldewent nanotechnology
could significantly expand the scope of electrodicainand bioelectrochemical
systems and devices and raise them to a new Maabtechnology is a basic prior-
ity for all existing industries being not simplyesgific technologies or new techno-
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logical directions, but a modernization of existteghnologies on a fundamentally
new atomic level. Nanotechnology is suprasectanahdiation of all without excep-

tion areas of the new knowledge-based economy sfirglustrial society. Today

we can formulate the main features of the predagesof development of scientific
and technical areas.

First, it is a transition to nanoscale due to thssgility of manipulating of at-
oms and molecules as components of any substaooebifing individual atoms
and molecules in certain way it is possible to tmas new substances. The para-
digm of science has changed from the understarafingw the world functions, to
purposeful creating of some of its items. Howextke main problem is that the
resources available to the mankind are limited.ddethere is a new formulation of
the problem: a new system of priorities needs todeeeloped and bioelectro-
chemical energy is one of these priorities.

The second characteristic of scientific developnarthis stage is the conver-
gence of the organic world (the world of wildlifg)ith inorganic. A significant
progress has been made in the last decade irstus.iAs a result, the approach to
the R&D organization has been fundamentally changeid necessary to move
from the highly specialized research method to ititerdisciplinary one. The
bioelectrochemical energy and, in particular, ®o#lbchemical systems (BESS),
are examples of such interdisciplinary research.

The third direction of nanotechnology is the coralion of today's technologi-
cal capabilities with constructions patterned aftédlife. For example, the creation
of semiconductor nanostructures with quantum dotEni important achievement in
inorganic material science. The basis of the fonatf these structures is the princi-
ple of self-organization, which is a basic prineigf nature. Another example is
BESs as technical devices that copy the energyysapgtem of wildlife.

One of the illustrative examples that demonstragedfficiency of interdisci-
plinary approach is bioenergy. Bioenergy is a tefra broad sense. On the one
hand, it is a science of general laws of energgsti@mation in living systems
(cells, organisms, ecosystems, etc.). On the dthed, the bioenergy can be inter-
preted as the direction of technical (alternatieegrgy related to using of alterna-
tive energy sources of biological origin. Technibaenergy is mainly engaged in
the conversion of various biological materials amrganic waste into biofuels
(solid, liquid, gaseous) or directly into electtiemergy Kuzminskiy et al., 2009
Both mentioned areas of bioenergy are interrelatdile developing they harmo-
niously complement each othétukharet al., 2005%.

The first fundamental characteristic of bioeneigeis in the fact that organ-
isms are open systems, which function only undeditions of constant exchange
of materials and energy with the environment. Therrhodynamics of such a sys-
tem is essentially different from classical thergraimics. The main concept of
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equilibrium states, which is a basic principle ¢dssical thermodynamics, is re-
placed by the concept of stationary states. hasreason for the entropy changes in
similar systems which take place not accordinghtogecond principle of thermo-
dynamics (the principle of the increase of entrdpy)to Prigozhin’s theorem.

A second very important characteristic of bioentcges associated with the
fact that the processes in the cells occur in theeace of jumps in temperature,
pressure, and volume. Nature, in contrast to tbhbn@ogy, could not afford the
high temperature, pressure and other conditionsactexrizing modern internal
combustion engines and other similar heat machimés. transition energy of
chemical bonds into biological useful work in atpadar cell or the whole organ-
ism occurs without converting chemical energy ititermal energy used by the
mechanisms that enable the direct conversion ofame of free energy to another,
bypassing its conversion into heat.

One of the main results of bioenergy developmentdoent decades is in the
establishment of similarity of energy processesughout the living world, from
bacteria to humans. It was found that all subswasewell as the processes where
energy is collected and used are identical fothalflora and fauna. Technical and
biological systems of chemical energy conversiao ielectrical energy are also
fundamentally similar; the differences are in detaly. Any problems with insula-
tion during the creation of technical electrocheahigystems are not usually arisen
because they are surrounded by an air, which iglactkric medium. In addition,
metals with high electrical conductivity are usedthe technical devices such as
electrodes and conductors. Instead, wildlife e&hétl its electrochemical devices
within the electrolyte solution that is the nonldaric environment. Besides, there
are no any metal conductors.

Another illustrative example of the use of devetbpeatural approaches to
solving the energy problems of mankind is the ampalzetween man-made electro-
chemical generators, fuel cells, and energy supplliving organisms. The re-
searchers have found as if hydrogen-oxygen fué([€€l) has been mounted in the
living cell (Kuzminskiy et al., 2003

The intensive search of renewable and environmgniiééndly fuel is con-
ducted because of the progressive shortage ofl fogds. Hydrogen is the most
promising second generation fuel. Widespread usg/adfogen will reduce air pol-
lution, eliminate greenhouse effect and, consedydertd to slowing global warm-
ing (Kozin and Volkov, 2002FC, i.e. systems that carry out the energy odai
hydrogen oxidation into electrical energy are ttiadally used for hydrogen energy
generation. These systems have an efficiency af 8%, while the best efficiency
of internal combustion engines is only 20%, and;dntrast to combustion systems
the hydrogen combustion does not form oxides obaar nitrogen and sulfur,
i.e., have the high ecological purity. The impletagion of FC in cars was seen
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only as science fiction 15 years ago. Now almadsaaiomobile Companies have
demonstrated prototypes of cars that are driven K@, and the United States have
adopted a program of transferring of road transportFC since 2010Dudnik

et al., 2000; Brodach and Shilkin, 2004; Kovtun daunkin, 2005

In this regard, the special attention should bevdro electrochemical systems
of power where the microorganisms (or enzymes)ctlireconvert the energy of
chemical bonds of organic molecules into electrigit the most effective way in
biofuel cells (BFC) Kuzminskiy et al., 2003; Kuzminskiy et al., 2008z#inskiy
et al., 2009. Using biofuel cells technology it is challengksato solve not only the
energy problems, but also environmental problemsvaste utilization, because
microorganisms have the ability of adaption to #mvironment. As the aquatic
environment is a necessary condition of life ofatjanisms, thus, the wastewater
containing organic contaminants are most attracdivestrate for the implementa-
tion in the declared approach. The urgent needvéste of organic origin disposal
and management, as well as an intensive searditéonative energy sources is an
important incentive for large-scale research of BRGs necessary to emphasize
that their payback is determined not only with awualated electricity, but also with
decreased in value of wastewater treatment. Fanpbea Professor Bruce E. Logan
of the University of Pennsylvania is confident tHatge-scale use of BFC in
wastewater treatment will annually save about §.35 billion (Min et al., 2005.

Thus, wastewater with high concentration of orga@mpounds is a renewa-
ble source for electricity or hydrogen gas productiHighly effective receiving of
these energy sources is possible in devices bioetdemical microbial fuel cell
(MFC). Bioelectrochemical method of energy generaimplemented in the bio-
fuel cells is a totally new way to produce renewabhergy with simultaneous
wastewater treatment. In MFC microorganisms oxidize organic matter and
transfer electrons directly to the anode. Theretla@ebacteria able to transfer elec-
trons to the electrode directly or through endogsnanediators:Geobacter
ShewanellaPseudomonaand others. Electrons perform useful work andtrames-
ferred to the cathode where they combine with oryayed protons with subsequent
formation of water molecules. This process ocauisonventional MFC.

Also emitted protons and electrons during the dietiaof organic compounds
can be recombined to molecular hydrogen. This reqstrict anaerobic conditions
in MFC and additional potential for the cathodegdese higher cathodic potential
in the MFC electrical circuit enables direct protilie of hydrogen from protons
and electrons generated by bacteria. Such moddicaf traditional MFC reduces
energy requirements for the hydrogen productiomfarganic matter in compari-
son with the production of hydrogen from water by €lectrolysis.

The MFC have gained new impetus during recent yaéaesto the growing in-
terest in the production of so-called “green” (avieonmental) electricity because
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microorganisms use as fuel a huge spectrum of argemmpounds including
a variety of wastes. It was already noted that ¢higbles simultaneous solving of
both environmental and energy problems. Althougletigped laboratory MFCs are
far inferior in terms of power densities in comgan with conventional wastewater
treatment technology with simultaneous electrigigneration (UASB-biogas reac-
tors) Kuzminskiy et al., 2007; Kuzminskiy et al., 20081t there are several ideas
of effectiveness improvemenKijizminskiy and Shchurska, 2010b; Kuzminskiy
et al., 2011; Shchurska et al., 20)1hat will be discussed in this monograph.

Given all the above this monograph that is devétedne of the least studied
areas of renewable energy, namely the study gbalssibility of bioelectrochemical
production of electricity and hydrogen in the bieficells will be useful for re-
searchers working in the field of energy converssgatems and in particular, in
bioenergy, and for teachers and students who @®&adized in environmental bio-
technology, bioelectrochemistry and bioenergy.
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1 Bioelectrochemistry asatheoretical basis of biofuel
energy

Every science, as every truth
is a child of its time.
Michele Giua

Electrochemistry and biology are related genetjcall Professor A. Ksenzhek
pointed out in his papeKéenzhek2000; Kuzminskiy and Shchurska, 2D10he
ability to use electrochemistry for solving “biologl” problems is based on simi-
larity between biochemical and electrochemical xedeactions: (1) both types of
reactions are heterogeneous (the first ones taee mn the electrode surface, the
second ones occur at the interface between theepliaszyme-solution”); (1) pro-
ceed in the same range of pH and in solutionset#me ionic strength; (Ill) occur
in aqueous environments and in the same tempernatnge; (IV) include the stage
of the substrate orientation.

Electrochemical processes play an important roliidlife because the elec-
trochemical stages occur in all the processes @fggriransformation in the cells of
bacteria, fungi, plants, animals and of courseum#in body. Thus, in humans the
total surface of cell membranes reaches a few resctall cells are filled with bio-
logical fluids containing ions, i.e. electrolytedthough biological systems do not
have metal electrodes, but there are special sgstelectron transport chains that
carry out the function of electron transfer. Thase the classic objects of electro-
chemistry so far. Besides, the processes of photiosgis and respiration include
electrochemical stages as an integral part.

It should also be noted that the overall capadityhe electrochemical process-
es that occurs in the biosphere is extremely ldtgexceeds the scope of the tech-
nical world energy use enormously. The urgent rieqatesent bioelectrochemistry
as a separate discipline is contained in partidaldd. Faraday’s, one of the found-
ers of electrochemical laws, statement: “Ironicathe electrical phenomena within
the inorganic matter pale in comparison with thimseervous system and life pro-
cesses”. And as a result of establishing the @lelsemical nature of a number of
processes in living organisms bioelectrochemispyyears to be a new trend of sci-
ence and technology.
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Analyzing in terms of methodology of the experimém popularity of elec-
trochemical methods is stipulated because of thewimg:

» theory of electrode reactions and methods of elantilysis facilitating the
consideration of analytical signal formation usieigzyme electrodes are
worked out in details;

» methods of electroanalysis are universal, somaaht(pH, dissolved oxy-
gen and hydrogen peroxide concentration measurajnean be used for
determination the activity of not one but a numbeenzymes under the
same conditions of measurement;

» electrochemical methods, in general, can improwayéinal characteristics
of enzymatic methods by specific way and the desighiosensors based
on immobilized enzymes (biological component saptat controlled po-
tential, using electrocatalysis and homogeneousrele transfer approach-
es, etc.);

» electrochemical methods allow to use a standanthezie base and meas-
urements (glass electrodes for pH measurementmencesin, Clark oxy-
gen electrodes, volt-ampere graphs et al, thataacessible and easy to
operate);

» theoretically and experimentally processed a tiauad fuel cell is a good
basis for development of the theory and practideiaiuel components.

All this allows reducing the costs of initial stediof new “biological” devices
for energy conversion, standardizing the measureamhintegrating the biochem-
ical methods of analysis into the existing systefsutomatic control in the nearest
future. The processes of charge transfer on thegshanterface are the basis of
electrochemical processes of energy conversionn Eviie enzyme is in solution
or is used the soluble electron transfer medidib@r measurement signals (electrical
conductivity, potential, current, Faraday’'s impecignare always associated with
the change of the surface of the transducer. Téles¢rochemical methods are fun-
damentally different from optical, photometric, dhametric in which the origin of
the signal is due to changes in solution. Thush Eéctrochemical and optical
methods can solve the same problem.

Heterogeneous character of the signal has botméeatyes and disadvantages.
For example, it includes the possibility of creatiof electrochemical systems for
energy conversion, or sensors, when the phasdaoteis both a place of localiza-
tion of the enzyme or a microorganism in the etetgrbiofilm. There are a number
of cases when the mass transfer process on thegh#srface can significantly
improve the analytical ability to detect componeotsenzymatic reactions. The
definable component sorption as well as its seledtansfer to the enzyme through
an auxiliary membrane can serve as an exampleeaftibve-mentioned.
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Potential limitations of electrochemical techniguegdude the limitation on the
stage of mass transfer on the “transducer-solufictetface. It can lead to the gen-
eral increasing in its measurement durability ardasing in its sensibility.

The interest in biology among electrochemists hramdtically increased after
it occupied a frontline position in science andhtemdogy. This interdisciplinarity
gives birth to bioelectrochemistry — the new sdfentlirection for studying elec-
trochemical principles of functioning of biological “living” systems functioning
(Antonov, 1996; Opritov, 1996; Chizmadzhev, 200Crkbek, 2000; Kuzminskiy
et al., 2007 on the one hand and such bioelectrochemical dsvés biofuel cells
(Kuzminskiy et al., 2003; Kuzminskiy et al., 2008jzKinskiy et al., 2008a;
Samarukha et al., 2008Kuzminskiy et al., 2009; Kuzminskiy et al., 2009a;
Kuzminskiy et al., 20)Dn the other hand.

Electrochemistry is the fundamental science foidgg, medicine and bioen-
ergy. However, besides being able to give a lohéadlicine and biology, bioenergy
and biosensors technology but the electrocheniistlf can obtain a big amount of
knowledge and approaches through detailed studgfnpioelectrochemical pro-
cesses. Modern biology and bioenergetics are dewgovery rapidly and this is
a stimulus for almost all who are involved in rethtdisciplines including electro-
chemists. But to have the opportunity to widely gically apply the
bioelectrochemical concepts and methods, the eldwtmists are bound to meet
the needs of today as well as study modeling systesnclose to real biological
objects as possible. They are: the investigatibmsaalel systems as close as possi-
ble to real biological objects. Therefore, the awhof this monograph consider it
appropriate to introduce students, teachers anelresers of various scientific
fields with some classical concepts and present iegements in
bioelectrochemistry.

1.1 Specificity of biological objects

The development of biology has shown that the stfdsiementary biological
phenomena requires a use of concepts and methoslsiesfce. This approach is
justified by the fact that all biological objectdtimately, are the complex of atoms
and molecules and are a subject to physical anchicaélaws. However, the bio-
logical systems are the systems capable to sedfrizgtion and self-healing and
those which were created during evolution and lpmeperties that have no place in
inanimate nature.

Biological objects (cells and organisms) are dédfarfrom inanimate in an
ability to perform metabolism and reproduction (wgenetic information transfer).

Biological objects are open thermodynamic and inedgt isolated cybernetic
systems. This means that beings are in exchangeengy, substances and, particu-
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larly, information with the environment. Exchangehathe environment is realized
by using of substrates that are the sources ofefineegy and order (of information)
that leads to a decreasing of entropy and incrgasirthe level of living systems
organization. The Information about all the feasuoé beings identifying their indi-
vidual and species specificity is embedded. Phemoty a set of characteristic and
properties of being that have been formed duriegriteraction of its genetic struc-
ture (genotype) and external environment. Genotygbe genetic (hereditary) in-
formation that is almost invariably reproduced @rachsmitted from generation to
generation, but may not appear in every generaftbenotype is formed during the
beings life under the influence of genotype whigkexpressed as the external traits
and individual experience of interaction with threvieonment and other organisms.

Exchange with the environment is mainly subjecthi® Le Chatelier's princi-
ple and leads to a steady state system. (Le Céwedglirinciple: “If a chemical sys-
tem at equilibrium experiences a change in conagatr, temperature, volume, or
partial pressure, then the equilibrium shifts tartteract the imposed change and
a new equilibrium is established”). Stationary estgta dynamic condition in which
at any given period of time (long enough, such ightnfor a man) the system
receives as much substance and energy from theoamnt as it returns to the
environment. As a result, the amount of substandeemergy in the system remain
unchanged. This distinguishes living objects fraranimate (isolated) systems that
are in time-independent equilibrium. In abioticisolated systems the amount of
substance and energy is constant, metabolism ardyeimterchange with the envi-
ronment do not take place and therefore all prasease terminated.

The living organism processes run in time and spBa®ogical systems of
various complexities differ in spatial structureddife cycle. Thus, the life cycle
for microorganisms with fission reproduction andnsdic (unsexual reproduc-
tion) cells of pluricellular organisms is the pefibetween two divisions; for
organisms with sexual reproduction is the periamimfrzygote formation from
gametes till death and so on.

The structures of living organisms consist of ofgamd inorganic substances
that have a certain spatial configuration. The treaability and biological activity
of many substances in biological systems deperntdenonfiguration of molecules.

Specificity of living organisms is that the infortimn is involved into the pro-
cess of their constructing, because it is arisghercourse of evolution and founded
in the genome. This information appears in thecttine of beings that are ordered,
thermodynamically non-equilibrium and adapted tdgren a specific function.

The structure of living organisms is quite simitaran artificial construction
which is also based on information accumulated bykind. All levels of biologi-
cal and artificial structures are similar: the nool@r (proteins, nucleic acids, etc.),
cellular (organelles and membranes) and organishhake are two ways of consid-
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eration of biological information contained in tbkject: direct and indirect. Direct
route involves the construction of a living objéatall its levels, from molecular to
organism) based on information that is embeddeddargenome. In nature this way
is realized in ontogenesis i.e. in the developnaodrihe organism from a fertilized
egg. The methods of synergetics — the self-orgtinizaheory and mathematical
modeling are used in the theoretical studies iphyysics. Indirect way is the exper-
imental study of biological structure of the objegtusing all known physical and
physicochemical methods. X-ray structural analgsies a lot of information at the
macromolecular level; the electron microscopy isdus investigations of mem-
branes and cell organelles; at higher levels mameg and anatomy are used. The
obtained information is equivalent to biologicaldrmation inherent in the object.
So if the construction is known it is not necesgargnow the information on which
it was constructed. Further study of the behavidhe object is based on the laws
of physics and chemistry including the investigatobject design. Both directions
are being developed in biophysics but the secomddaminates in specific prob-
lems solving.

1.2 General provisions of bioelectrochemistry

Within the bioelectrochemistry the mechanisms aicpsses that occur in liv-
ing cells are studied by using of various modeld mrethods of electrochemistry.
Now it is obvious that electrochemical patternstagebasis of not only information
systems but also systems of energy conversion iwithganisms Ghizmadzheyv,
2000; Kuzminskiy et al., 20R7In other words, the “membrane potential” is not
only the way of “cells dialogue” but also the coatngg factor that converts chemi-
cal energy, light energy and even energy of meclaamotion. It was found that
the internal membrane electric field controls theraction and fusion of cell mem-
branes. Therefore, it is clear that electrochemistrfundamental to biology and
biotechnology and, especially, for bioenergy tedbgies and biosensors.
(Kuzminskiy et al., 2003; Kuzminskiy et al., 2007

It has been studied that biological membrane islgfynctional system, but
the main task of the cell membrane and organedlés being a barrier to prevent
penetration of substances that are on both sidéseahembrane, rather more pre-
cisely, should have selective membrane permeability

Membranes may be permeable not only for ions andralecompounds, but
also for electrons because they are insulators avidw value of the coefficient of
dielectric constante(= 2) and have very high resistance. It can beidenfly
asserted that the electrochemical properties db@iical membranes are not some-
thing exotic in wildlife, but they underlie in sudmportant life processes as ani-
mals breathing and plants light energy converdiwam the physicochemical point
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of view the membrane with electron transfer maydpresented as a dielectric lay-
er that separates two phases with different regsiems that are in contact with
opposite sides of the membrane. Thus, for the stalaling of the processes of
electron transport through biological membrands important to explore and un-
derstand the features of the processes at théaicgetinsulator-electrolyte”.

The charges formation after chloroplasts lightimgl @aheir absorption by the
reaction centers on the surface of lipid-proteimptex is one of the issues in pho-
tosynthesis investigation. To understand the psydbe knowledge of electrochem-
ical photoinjection at the interface of agueoussghand dielectric medium is
required. In such cases the phenomenon that oatths interface of a heterogene-
ous “membrane-water” environment is the most ingodrt Analysis of charges
transport processes in the cells and model membiaae led to the need of devel-
opment of new theories of facilitated diffusion manisms and migration of ions in
the narrow channels as well as dependency of tegggrprofiles of ion diffusion
path on the measure of filling of the vacant fosuaed so on. All these problems
are largely due to the necessity of a detailedystddhe properties of the interface
“membrane-electrolyte”.

Electrochemical methods allow obtaining informatimmout the redox poten-
tials, the number of electrons, the reaction meisnanand so on. Capacitive meas-
urements provide important knowledge about the rpdism properties of low
molecular weight and macromolecular biologicallytiae compounds (nucleic
acids, proteins, etc.). Study of mechanoelectpbahomena such as movement and
orientation of cells in the external electric fielthembrane structural rearrange-
ments during electrical breakdown and electrostaa cells merge are the fun-
daments for different areas of medical engineetaapnology and biotechnology
(medicine artificial carriers, diagnostic membrambtaining hybrid cells using
electrical maintenance). The substantiation of ecbemotic Mitchell hypothesis is
the significant achievement that was made duringegments with modeling and
reconstruction of membrane systems as well asdipes. The development of ion
selective microelectrodes for intracellular usecnoelectrodes for intracellular
injections of electrochemically active materiallgcérochemical biosensors (bacte-
rial and tissue electrodes) and ion selective eldes using the ionophores are
among the achievements of applied bioelectrochemibtedical and engineering
applications include the study of extracellularctie fields and mechanisms of
influence of external fields and currents on phlggical processes including
tissue regeneration.

All examples described above suggest that the pseseof energy and sub-
stance transformation in living organisms have ahextrochemical stage. One of
the significant results of bioenergy developmenirdylast decade is in establish-
ment of energy processes similarity in all livingg@anisms — from bacteria to hu-
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mans. The substances in which energy is accumudatddhe processes by which
such storage is carried out are the same for afitpind animal organisms. This
similarity describes the processes and the useafmaulated energy in these sub-
stances.

Technical and biological systems for chemical epeanversion into electrici-
ty are similar in general, there are only differemicn detail. No isolation problems
usually occur in R&D of technical electrochemicgbtems, because they are sur-
rounded by air as dielectric medium. In additidme metals with high electrical
conductivity are used to be electrodes and condsictostead, the wildlife estab-
lishes its electrochemical devices in nondielearigironment that is in the electro-
lyte solution. Besides, there are no metal condscteor these reasons, “Biological
Electrochemistry” seems to be the inverse to thdliar “Technical Electrochemis-
try” (Fig. 1.1).

“Technical” 'Bialu-gica-l"
electrochemistry electrochemistry

Fig. 1.1 The scheme of processes in the “technanad’ “biological” systems
(Kuzminskiy and Shchurska, 2010

In this case not the electronic conductor, butelleetrolyte phase is divided in-
to two volumes. The thin film of cell membrane snas the insulation layer be-
tween them. Potential difference in such a systegenerated between the volume
of electrolyte that is divided by a membrane. Sintji, mitochondria and chloro-
plasts are organized similarly. These subcellubanmonents are the biological elec-
trochemical generators, i.e. cells power plantsh@lgh the potential difference
generated on the membrane is low (150-200 mV) thritpower that referred to
unit of mitochondria volume reaches 10-50 kWihat even more than for indus-
trial electrolyzers. In turn, the total current wihipasses through the membrane of
mitochondria in the cells of the human body carcheazalues of 400-800 A. For
example, electric rayTorpediniformep generates pulses of 50 A at a voltage of
60 V and an electric eeElectrophorus electricys‘shoots” of voltage pulses over
500 V! Their electric organ consists of a stacktems (the electric ray has 1000
ones) that are connected in series. These bat{gheslectric ray has 2000 ones)
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are in parallel. Hence, however, it generates hajoes of amperage and voltage
(Kuzminskiy and Shchurska, 201 animals, the heart is probably the most pow-
erful generator (the amplitude of signals at caydion varies in a range of
0.002-0.003 V); the brain generates a weak pulsdge¢ach about 0.0001 V.

For the time science has been studying bioelegientials (BEP) a big
amount of material was accumulated that shows these relationship with almost
all life functions Kuzminskiy and Holub, 20D7This was the basis for widely used
BEP registration for diagnosing the physiologictdtes. This area is particularly
well-developed in medicine. BEP registration alsoused in agriculture for the
prediction of practically important qualities ofiarals and plants. It was strongly
substantiated that BEP is an inevitable “produdt’pbysiological, biochemical,
biophysical and bioelectrochemical processes. fiaigssbeen caused by the overrid-
ing of independent role of BEP in the body. Theegtion, perhaps, is in establish-
ment of the role of the BEP in the generation aisttidution of reaction in nerve.
However, the analysis of available data shows plagticipation BEP in the living
organisms processes is very versatile and diveosa,variety of ways of such par-
ticipation can be identified — they are listed belo

Firstly, it is the energy role. Surface plasma meanb of cells is always polar-
ized: its outer side is charged positively andrimié one has negative charge. This
potential difference on the membrane varies inedéffit cells in the range from
—100 mV to —300 mV. This resting membrane potemglerated by the operation
of passive and active mechanisms, like ATP, magdmsidered as a peculiar form
of the energy storing (saving) in the cell. Toddwg opinion that the criterion of the
cell energy capacity is not only a number of sulsa with high-energy chemical
bonds, but the value of the membrane potential spisad widely. It is especially
significant that electric energy accumulated onrfembrane could be transferred
very easily into other forms of energy during theurse of several processes. It
especially refers to the membrane transport whidvidges an exchange of sub-
stances between cells and medium. Under the irdkuer electric fields on the
membrane the movement of ions through channelsdslerated or slowed down
(depending on the charge). The electrical polarftthe membrane has the signifi-
cant importance for the active transport of sultarthrough the membrane by
means of special compounds-carriers. The role & BEelectroosmotic phenome-
na within the membrane is also investigat€tdigmadzhev, 2000Thus, the utiliza-
tion of BEP energy for different modes of chargatdstances transport through the
membrane is the phenomenon that is widely repredentliving cells.

Secondly, it is the regulatory role. Along with emeexchange the BEP act as
an important regulatory unit. This becomes esplgoidar if we take into account
the voltage of the electric field on the membrankghe value of transmembrane
potential difference is 0.1 V (although, as it l@®n noted above, the one can be
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2-3 times greater) and the average thickness oftareama is 10 nm then the electric
field strength across the membrane will be at 1&85tV/cm. Such enormous elec-
tric field strength has a significant effect orustural organization of the membrane
because the molecules or parts of molecules oéimoiand lipids have the dipole
moments. Changes in membrane electric field leathdochange of orientation of
the membrane protein molecules or changes in cmafioon of functionally im-
portant centers. Also, there are the change af hipatrix viscosity and the phenom-
enon of electrostriction (electromechanical comgiey. Structural changes in
lipids, in turn, can affect the protein conformati@\ll this leads to the changes in
membrane potential difference under the influentevasious factors that affect
membrane proteins such as enzymes, receptorsercpratein etc. Thus, the BEP
has the regulatory role in the functional actiafycells.

Thirdly, it is the information role. The greatesrfection of information role
of BEP is reached in nerve fibers of animals. Ttioa potential (AP) arising un-
der the influence of various external stimulus adrevith high speed (up to
100 m/s) and provide information transfer from @aet of the body to another. The
process of distribution of AP is the temporary depmation of the membrane and
results from the electric mechanis{ugminskiy and Holub, 2007 So-called
“local” currents flow from excited to unexcited merareas that cause depolariza-
tion within the unexcited areas and the AP shifte Tescribed method can provide
distribution AP without attenuation. It is observedmost animals having some
peculiarities However, it would be wrong to assuime the generation and distri-
bution of AP in response to external stimulatiommsque for animals only. At the
beginning of the century the Indian scientist Datigh Chandra showed that the
motion of the mimosa petal is caused by the BEEtdmtions similar to the BEP
oscillation in animal nerves. It was found by thaesBian scientist I. I. Gunnar that
not only plants with rapid motion activity (mimossyndew, Venus' flytrap, etc.),
but the ones without fast movement (pumpkin, besasflower, etc.) generate the
AP in response to external irritation (burning, meaical stimulus).

Finally, the BEP plays a role in self-organizatmfrliving systems. The cells
or tissue with electric potentials create an eledteld around themselves. These
fields are very weak, but they can be measuredguspecial techniques. It is be-
lieved that these electric fields form the kindbddpower matrix that determines
the growth and development of organs and tissuesidBs, the electric field of
one object (e.g. seed) may affect the electricddfid the other one (if they are
nearby) and thereby ensure a collaboration of thi@jsiological processes. How-
ever, at present the role of BEP in self-organmatof living systems is not
enough investigated.
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1.3 Nanobioelectrochemistry

The most typical feature of scientific developmanthis stage is the approxi-
mation of the organic world (the world of wildlifejyith inorganic. And, therefore,
the approach to the research has been changedrantaly in order to access the
interdisciplinary of research. The scientists whanipulate with atoms creating
new substances are the physicist, chemist anddigblat the same time. This scien-
tist is the naturalist, as Newton was more than B&frs ago, but on-at a qualita-
tively new level. Therefore, the nanotechnologyinsfact, the name of scientific
and technological revolution of the beginning oé tKXI century. Formerly, the
scientists moved their investigation toward redgcihe size of objects that had
been created. It is “top-down” paradigm in R&D. Bhwe can imagine the line: we
hew the tree — then saw it on board — produce gmuds, i.e. cut through unneces-
sary. As a result, we get useful goods, but moshekfforts (financial and techno-
logical) result in the creation of waste and patint However, a new “from below”
paradigm makes the scientists start from the lef/@toms to create materials and
systems with desired properties. In fact, it isessary to create technologies and
equipment for atomic and molecular design of anyeni that is obviously possi-
ble only via creation of adequate diagnostic meshaith atomic resolution. In such
way the change-over to nanotechnology and atonsigdeives the most important
result, namely, the industry materialization andnaitic qualitative reduction of
energy and resource costs, maintaining environrhenistainability. However,
using this approach it is necessary to conductr@gpatous assessment of possible
consequences, because the whole is somewhat giestdhe sum of its parts.

Unlike information technologies that are mainlytwal, nanotechnology, in
fact, is material.

Nanotechnology is:

» base priority for all existing industries and, aseault, will change infor-

mation technology;

* not only the individual technologies or new teclugatal trends, but also

modernization of existing technologies for brand/¢omic level;

» foundation of all the sectors of the new knowletigesed economy of

postindustrial society.

What happens in the “nanobio” world? What are teads that certainly de-
serve the attention? There are many instrumenigross to respond to emerging
issues. However, from the analytic materials thatcaeated by different groups of
experts, the “Roadmap of Nanotechnology”, compobgdCorporation RAND
(Research And Development, USA), and “Roadmap eftropean Commission”
(Nanoroadmap Medical and Healt#ndroshchuk et al., 20Q%hat was established
in preparation and implementation of the Seventmfework Programme of the
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European Union Research and Technological Develop@re the most notewor-
thy. Both documents do not only analyze the situmath nanobiotechnology, but
also offer a forecast of certain areas of nanobiotelogy in the near future
(2015-2020 years). In addition, experts analyzesituation in those areas that may
give an access to production and become commegraiadiilable. American experts
pick out the representative number of nanotechnefy@bove all, in biomedicine
that include eleven directions: bioengineering igfnh tissue and regenerative
medicine, biological nanostructures, encapsulatowdl targeted drug delivery,
molecular imaging, biophotonics, biocompatible ianghk, bioanalytical mem-
brane, molecular biosensors; biochip and lab ohip @Lab-On-A-CHIP); func-
tional molecules: switches, pumps, carriers. Expeftthe European Commission
have made a list of the most important nanobioteldlyy sections: drug delivery,
molecular imaging, cosmetics, new drugs R&D, meshodl diagnosis, surgery
(including transplantation of tissues and orgatis3ue engineering, food technolo-
gy, genomics and proteomics, molecular biosensods adher technologies. It is
obvious that both lists are fairly close. Howeuee experts distinguish four main
trends of nanobiotechnology (see. Table 1.1.).

Table 1.1. The main trends in nanobiotechnologyettsment Androshchuk et al., 2009

Carbon Nano- Nano-
Used Metal nano- : ;
roperties | particles nano- particle micelles
P particle of silica gel and others
Chemical + F o+ 4+ + 4+
Electric + + + o+ _ _
Optical + + + o+ _ _
Thermal + + _ _
Magnetic + + - _ _

Within certain areas nanotechnology is a combinadioexisting technological
possibilities of microelectronics and structurest tare modeled as in wildlife. For
example, the creation of the semiconductor nanasires with the quantum dots is
an important achievement of the inorganic matesalence, but the formation of
these structures is based on the principle of@egkinization which is a basic prin-
ciple of wildlife. Another example is the fuel abibfuel cells. Table 1.2 represents
a small part of what the market of nanotechnolagylpcts offers today.



Bioelectrochemical hydrogen and electricity prodarct 25

Table 1.2 Market of nanobiotechnology produ&tszminskiy and Shchurska, 2010

Finished Products that are ready to enter thé~uture products and
Products are market in 3-5 years developments
on the market y P
Nanodispersef . Production of
. Carbon materials ;
materials nanobiotechnology
Polymeric
materials
Nanoelectronic devices
Coating
Composites Means of delivery of drugs
. Hybrid devices and
Ceramics (nanocapsules) bioni
ionic apparatus
Catalysts
Membranes Microsystem Technology
LEDs
Sensors Medical diagnostics l(;lan_o biosystem and
evices
Biochips

Modern nanocomposites materials that are synthisiddn various combina-
tions of nanoparticles and matrix materials difiegrkedly by strength increasing,
thermal and electrical conductivity. Thanks to threque properties and versatility
of carbon the carbon nanomaterials are more aneé oe®d in various engineering
and medical fields of application, particularly broelectrochemistryGiersig and
Khomutov, 2008; Shangt al., 2008; Viertelov et al., 20R7For example, carbon
nanoparticles are distributed in the matrix matersuch as epoxy, polyurethane,
rubber, cement give unique electrical and magmetperties to the matrix material
and discover several new and interesting applicatio

Carbon nanotubes (CNT) that are produced by chémaauum deposition
can be connected in blocks to create structurds mahometers diameter and with
the length of several microns to 2 cm. CNT growramsirray or “forest” are called
“black cotton”. This material is promising for tldevelopment of unique mechani-
cal stress sensors, executive devices, bioserdecdrodes for the various electro-
chemical devices, nanocomposites for multifuncticaeplications. For example,
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the structural system of sensors can be made Hicafppn of spray to make a grid
of nanoparticles solution. Electrochemical impedafesistance and capacitance)
of the system may change due to destruction ofsthisture. These kinds of mate-
rials with carbon nanotubes can also be used fowufaaturing smart fabrics having
many unique properties, e.g. fabric compositess@an etc. Thanks strength and
inertia typical of CNT based nanoelectrodes thatmenetrate the living cell and be
used as miniature biosensors are being developee.n&notubes structures for
fixation neurons to further recover damages ofdéetral nervous system are also
being developed.

Graphene is the latest discovery of carbon nanofgmaphene substances is
not found in nature). Graphene is an allotropeambon whose structure is a single
planar sheet of $pbonded carbon atoms, which are densely packexd hioney-
comb crystal lattice. The term graphene was coeeeé combination of graphite
and the suffix -ene by Hanns-Peter Boehm, who destisingle-layer carbon foils
in 1962. Graphene is most easily visualized astamia-scale chicken wire made
of carbon atoms and their bonds. The carbon-cadword length in graphene is
about 0.142 nm. Graphene sheets stack to form igeaptth an interplanar spacing
of 0.335 nm. Graphene is the basic structural airoé some carbon allotropes
including graphite, charcoal, carbon nanotubesfaltelenes. It can also be consid-
ered as an indefinitely large aromatic molecule, ltmiting case of the family of
flat polycyclic aromatic hydrocarbons. Today, grapé is the most topical issue of
research on condensed matter physics and mateigalce owing to its newly dis-
covered, completely exceptional electronic propsrtparticularly, electrocatalytic
capabilities which is an important issue for fuetldiofuel cells. Researchers at the
University of Ulster (UK) Dr. P. Papakonstantinudddr. N. Shang proposed a new
efficient technology of growing graphene films o&rde area with strong
electrocatalytic and biosensor properties (higrsisierty to the biological compo-
nents) Ehang et al., 2008 For example, changes in the concentration aficavk
neurotransmitter dopamine that plays a decisive iolthe kidney activity, central
nervous, hormonal and cardiovascular systems aeelgl related to human health,
and therefore it is important to accurately meastsreoncentration. Using of tradi-
tional dopamine sensitive electrode gives a sigaifi distortion of information
because of the presence of ascorbic or uric adideirsolution resulting in low sen-
sitivity and thus in significant distortion of tlieie concentration value. In contrast,
the graphene electrodes provide accurate resultslojpamine, ascorbic and
uric acid.
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Graphene electrodes have a wide field of possibppli@tions in
nanobioelectrochemical electroanalytical devicéssdnsors, storage devices and
energy conversion systems (fuel cell, biofuel calid can successfully compete
with similar products that are made of carbon nalnes. Nanobioelectrochemistry
is a section of nanotechnology in which variouschamical and bioaffinity pro-
cesses are studied using electrochemical methdtisalsonanoscale biological ob-
jects and using nanotechniques (nanoelectrodesstrantured electrodes, highly
sensitive sensors, nanocomposite materials).

Surface electrodes design is an important factehenstudy of direct electron
transfer in heterophase reactions between solictretée and colloidal solution of
protein on the electrode surface. Metal nanopasi¢old, silver, palladium, and
others) are used in bioelectrochemistry for effecglectron transport between the
electrode and biopolymers (proteins, nucleic aci@$js inorganic nanostructure
consists of nanoparticles of metals and nanoscatadbecules which include pro-
teins with characteristic 1-100 nm dimensions. Goatibn of membrane similar
LCD films and nanoparticles of metals allows obitagnthe stable films with high
ability to transfer electrons between the electradé hemoprotein. When the gold
nanoparticles are included into the membrane simsil@stances films the increas-
ing of sensitivity and stability of electrochemicplrameters of electrodes is
observed. This is due to the fact that the behawiametal nanoparticles on the
electrode is alike that of nanoelectrode systems.

Biosensor based on Prussian blue (active and selasectrocatalyst of D,
reduction) is a good example of nanoparticles apfibn in electrochemical meth-
ods of analysis (in Fig. 1.2 and Fig. 1.3 and faB).
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Fig. 1.2 Biosensor is based on Prussian aey@akin et al., 199%
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e

Fig. 1.3 Nanoparticles in electrochemical methddsnalysis: the image of nanostructured
(a) and normal (b) Prussian blue (using atomiceanicroscopy)aryakin et al., 199%

Table 1.3 Prussian blue Fg[Fell(CN)¢]; — active and selective electrocatalyst Ok
reduction Kuzminskiy and Shchurska, 2010

. . Electrochemical
Electrocatalyst Selectivity, j(#D,)/j(0-) constant, cm -5
Platinum 0.1 410°
Peroxidase 30-40 103
Prussian blue 400-600 -1D?

The research of the laboratory of bioelectrochawiat the Institute of Elec-
trochemistry of A.N. Frumkina RAS in the field olembrane nanostructure that are
involved in merger, division and transpddokolov and Kuzmin, 1980; Chizmadzhev
et al., 1998; Frolov et al., 2000; Kuzmin et alQ02; Maksaev et al., 2001; Frolov
et al., 2003; Akimov et al., 20p® a more striking example. The problem of distri-
bution of nerve impulses on smooth homogeneous éibd then in the myelin was
solved in analytical form. The methods for desadgpihe spreading of excitation in
neural networks were developed. The theory of nwearriers (valinomycin + K
and single-row (relay) transport (gramicidin +)Kvas developed which then was
spread to Naand K'-channels of electrically excitable cell membrargsese re-
sults formed the basis for the development of teenbrane ion transport in biolog-
ical systems of information and energy conversidrere are two original methods
allowing studying the charged particles adsorpparcess, to determine the charge
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for any besieged monolayer, to find the boundartgmial that is generated by the
surface dipole. The elaborated theory explainsdendence of membrane func-
tioning duration on voltage. Thus, the experimevith a bilayer structure led to the
discovery of the so-called reverse breakdown.thésphenomenon that is caused in
response to the step by step imposition of extegtetric field to the cell mem-
brane and leads to formation of small radius pdrasthe membrane maintains the
stability and pores disappear after removal ofagst The theory of electroporation
(or electropermeabilization) has been recognizedidwide. The study of the
breakdown of cell membranes showed that this psosasversible. It had been the
opportunities for a variety of medical and bioteglogical applications had been
discovered. Bilayer of lipid membrane (BLM) wasidaal model for studying the
mechanism of membrane fusion. Thus, the theory sbbstantiated that there is
a lintel between the nearest monolayers the expardi which leads to merger of
the last ones if it is energetically favorable bagn developed. These ideas about
the mechanism of fusion were widely recognized lwy international scientific
community. It was shown that the liposomes capB¥& using the mechanism of
endocytosis, i. e., after the DNA adsorption theagination is formed on the mem-
brane and the septum decayed and packed in agfidipgd membranes DNA gets
into liposomes. It was shown that DNA enters thésdbrough pores during mem-
branes electrical processing. The electric fielsl tweo functions: (1) to initiate pore
formation, and (ll) to electrophoretically involatarged macromolecules into cy-
toplasm. Direct experiments showed that the DNAatlyeenlarges the pores in the
cell membrane during the electrophoresis. Thesdtseare used in cancer electro-
therapy.

1.4 Electrochemical basis of biofuel cells

The evident example of the use of approaches ofr@dbr the solving of the
worldwide energy problems is an analogy between-made electrochemical gen-
erators (fuel cells) and the energy supply of bvarganisms. Thus, it was founded
that it is “mounted” hydrogen-oxygen fuel cell imihg cell (Fig. 1.4) Kuzminskiy
et al., 2003; Kuzminskiy et al., 2007

In such a fuel cell (FC) coming from the environméa human lungs
(animals) oxygen is the oxidant. It absorbs in® blood, combines with hemoglo-
bin and then is distributed to all tissues of tleelyo The food serves as the source
of the hydrogen (fats, carbohydrates, proteins)civlis converted into water, car-
bon dioxide and protons in the Krebs cycle usirggéialyst (enzymes). Electrons
move through mitochondria chain enzymes (“respiyathain”) and then combine
with protons and oxygen atoms to form water asfithed product. The main ele-
ments of the “respiratory chain” are a number oidative enzymes because of
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concerted efforts of which anoly oxidation of organic compounds on the o-
chondrial membrane as well electrochemical poteidiareated. This potential
used for the synthesis of compounds with partitplaigh chemical bonds enert
(ATP) using other enzymes.

|"©  Photosynthesis Respiration

Fig. 1.4 | —Analogy of various human organs and hydrc-oxygen fuel cell, Il — The
scheme of the main flows of energy and matter énttiospher

At the above figure numbers and abbreviations sgpris following elemen
of described systems and processessdpply of oxygen, — fuel supply, 3 — lungs
and oxygen electrode, 4alimentary system and hydrogen electrod— heart and
pump that drives the electrolyte, &idney and cell for the regeneration of thec-
trolyte, 7 —urinary bladder and valve for the emission of wa8— blood vessels
and piping for the electrolyte), ETC electron transport che, ATP — adenosine
triphosphate.

Bioenergetic processes in mitochondria can be septed a

v

ADP +P ATP
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In fact the top of the diagram is the same as inBi@ there is no high temper-
ature; the process goes smoothly and with higttieffty. And what happens to
electrons? In FC the flow of electrons in the outiecle can feed, for example,
lights, and what happens to it in the living cellRus, electrons start the chemical
reaction interaction of adenosine diphosphate (AB#E) phosphate (P) by moving
through “respiratory chain” from hydrogen to oxygamd using its energy (because
the electric potential decreases continuously).nddae-5'-triphosphate (ATP) is
formed that is the energy rich chemical compound amversal source of energy
for various processes of wildlife. Thus, in the B@ chemical energy of fuel is
converted into electrical energy; the chemical gnef food (fuel) also first trans-
forms into electrical form in the nature, but themmediately conserves into the
energy of chemical bonds. Accumulated chemicalgnef ATP can be converted
into electricity (nerve cells, electric organs eftain fish species), light (fireflies),
mechanical energy (muscle, heart), osmotic workrétmn), heat (thermal regime
support for animals and human), etc.

In 1911, the British scientist J. Potter observeat phenomena of the emer-
gence of a potential difference between two eleesoone of which was immersed
in the bacteria suspension and the other one wasteiile environment. This,
perhaps, was the first biofuel cell (BFC) where #éhectricity is generated by mi-
croorganisms. The development of these devicdseihighly developing and per-
spective trend because it could convert any bicklgand other waste (wastewater,
compost, garbage, etc.) into electricity using &aatand their enzymes. The need
for recycling and waste management of organic wgaistea crucial incentive for
R&D in the field of biofuel cells. As it has beelmesady mentioned the biochemical
redox reaction does not significantly differ frohetinorganic redox processes. The
only difference is in biocatalyst because theintgtis better than the best one of
metal catalysts. However, the dynamic nature ofogioal processes in organisms
determines the features and specifics of the bgstt In chemistry the catalyst is
operated under the cyclic pattern and brings othefeaction in the same way as it
enters it. This ideal system corresponds to theltesf experiments with the sim-
plest chemical catalysts. However, the complicatibthe chemical structure of the
catalyst decreases the possibility of its returth®original state after the reaction.
It is known that the chemical activity of cataly&ssignificantly reduced during the
process. But in the organisms that function nowyniié biocatalysts concentration
maintains at a level that meets the conditionshefdénvironment of an organism.
That is why dynamic equilibrium is supported whémchtalysts decay is coincided
to their controlled synthesis. Biocatalysts aredbmpounds with complex structure
and high degree of organization while the mostefmolecules of substances that
are converted with biocatalysts have a less comgieicture. The energy flow is
accumulated in high-energy bonds of molecules waretformed.
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Pure enzymes and bacterial enzymatic complexealdeeto accelerate chemi-
cal and biochemical reactions in the BFC and bigsen There are three ways of
biocatalysts preparation depending on the degrésolaition of active components:
the living organisms, unrefined extracts or pudfienzymes. As a part of a living
organism the enzyme acts within cells that is wie/ teaction rate depends on the
characteristics of the cell structure. The rat¢hef biochemical process can be de-
termined by the rate of substance supply to thgraazand depends on the activity
of the enzyme. Unrefined extracts are obtained fitoenorganisms (bacteria, fungi)
and used in the form of powders or raw enzymesefilred extracts are active
within a relatively short period of time and canbetrecovered; however in isolat-
ed state they can be stored for a long time. Etdrpiovide higher rate of electro-
chemical incineration than living organisms fromieththey are extracted because
of excalation of removable diffusion control (cetls not prevent the delivery of
substance to the enzyme). Purified enzymes areantb& effective biochemical
catalysts if they are considered in electrochentieahs. Purified enzymes are at-
tractive because of the rapidity they bring to teactions: the number of elemen-
tary actions for many of purified enzymes varied@-1C per second. Currently
none of the industrial catalysts allow reachinghsaspeed of chemical processes.

Enzymes are usually composed of two parts: a hugteip molecules and tiny
active center with only tens of atoms. Oxidoredsesaare one of the six classes of
enzymes (Oxidoreductases, Transferases, Hydrolagases, Isomerases, Ligases)
that is of the greatest interest for electrochemidt is a group of enzymes that
catalyze oxidation/reduction reactions. There at&ve@ reductants of oxygen in the
group (Cytochrome oxidase, Laccase and other ergyared natural oxidant of
hydrogen (Hydrogenase). A variety of metals (iroopper, molybdenum) that are
in nonprotein active centers play an important ioléne catalytic activity of these
enzymes. In addition to extremely high efficienoy €électrocatalysis enzymes are
attractive because of the high selectivity thadssential for biosensors. They usual-
ly catalyze the conversion of the only one compo{erdca limited group of similar
substances) and are inert to other processes. dJfibcatalysts “normal”
electrocatalysts do not have this property.

The investigation of the mechanism of biocatalydkswed recording the act
of electrons transfer from organic molecules (salbs) which are oxidized to the
enzyme molecule and observe the dynamics of tlosgss in the experiment. The-
se developments have allowed testing of biosenbatsare the stabilized mem-
brane with a specific enzyme and the conductivestsate. When the fluid
(e.g. blood plasma) contacts with biosensors tlzgrea reacts quantitatively with
the certain substances that are registered. Althdlg recorded current is negligi-
ble the fact of creating an artificial system ttaectly converts chemical energy to
electricity is important. The prospect of practioae of such systems as an energy
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source seems to be unlikely. However, it shoulchbied that the biosensors are
dealing with scarce space, but electrochemicalga®es in living organisms occur

over large areas. And the nature using electris aetl rays as an example shows
that the energy produced in membrane processedlfnoan be converted to elec-

trical energy one of high power.

Thus it is summarized that for a bioenergy instialies a series of interrelated
technological tasks should be solved. Firstly, tdek is to develop the technology
of similar to biosensor stabilized membranes vatigé areas and work out the con-
ditions for the formation of compact three-dimemnsibstructures. Second, it should
be investigated how to include biocatalysts int® tembrane complex and ensure
full oxidation of certain organic substances. Irdiidn, the mechanisms and ar-
rangements for regulation the intensity of oxidatfmocess need to be developed,
then it is necessary to ensure its cycle to reguta flow of energy from bioenergy
sources in general.

By a similar principle, solar panels can also bitfmn a new basis. If scien-
tists include chlorophyll from plants and severakibary enzymes in these stabi-
lized membranes then the excitation energy of oplayll by photons of light will
be taken directly to the conductive substrate.

In fact, all these processes are complex procesfsestraction and transfor-
mation of energy in animal and plant organismsitAgas schematically considered
above, the processes are made of a number of smegatéons in which substances
(reductants) are oxidized to carbon dioxide andewdt one or more electrons are
transferred in a separate stage of the overallgsycsuch a reaction can be used in
BFC. Biochemical reactions are easily carried outelatively soft natural condi-
tions, so it is promising to apply them to biofwelll, the electrochemical energy
converters. And there is a need to hold the exterR&D in this field to bring this
promising approach to industrial biotechnology.

An evident example of the use of produced natuppr@aches to solve the
energy problems of mankind is biofuel cells tha eonsidered in the V Chapter
and are the main subject of this monograph. It khbe noted that the aquatic envi-
ronment is a necessary condition of life of allamigms; hence, the wastewater
containing organic contaminants is one of the natisactive substrate for the im-
plementation of the declared approach. Also thesldgvnent of the application of
BFC in electronics and medicine is considered, bseahese industries require
miniature power sources that can withstand proldnggeeration without human
intervention. Hence, the urgent need for recyciing waste management of organ-
ic origin as well as an intensive search of alteveaenergy sources is an important
incentive for large-scale BFC research. Groupseséarchers in the USA, China,
Korea and Germany have proved the possibility oéati electricity generation
at wastewater treatment in anaerobic conditiongHerapplication of microbial
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fuel cells (MFC). But now, the development of MF€ still under research
(Kim et al., 1999Bond et al., 200

It is advisable to also focus on the next aspedtioélectrochemical way of
energy generation. Thus, simultaneously with tleetebns those are produced by
microorganisms and transmitted to the anode, thtops are formed and involved
in redox processes in the MFC cathode. It is alsiws that by applying a small
additional potential to the MFC it is possible totain hydrogen. Electrical energy
required to get hydrogen in such way reaches theevaef 0.6 kW/m H, that is
significantly less than for obtaining hydrogen iretprocess of water electrolysis
(4.5-5 kW/n) (Liu et al., 2005.

A fundamentally new way to overcome the biochemiazatier in producing of
4 mol H/mol glucose is the use of modified microbial faells (MMFC) (ogan,
2004. For the formation of hydrogen potential of —-OMAt the cathode should be
established. The potential formed at the anode 4F®.3 V so, theoretically, it is
possible to generate hydrogen at the MFC cathothg uke application of addi-
tional voltage greater than 0.11 V (potential d#fece of cathode and bioanode). In
MMFC microorganisms which are immobilized on theo@e, oxidize the organic
matter transferring electrons to the anode anddggir protons into the reaction
medium. The protons migrate through the protoncsel® membrane (e.g. Nafion)
to the cathode, where, the hydrogen moleculesareeld if additional voltage is
applied. Whereas during fermentation 2—3 mghtdl glucose is produced and by-
products of fermentation (2 mol of acetate fromnia of glucose) in MMFC give
3 mol H/mol acetate, so the combination of processesrofdetation and MMFC
hydrogen generation enables to receive 9.8 mhél glucose. Without additional
voltage the electrical energy is directly obtaingde of wastes as raw materials for
the proposed technology will enable them to comb&wgcling with obtaining elec-
tricity and hydrogen.

In recent years BFC has received a new impetugalgeowing interest in the
production of so-called “green” (or environmentallyendly) electricity because
microorganisms convert virtually the wide spectroftorganic compounds, includ-
ing various and complex wastes. As it has beem@jreoted it is possible to simul-
taneously solve both environmental and energy probl Modern devices and ap-
proaches for chemical energy conversion into eétadtenergy in the form of BFC
and similar devices are not able to meet the tdoggaof the XXI century, but it
should be noted that they point to the fundameptaisibility of solving energy
problems. And the comparison of bioelectrochemigathods of energy conversion
and its electrochemical conversion in handmadedeihas found a lot of common
and indicates that the chosen direction is verynisimg for solving the up-to-date
energy problems.
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Biotechnology based on the use of BESs is a progniBeld for the produc-
tion of electricity and hydrogen from wastewateechuse it gives a possibility
significantly improve the efficiency of the procaascomparison with traditional
technologies (such as anaerobic digestion). Tharadge of electricity produc-
tion in BESs is in its one-stage process, whereaditional technologies of elec-
tricity production from wastewater include at ledistee stages: production of
biogas in an anaerobic biological reactor, biogastment and combustion. In
this study we are using the common name BES farlbatrochemical systems for
electricity and hydrogen producing. The system d@iraeonly electricity produc-
tion is called MFC.

Using of BESs presupposes that electrons produgechibroorganisms are
transferred to the electrode in some way. As it besn already noted in the first
generation of BESs the soluble mediators are usedléctrons transfer. However,
the practical limitations on application of suckattons carriers in large-scale elec-
tricity production from wastewater prevented froomanercialization of this type
of BESs.

However, since 1999 the interest in BES biotechympltas been restored when
the possibility of extracellular electron transfeithout mediators was shown by
B. H. Kim and his colleaguexKim et al., 1999; Kim et al., 2002and others
(Reimers et al., 2001; Lovley et al., 2p08Ithough the BES biotechnology has not
been commercialized yet, but the significant pregre its R&D was noticed in the
last decade. Hence, there are promising prosparctkd future.

MFC is a galvanic cell that combines the oxidatadrorganic matter on the
“biological” anode and electron acceptor reductadrthe cathode. To ensure the
electricity generation the electron acceptor mestdaluced with electrode potential
higher than the one of bioanode. Oxygen in thasaihe perfect final electron ac-
ceptor for sustainable production of electricitgrir wastewater. Theoretically, the
maximum voltage (the electromotive force) of the BAWith oxygen cathode is 1.1
V. However, the practical MFC voltage is generddiyer than 0.8 V and 0.6 V at
open-circuit and operating conditions, respectivelye to various possible losses
(Logan et al., 2006 In most cases, these potential losses occur axiyigen cath-
ode because electrochemical reactions with oxygesivement are usually charac-
terized by slow kineticinoshita, 1992

The most common MFC design is two-compartment ceils the anode and
cathode half-cells (Fig. 1.5). Usually, anode igdmaf conductive and biologically
compatible material. Graphite fiber, graphite papgranular graphite, carbon
brashes and graphite foam are the most used ohesathode is typically made of
graphite with the addition of platinum as a catalyige ion-exchange membrane
separates two half-cells in the most common MFQigoration (Kim et al., 1999
The ion-exchange membrane provides a transferavéps from the anode chamber
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to the cathode compartment to maintain the eleetroality in the system. The
electrons pass through a conductor of externakredecircuit and perform useful
work in order to reach the cathode.
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Fig. 1.5 MFC operation scheme, basedlargén et al., 2006

At the MFC anode the dissolved organic compounadis fiwastewater are oxi-
dized by electrochemically active microorganisiet thansfer electrons from outer
membrane to the anode by the mechanism of extueeklectron transfer. Then
the electrons are transferred to the cathode thrélug external electric circuit and
consumed in the reaction of oxygen reduction. Girergy of the overall reaction
is negative that means that the electrical enesg@enerated spontaneously and can
be removed from the circuit for consumption.

In recent years, the MFC researches have beenddaus two main aspects:
(I) diminution of material and other operating @oand (Il) magnification of the
MFC power. In order to reduce the cost of matemalst of studies devoted to re-
search and development of materials that are alieento platinum catalysts for
oxygen reduction at the cathode have been cartiedGheng et al., 2006 Other
researchers have investigated membrane-less MB@iar to diminish the costs of
proton-selective membrandang et al., 2004 The single-chamber MFC as the
low-cost operation BES has been examined as Wwelign and Regan, 20R6In
single-chamber MFC the air cathode simultaneousiyes as the chamber wall and
consumes air directly from the environment thatitesin excluding the costs for
aeration. Schematically it is shown on Fig. 1.6.
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Fig. 1.6 Single-chamber air cathode MFC, based.andt al., 2010

What is more, a lot of studies devoted to enhanotmiethe MFC power and
performance have been performed. These improvemestts largely the result of
a better understanding of the MFC mechanism. Thia mesult was achieved by
reducing the internal ohmic resistance of the sygtier example, by reducing the
distance between the electrodes), and by increabimgamount of electroactive
material at the anode and cathode compartmentsfifshéMFC devices based on
mediator-less electrons transfer produced not rtwme 0.1-1 mW/fof anode
surface, but the power of modern MFCs is up to 180/nf of anode surface
(Logan and Regan, 20D6As a result of this progress the MFC technolbgg
evolved from the level of scientific interest toetipromising biotechnology for
wastewater treatment. However, it is necessarnontirtue looking for the way of
MFC costs reducing and power increasing to achibeecommercial status of in-
dustrial technologies for wastewater treatmentadudition, the MFC needs to be
estimated and compared with conventional wastewsgatment systems in terms
of efficiency and rate of wastewater purification.

Hydrogen production in MFC is the new and scargitplored process, there-
fore, different researchers give it its specifienea Thus, B. Logan and his team
call this process of hydrogen production as thelkitirochemically assisted micro-
bial reactor process or BEAMR-processu(et al., 200% or/and hydrogen produc-
tion in microbial electrolysis cell<all et al., 2009. R. Rozendal in his work calls
it as biocatalytic electrolysiRpzendal et al., 2006In this paper we offer such
a term asioelectrochemical hydrogen generation at BB6the determination of
hydrogen synthesis in this way.
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Photoheterotrophic fermentation and dark fermemnagire hardly considered
to be economically expedient, so there is an urdentand for alternative technol-
ogies of hydrogen production from wastewater. Tgriscess should combine the
following characteristics:

» ensure the transformation of dark fermentation bgpcts that are dis-

solved organic compounds;

» cope with the endothermic nature of the reactidmgadous dissolved or-
ganic compounds conversion into the hydrogen nuome twvell acquainted
sunlight reactions;

* be reliable and flexible because of the applicatbmydrogen production
from wastewater (multicomponent hardly degradablessate);

» based on a mixed mesophilic cultures isolated énpifocess of artificial or
natural selection and are able to utilize a wideesof organic substrates.

All these requirements are provided in the bioetettemical hydrogen pro-
duction in BES.

The hydrogen generation in BES is the bioelectroub@ process that com-
bines the oxidation of organic substances on bidamwath reduction of protons at
the cathode with synthesis of molecular hydrogdmsT the transformation of or-
ganic matter into hydrogen can be divided into elextrode half-reactions:

Anode: CH,COO +4H,O0—-2HCO +9H++8¢€ (1.2)
Cathode: 8H +8€ —4H, (1.2)
Overall reaction: CH;COO +4 H,0 -2 HCO, + H" + 4 H, (1.3)

Theoretical MFC voltage value or MFC EMF that i€e&sary for biocatalytic
electrolysis of organic compounds is about —0.1Zhé negative value of the EMF
(AG is positive) of this BES demonstrates the needhi® introduction of additional
energy (electricity) into the system for this bialochemical reaction. This addi-
tional electricity is provided by the introductiamo the electric circuit supplemen-
tary power source. This dissolved organic substsateansformed into carbonate
and hydrogen by electrochemically active microorgias that act as a catalyst.

This process is similar to the process that ocicutsaditional MFC, namely, it
is designed of two half-cells that are separatedh lproton-exchange membrane.
But unlike the traditional MFC the modified MFC adéferent in their construc-
tion: cathode compartment is completely anaerdbe&electrical circuit is connect-
ed to an additional source of electrical energyheBtatic representation of the
modified MFC is in Fig. 1.7.
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At the anode the wastewater dissolved organic comp® are oxidized by
electrochemically active microorganisms that transélectrons to the anode
through the mechanisms of extracellular electrangfer. Electrons are transferred
through the external electric circuit to the catheochere they are used in the reac-
tion of molecular hydrogen synthesis. System ebeetutrality is provided with the
cations (protons) transported from the anode commgant to the cathode through
the cation-exchange membrane or special salt bridge

The theoretical value added voltage that is reduice this process is about
0.12 V that is equivalent to 0.26 ki’ H,. This value is significantly lower
compared with the value of 4.4 kit H, that is necessary for industrial electrol-
ysis of water. Obviously, the metabolic losses afroorganisms as well as other
possible losses (including ohmic and activatiorségsat the electrodes) practically
increase the value of the required energy, buto#sdnot exceed the value of
1 kW-h/m® H,. Such negligible additional energy requirementarisimportant ad-
vantage of the process of bioelectrochemical hyemogroduction in MFC com-
pared with the industrial electrolysis, becausecibs of electricity is crucial in the
total costs of hydrogen generation using electislgiurner, 2004.

Hydrogen can be removed bioelectrochemically frtwm by-products of fer-
mentation, thereby, increasing its overall outputcombination of fermentation
with bioelectrochemical production of hydrogen. it possible to produce
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2-3 moles of hydrogen from one mole of glucoserduthe fermentation. And the
end products of fermentation give 3 moj/idol acetate. As the conclusion the
combination of fermentation and bioelectrochemiwgdrogen production enables
to obtain 8—9 mol lmol glucose.

In comparison with other biological processes ofirbgen production the
bioelectrochemical hydrogen in MFC has several i@ advantages. It is shown
that bioanode can operate effectively under udsteanditions, as electrochemical-
ly active association of microorganisms is selectatlirally from a wide range of
microorganisms. Moreover, this association of necganisms is capable of utiliz-
ing the various substrates (including sugars, fattigls, proteins) with high effi-
ciency Rabaey et al., 20QRabaey et al., 2005; Heilmann and Logan, 20@&h-
er biological ways of hydrogen synthesis are oftfacted by foreign microorgan-
isms in non-sterile conditions and limited in ashle substrates for utilization
(e.g., dark fermentation). In addition, almost phyelrogen is produced during the
bioelectrochemical hydrogen synthesis in the cahmampartment, unlike the fer-
mentation where the mixture of hydrogen and cartioride is the final product.
Thereby the bioelectrochemical process of hydrggeduction is not only the next
step after fermentation in a flowchart, but it isspible to completely replace the
fermentation by BES in certain cases (e.g., was@viieatment).

The possibility of application of a mixed consontiwf electrochemically ac-
tive microorganisms is determinant to ensure thikece¥e operation of the
bioelectrochemical system hydrogen production irSBElectrochemically active
microorganisms are capable of extracellular electransferring and thus electrons
are transported outwards from the cells using teet®de as an electron acceptor
for the oxidation of dissolved organic compounds.thAe electrochemically active
bacteria release electrons on high energy levelslectrode potential is set at the
cathode that is used for bioelectrochemical hydnqgeduction.

In the cathode chamber of BES the hydrogen is fdratectrochemically from
electrons and protons that are generated by ebbetnaically active microorgan-
isms in the anode chamber.

Usually the electrolytic hydrogen generation froomda and alkaline solutions
is in a variety of waysAntropov, 198% The source of hydrogen in acidic solutions
is the hydronium ions, the discharge of which at¢hthode leads to the formation
of hydrogen molecule:

2H30+ +2e = H2 +2H20. (14)

In the alkaline solutions electrons are directteracted with water molecules
with subsequent decay into hydrogen and hydroxy:io
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2H20 +2e = H2 +20H . (15)

Equation (1.4) and (1.5) represent only a geneedhanism of the cathodic
hydrogen generation process under different canditof electrolysis. This process
consists of a series of successive stages and isyra variety of ways depending
on specific conditions.

The first stage (Stage 1) is the delivery of pdeschat serve as a source of hy-
drogen formation to the electrode surface. Undercertain conditions this process
proceeds without significant restrictions. The nsteage (stage Il) is the discharge
of hydronium ions (or water molecules) to form atieal hydrogen atoms:

H3O s e =H,. + HzO , (16)

or

H,O+e =H,. + OH . (17)

Whether in acidic or alkaline medium the dischawgeurs and the products of
the reaction are the hydrogen atoms adsorbed oal¢lstrode. For a steady going
of electrolysis it is necessary to maintain a camssurface concentration of hydro-
gen atoms, i.e. it is necessary to provide theigootis hydrogen atoms removal
from the cathode surface. Hydrogen atoms are rethovéhree ways (stage ll):
catalytic recombination, electrochemical desorptma emission. Using the cata-
lytic mechanism the hydrogen atoms removal is duetombination in the mole-
cules with simultaneous desorption (equation (18))ereby a catalyst performs
metal electrode:

Ha()c. + Hadc. = H2 (18)

The electrochemical desorption is the process dfdgen atoms removal from
the surface of the electrode as the result of jfigdgen ions (or water molecules)
discharge on the adsorbed atoms by equation (1.(3) 10):

HyO" + Hyy + e~ = H, +Hy0 (1.9)

or

H20 + Hadc. +e = H2 + OH . (110)
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Using the emission mechanism the adsorbed hydregems are removed
from the electrode surface in the form of free aqquation (1.11)) with their
next bulk recombination in the hydrogen molecule:

Hy. = H. (1.11)

Hydrogen molecules formed from the adsorbed hydr@ems need to be re-
moved from the interphase boundary electrode-eligtérin the gas phase.

Any of these four stages determine the speed ofvtiwe process of electro-
lytic hydrogen production and is the limiting staffeat is the cause of the
overpotentials in the process of hydrogen formatiorthis case the braking of the
process associated with substances transport (btafyes not play a significant
role. In the process of electrolytic hydrogen prithn the adsorbed atoms with-
drawal are carried out in several ways. If stagig i§ limiting then the rate of the
whole process should be determined by the rathefmost effective among the
three mechanisms desorption described above. Stoambination, for example,
means that the catalytic formation of hydrogen mwle is more inhibited than
discharge stage or transportation and at the siameeis much faster than the elec-
trochemical desorption or emission of hydrogen atoAt the same values of rate
constants of parallel stages the hydrogen remarabe carried out simultaneously
in several ways.

The cathode material also affects the process afdggn production. Primari-
ly this is due to overpotentials of hydrogen elesynthesis process, which is a sig-
nificant part of the voltage needed for electradysiherefore, its reduction mini-
mizes the cost of electricity for electrolysis. Toeerpotential value depends on
many factors: the cathode material, current denséthode surface and pH. It was
found out that the higher catalytic activity of m@letelative to the recombination
reaction of atomic hydrogen is the lower is the rogén overpotential value
(Suhotin, 1978

catalytic activity—
Pb, Sn, Zn, Cu, Ag, Fe, Ni, W, Pd, Pt

«— hydrogen overpotential
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2 Energy-converting ability of bioelectrochemical systems
and mathematical modeling of bioelectr ogenesis process

Look deep into nature, and then
you will understand everything better.
Albert Einstein

Everything that is created by nature is appropréaté works with maximum
efficiency that is why it is not surprising thatetlfuel and biofuel cells are in the
field of science interests.

2.1 Direct conversion of chemical energy into electricity

Today the main part of the energy used by manlgritie chemical energy of
the combustion of fossil fuels. The chemical enasfithis reaction further is con-
verted into mechanical work (internal combustiorgieas) or electric energy
(thermal power plants) as follows:

mechanical
chemical energy |:> heat energy |:> energy /
electricity

In the internal combustion engines the mechanicatg@y is generated and the
electricity is generated on thermal power plants.

The drawback of the existing methods of energy easion is in their low ef-
ficiency (performance index). Especially large gyelosses occur on the stage of
heat conversion into mechanical work. Thus, heatlga only partially converted
into mechanical work, but the most of heat is gigtgd in the environment. There-
fore, the actual performance is 30-40% for the pawents and 10-15% for the
transport systems in urban areas. So, 60-90% othkeiical energy of fuel is
needlessly dissipated in the environment. Thusdifext path of chemical energy
conversion into electricitychemical energy— electrical energyis in a particular
interest.
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Chemical power sources, fuel or biofuel cells dre électrochemical power
sources (PS) in which the chemical energy of fugdlation is converted directly
into electrical energy. And, therefore, the totdation in either PS is divided into
the following stages:

» anodic fuel oxidation (hydrogen, etc..),

» cathodic oxidant reduction (oxygen, etc.),

* movement of ions in the electrolyte solution,

* movement of electrons in an external electric netvimm the anode to the

cathode (electric current).

The idea of using chemical energy of oxidation (bastion) for the direct
electricity generation in the power source hadchatéd the attention of researchers
a long time ago. In this case, in the chain of gneonversion there is no thermal
stage and, accordingly, there is no restrictiorl girinciple of thermodynamics.
Hence, the efficiency (performance index) of thectkicity source can reach of
100% Kuzminskiy, 1990

Current sources are characterized by the followagameters (data for the
chemical current source (CCS) is given as an ex@mgé electromotive force
(EMF = 1.5-5.0 V), discharge voltage, current-vgdtecharacteristic (I-V curves)
and discharge dependency, capacity “410°A-h), energy density (up to
500 Wh/kg or 300 Wh/L), volume (surface) power density (400 W/kgksaerce,
service life and shelf life, technical and econopecameters. Comparative charac-
teristics of various CCS are summarized in Table U 1Q/0. 082.058.; TU
10M0. 082.073., GOST 1559678

The data of the electrode potentials that are tztkth employing the appropri-
ate equations of electrochemical thermodynamicsguiermodynamic functions
current-forming reactionsAG, AH, AS), which allows us to estimate the value of
the EMF of this or other electrochemical PS coupteshown in the literature
(Sukhotin, 1978 However, the real electrode potential differeceopen-circuit
voltage (OCV), as usual, differs from EMF. This pomenon is due to the fact that
because of adverse reactions equilibrium poteraigdsnot established on the elec-
trodes that are determined with main current-fogmnimocess for which they are
calculated thermodynamically. The PS operation ltesn changes of potential
difference between the poles and decrease of EMPO@V). And the potential
difference which is established is called dischar@jeage of PS.
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Table 2.1 Comparative characteristics of variouSCC

Power Energy density Service Nurlnberdof H
ccs density, [ [ |lfe g¥%§i'hafgé

W/kg g years _ 80%
Landmarks
Short-term 150 135 80 5 600
Long-term 400 300 200 10 1000
The current status
Lead-acid 60-138 50-82 18-56 2-3 50-1500
Nickel-iron 70-132 | 60115 39-7( 440-2000
Eﬁnfi';lm 60-200 | 60-115 25-70Q 800—20000
Eﬁ%émeta' 100-200 | 152-215 54-8( 10 500-1000
f&‘;‘]‘r‘m 90-130 | 76-120| 80-14(Q 250600
Sodium-
nickel- 150 160 100 5 600
chloride
Lithium-ion

100 | 130-280| 90-180 300-500

polymer

The reasons which cause the difference between &hiFdischarge voltage
can be divided into two main groups: the electrganomena that are not related
to changes in the electrode potential, and the gghena that cause changes in elec-
trode potential or polarization of the electrodasmy the operation. Thus, if the PS
poles are connected with the conductor the EMF auifisist of cathodeAg,) and
anode polarizationAE,), the voltage drop because of the resistance efotiter
conductor (load)R) and ohmic resistance elemeRg)(

E=(AE + AE) + IR+ I[R. 2.1)
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Valuel-R, in equation (2.1) is the discharge voltagieof the external electric
circuit and it can be used to perform some of teeigks that are powered by this
PS. From the equation (2.1) it follows that thech&rge voltage is less than its
EMF because:

U,= E-U, =A-2[1, 2.2)
where U, is the voltage drop at full current source interredistancea which in-
cludes polarization of cell and the voltage droRast

So PS voltage is higher if the EMF is higher arglitiiernal resistance is less.
In this regard, it is advisable to use electrolytgth high electrical conductivity.
Besides, it is useful to make the construction 8fvidth very small distance be-
tween the electrodes, but do not interfere eleetpdcesses with each other.

The electrodes polarization is another value wisafecessary to reduce. Elec-
trochemical polarization can be reduced, and thievoltage, respectively, can be
increased by using of catalytically active eleceéwavith a highly developed surface
and by increasing temperature and concentratioeadtants. Effect of concentra-
tion polarization can be partially corrected byréasing the electrode surface, rea-
gent concentration and temperature. Chemical galthon is conditioned with
slowness of chemical stages of the electrode psoaed can be reduced the same
way as electrochemical.

Regarding the evaluation of theoretically possésergy characteristics of bio-
fuel cells and their deviation from the theoreficaalculated parameters, i.e., po-
larization losses, it will be discussed below.

As follows from equation (2.2), the PS dischargéage also depends on the
PS load current. Typical dependence of the discharge voltdgen the discharge
currentl (I-V curve) is shown at Fig. 2.1.

E U, P
U_"“--.__ 1_‘--Pfi'|ﬂ.‘(
0 \
\
\
P \
|
JI
II{S

Fig. 2.1 Typical current-voltage curve and the delemce of CPS powé from the load
current Kuzminskiy et al., 2002
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In the initial section of the curve it is observetiatively sharp change of cell
voltage because of the electrochemical polarizatibthe electrodes. Further, the
voltage changes linearly and the voltage drop fsxéé both with the ohmic and
polarization losses. Finally, the last sectionta turve has a sharp voltage drop
and current density is close to the limit and chtlee current limit or short-circuits
currentls.. The voltage drop in this region is mainly duetthle concentration or
chemical polarization of one or both electrodes.

The dependence of the PS discharge voltage orutia¢iah of discharge or the
discharge capacity are expressed by discharge stine¢ shown a current source
characteristics for the given conditions of operati

During the operation PS develops capadty U, =2*[R (whereU, is an

average discharge voltage), which describes theiatad energy that gives current
source per time unit. The PS power per unit of Wweay volume is called specific.
All factors that increase voltage lead to incregehPS power. To obtain the value
effective outpuPy,.« Of the external electrical circuit the externaiséance needs to
be equal to the internal resistance in PS (Figukk 2

The theoretical specific capacity can be calculatethe equation:

nF

On = 36000G,,

(2.3)

wheren is a number of electrons involved in the reactibowrent generatiorGe,
is the equivalent weight of electrode materials.

The energy which is generated by PS is the proofueS capacity on voltage.
The actual capacity of the current source is alWags than the theoretical one be-
cause of the incomplete use of electroactive snobstaand their losses on other
processes.

The literature analysis of the possibilities ofefcaist estimation of PS energy
conversion efficiency revealed that, unlike therth@couples Kuzminskiy et al.,
2002, there are no the value that characterize therdigmce of PS power parame-
ters on physico-chemical properties of electroactiomponents of electrochemical
systems for the galvanic, fuel and biofuel cellsising criteria for pre-selection of
electroactive materials for this PS are confineth&evaluation of the EMF and the
theoretical capacity.
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2.2 Evaluation of theoretical energy characteristics of midial fuel
cell and mathematical modeling of bioelectrogenesis

Theoretical evaluation of energy performance fow mevices that the micro-
bial fuel cells are is crucial because it givesogportunity to assess and calculate
the coefficient of performance for the device aimklectrogenesis process.

Bioelectrochemical production of electrical enefigym high-energy substrates
is a new trend in bioenergy, and the complexityhef mathematical model devel-
opment of the process is determined with the difficof adequate description of
biological and electrochemical processes and massfer processes. Therefore, to
simplify the mathematical model of biotechnologiedéctricity production and
biofilm formation the glucose and sodium acetats wsed as substrate and made
an assumption about the presence of the highlgiefii chemical or biochemical
mediator.

The aim of mathematical modeling of the proceds isalculate the values of
generated current and voltage. The first task efine the electrochemical model
for electrode reactions that depend on the eleetpmdential and the concentration
of reactants/products in the near-electrode |lalleen through the concentration of
chemical components and biomass that are determiitacthe mass transfer and
reactions within the biofilm and in the bulk eletyte the mathematical model of
biofilm formation using mass balance is developed.

The main stationary control parameters and pertiafb@arameters of the bio-
technological production of electric energy proces$FC are determined in the
mathematical model. The mathematical model is d@setiin notional arrays taking
into account the specifics of the process, namély,electrochemical parameters
and dependence (rate of electrode reactions, clea@eurrent, voltage and over-
voltage) and the mathematical description of tharseéectrode system “biofilm /
volume of fluid” (kinetics of microbial reactiongaterial balances in the electro-
lyte bulk, material balances in the biofilm, théccdation of pH). For practical im-
plementation of the mathematical model the gersdgorithm is used. An assess-
ment of basic thermodynamic parameters is alsogsegh which suggests an ina-
bility of process to flow without microorganismsder these conditions and the
estimation of limiting stages and losses in MFC.

The general model is implemented through the soéiwaritten in C/C++.
Electrochemical and biochemical reactions are ifledtusing their stoichiometry
and speed parameters. One-, two- or three-dimemisa®scription of the biofilm
are proposed for the batch mode acetate-fed MFC.
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2.2.1 Theoretical evaluation of microbial fuel cell energy
characteristics and calculation of losses

Based on the known patterns of cellular metabokgenoffer the following
bioelectrochemical scheme of the MFC (Fig. 2.2).

The assessment of the theoretically possible engrgsacteristics of the MFC
is usually performed through electromotive forcfE assessment that is defined
as the potential difference between the cathodeaande. Performed by the MFC
work is the multiplication of its EMF on the quéawtof electricity which has passed
through a solution:

A=nlF[E.,, (2.4)

whereA is the work performed by MFQ@x is the number of electrons transferred in
one elementary adE = 96485 C - mdlis Faraday constanEy, . is the electromo-

tive force of MFC.
If the entire change in Gibbs energy of reaction ba converted into useful
work then we have the following:

_AG
nF (2.5)

EEMF =

For research of MFC glucose is traditionally usad hioelectrochemical pro-
cesses can be described by the following overatheon:

Anode: GH1,05 + 6H,0 — 6CO, + 24H" + 24¢° (2.6)

Cathode: 6Q+24H" + 24— 12H,0. (2.7)

Summarizing the equation (2.6) and (2.7) it is lad the overall reaction of
aerobic oxidation of glucose:

CeH1,05 + 60, — 6CO, + 6H,0 + electric energy. (2.8)

Table 2.2 shows the main thermodynamic valuesdorescompounds that can
be oxidized in MFC.
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Glucose
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Fig. 2.2 Biochemical scheme of direct MAQugminskiy et al., 2008

Based on data contained in table 2.2 it the cham@athalpy and entropy in
the oxidation of glucose is calculated:

AH =6[AH, +6[AH, ,—AH — 6lAH , =-2801, 6KJ Cmol™* (2.9)

G Hi0s

AS=6[5, +60F 5~ Sy~ 605=0,259 KI mOIK™ (2.10)
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Table 2.2 Thermodynamic values for some compoustdsidard conditions)

Formula and name of the Standgrd enthapr of Entropy S°9s ,
substance formation — AH “zes kJ-mot*-K™?
kJ-mol*
CH;COOH (I), acetic acid 484.5 0.160
C.HsOH (1), ethanol 277.69 0.161
CH3OH (1), methanol 238.66 0.127
CH, (g), methane 74.81 0.186
C1oH22044 (S), saccharose 2222.12 0.360
CeH1:06 (S),a-D-glucose 1274.45 0.212
CGO: (9) 393.51 0.214
H> (9) 0 0.131
H.0 (1) 285.84 0.070
0, (9) 0 0.205
(g) — substance is in the gaseous state; (I) —taobs is in the liquid statg
(s) — substance is in the solid state

The calculation of the Gibbs free energy changettieroxidation of glucose
(Kuzminskiy and Holub, 200 the following:

AG = AH -T [AS=-2878,8%J0mal" (2.11)

Using equation (2.5) we can estimate the maximuluevaf the EMF for the
reaction of complete oxidation of glucose:

_ NG _ -2878,83_
n(F 2496485 (2.12)

EEMF =

Similarly, the value of the EMF for the oxidatioh ather substrates could be
calculated. The calculated values of EMF and fresrgy change for the oxidation
of some organic substances are presented in TaBle.
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Table 2.3 Calculated values of the free Gibbs gnargl electromotive force for a number
of thermodynamically possible reactions of oxidatad organic substances

Reaction gllgr;?:r: SOf AG, kJ-mol" | Eewr, V
CsH1,05 + 60, —» 6CO, + 6H,0 24 —2 878.83 1.24
CsH1.06 — 2CO, + 2GHsOH 8 —-231.51 0.30
CoH»0:1 +12G — 12CG + 11HO 48 —-5803.56 1.25
C,HsOH + 3@ — 2CO, + 3H,0 12 —-1328.50 1.15
2CH;OH + 3@ — 2CO, + 4H,0 12 -1410.34 1.22
CH;COOH + 2Q — 2CO, + 2H,0 8 —-878.25 1.10
CH; + 26, —» CO, + 2H,0 8 —-822.58 1.07
2H, + O, —» 2H,0 4 -478.05 1.24

In table 2.3 is shown that the oxidation reactiohypical organic substrates
are characterized by negative values of the fresegen and hence are thermody-
namically possible. Thermodynamically the maximumearetical value of EMF
that can be obtained reaches 1.25 V. But experahemalues are expected to be

lower due to energy losses.

The value of the EMF can also be calculated froemvdlues of the redox po-
tentials. For example, oxidation of acetate:

2HCO; + 9H™ + 8¢ — CH;COO + 4H,0

(2.13)

at pH = 7 and 5 mmol concentrations of acetate @odrbonate the potential is

determined by the Nernst equation:

_ 8310208

5010°

E, = 0187
= 896485

For the reaction of oxygen reduction:

O + 4H" + 46 — 2H,0

at pH =7 and p&= 0.2 Similarly, it is calculated:

=-0296

(6107°%)?mo")°

(2.14)

(2.15)
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8310298, 1 _ o

E_ = 1229 -
4196485 02[107")* (2.16)

So, the reaction of oxidation of acetate is atdahede because of the lower
(more negative) process potential and oxygen isaedl at the cathode and total:

CHsCOO + 20,— 2HCOy + H'. (2.17)

The EMF of acetate reaction with oxygen is equah®® potential difference
between cathode and anode:

Eeme = Ex — BEi= 0.805 — (—0.296) = 1.1V. (2.18)

Table 2.4 shows the redox potentials of some leaftions and calculated val-
ues by combining them in pairs for possible useliC.

Table 2.4 Redox potentials of some half-reactioms ealculated values of their pairwise
combination (T =298 K, pH = 7.0, 5 mmol substano@scentration)

'O
© . 'V No . :
i | TR 22 g |2
o Cathodic (:6‘ +Z2 |+ TN |ws |[+0] +0
Microbial 2O |+ |+ | +% < T
half- el =S B I Il e =l -
fuel cell , ~ Zo | YO L |4 SN |FAN
reaction |51 1O\ 2 2IGEIR TS 1|5
N @) < N N
O L 1 Q1 O O
S
Anodic half- Standard
: electrode | 0.328/0.361| 0.421|0.47¢| 0.771|0.805 | 1.22¢
reaction .
potential
2:|H+ 26 —0.420| 0.744 0.781| 0.841| 0.89 | 1.191] 1.225| 1.649
2
i +H2g +2e —0.274| 0.603 0.635| 0.695| 0.744| 1.045| 1.079| 1.503
2
2HCO; + 9H™ +
8 — CH,COO +| —-0.296| 0.624 0.657| 0.717| 0.766| 1.067| 1.101| 1.449
4H,0
SO, + 10H + 86
o LLS + 4HO —0.220| 0.544 0.581| 0.641| 0.69 | 0.991] 1.025| 1.525
Puryvaté’ + 2H' —0.185| 0.513 0.546| 0.606| 0.655| 0.956| 0.99 | 1.414
+ 26 5 Lactaté
Fumaraté + 2H | o 01| 0297 033 | 0.39| 0.439 074 | 0.774 1.198
+ 26— Succinaté
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At the Table 2.4 used enumeration represents fotipwarameters and values:

* [Fe(CN)’]=[ Fe(CN)'],
2 [Mn*]=5 mmol, pH = 7,
¥p0,=0.2, pH = 7,

“p0,=0.2, pH =0,

As follows from these data, the appropriate comimnaof anodic and cathod-
ic reactions gives certain values of EMF. For examnim addition to the oxygen
electrode, the reactions of ferrocyanide or mangameduction in MFC are applied.
The combinations of anodic reactions are purelpritecal because it is not possi-
ble to determine a single current generation reastin MFC because of the com-
plexity of cellular metabolism. Besides, the highealue of EMF is 1.649V
(Table. 2.4). However, this value is observed #icently low (acidic) pH values
but these conditions are not suitable for livingaorisms and thus for practical use
of this half-reaction combination. In this cases fH is chosen as a compromise
between the cathode “acidity” and a maximum valfi@gsoredox potential. Thus,
calculated from the redox potentials values of EddfRfirm the above thermody-
namic calculations, and therefore it is possiblestimate (theoretically) the maxi-
mum possible voltage of MFC.

However, although the above calculated Gibbs fregy change for the oxi-
dation of glucose is —2879 kJ / mol, it is difficab get all this energy through
a series of losses because it is removed in theedelcmetabolism. Therefore, in
the MFC as in any real electrochemical or bioetatiemical system the deviations
of energy parameters are observed. This is dubeamtesence of losses that are
divided into the groups listed below.

Activation losses. For the redox reactions it is necessary to oveectita acti-
vation energy, so there are activation lossesaretactron transfer from (or to) the
participants of potential determining reaction. Ezample, there are losses in the
process of oxygen reduction at the cathode orerethctrons transfer to the anode
by microorganisms. Low activation losses are addefl) using appropriate cata-
lysts (mediators), (I) increasing the temperatoféhe process and (lll) creating
enriched biofilm on the surface of the electrodes.

Losses on the electrical resistance. These losses include resistance to move-
ment of electrons through the electrodes, wiresthadesistance to movement of
ions through catholyte, anolyte or proton selectnembrane. These losses can be
minimized by (l) decreasing of the electrode compants, (Il) using membranes
with low resistance, (lll) improvement of wires tacts with electrodes and (VI)
increasing the conductivity of solutions to theitiof tolerance of microorganisms.
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Concentration losses occur when the electric current generation istéhiof
the mass transfer rate. They are the most notieestbhigh values of current, be-
cause then the reaction rate becomes so larg¢éhthaliffusion rate does not cover
the reagents utilization. To increase the rateifffigion it is desirable to use the
additional mixing of electrolyte and others.

Metabolic losses. In direct MFC anode (not oxygen) is the final élec ac-
ceptor for microorganisms and its potential is dateed by the level of energy
gain for cells. High potential difference betweée substrate and the anode pro-
vides high potential energy gains for microorgarssiout reduces the maximum
voltage of MFC. Obviously, to increase the voltéige substrates with the low po-
tential should be used. However, if the potentfahe substrate is too low, the an-
aerobic breathing is inhibited and substituted witbre energy beneficial for the
microorganisms process of fermentation (if posildi#entification of ways of an-
ode potential reduction and thus maintaining oblstgower generation is a chal-
lenge for the further investigations.

Thetotal loss of electricity in direct MFC is determined by the sum of all the-
se types of losses. The practical value of theageltin MBE can be calculated by
the formula:

U=Eqe ~Qn +Xn +>n +1R) (2.19)

where U is the MFC voltaget;,,- is EMF; 3" — sum of all activation losses;

2,7 — sum of all metabolic Iosseszfy — sum of all concentration losses;
m Cc

I — amperage (current); R — total electrical reastaof MFC; IR is the sum of loss-
es in the electrical resistance.

At the figure 2.3 the voltage loss via electromsport from substrate to oxy-
gen in the MFC is schematically shown. The firdieptial difference drop is due to
metabolism and cellular electron transport anddpasmodic character (position 1).
Further losses are the result of influence of tleetmlyte solution resistance and
proportional to the path (distance) of an elecirosolution (position 2) and losses
at the anode (position 3). That is why at this ptie value of the anode potential is
determined. The voltage drop between the anodecatitbde depends on the re-
sistance of proton selective membrane and apphtsireal load (position 4). Posi-
tions 5 and 6 show the losses that occur at tHeodatand losses associated with
the reduction of electron acceptor (activation és3s
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Fig. 2.3 The direct MFC voltage drop at the gerniensand transfer of electrons, based on
(Rabaey and Verstraete, 2005

2.2.2 Electricity and hydrogen production performance indexes
in alaboratory bioelectrochemical system

BES is both biotechnological and electrochemicateays, so the key perfor-
mance indexes of electrical energy and hydrogedymtion in a laboratory setting
can be divided into biotechnological, electrocheahamd integral.

The indexes for evaluation of MFC operation are shmeplified functions of
the mathematical model.

The biotechnological indexes of evaluation of eleity generation in MFC
are biomass growth (general and specific), the teatlesconsumption rate (treat-
ment efficiency using model wastewater or sewa@eulombic efficiency, COD
balance. Growth of biomass is the biotech indexctviallows estimating the degree
of environment suitability in MFC for the maximurteetricity generation and op-
timal growth of bacteria.
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Biomass growth yieldCell growth will reduce total efficiency due to drgion
of electrons into biomas&dgan et al., 2006 The substrate utilization for growth
is measured by the net (or observed) cell yié]dalculated as:

X
ACOD (2.20)

whereX is the biomass (g COD) produced over time (hydcagtention time). An
important advantage of an MFC is the lower celld/ieompared to aerobic pro-
cesses. This is caused by the reduced energy laleaita biomass growth as a sig-
nificant part of the substrate energy is convettedlectrical power. Reported MFC
net yields range from 0.07 and 0.22 g biomass C@QBubstrate COD, while typi-
cal aerobic yields for wastewater treatment areegily around 0.4 g biomass
COD / g substrate COD. The growth rate can be meddirectly by determining
the biomass (g COD) built up on the electrode serfand discharged in the efflu-
ent (for continuous operation). The low biomassipmtion in MFCs is an especial-
ly attractive benefit since sludge disposal by costion (becoming the standard
technology in Europe) costs approximately 600 Eperstone.

Substrate consumption rate or loading rate. When examining the use of
MFCs for wastewater treatment, it is useful to exenperformance achieved with
this new technology in terms of loading rates wiftbse typically obtained in con-
ventional treatment systems. To do this, we caleulze loading based on volumet-
ric loading rates aB, (kg COD n¥® d*). Typical values foB, achieved to date are
up to 3 kg COD mid?, compared to values for high-rate anaerobic digestf
8-20 kg COD 1 d* or activated sludge processes of 0.5-2 kgC3@irh These
loading rates can be normalized to the total avotleme for comparison with sus-
pended biomass processes (e.g., activated sludgetabic digestion), and to total
anode surface area for comparison with biofilm psses. Based on the reported
areal short-term peak power productions, the amdéce-specific conversion
rates for MFCs are up to 25-35 g COD dt, which is higher than typical loading
rates for rotating biological contactors (RBCs; 20g COD rif d*;) and compara-
ble to those of high rate aerobic biofilm processesh as the moving bed bio-
reactors (MBBRS).
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of total Coulombs actually transferred to the anfsdm the substrate, to maximum
possible Coulombs if all substrate removal producadent. The total Coulombs
obtained is determined by integrating the curremtr dcime, so that the Coulombic

efficiency for an MFC run in fed-batch mode,, , evaluated over a period of time

EFFICIENCY INDEXES

biotechnological integral electrochemical
biomass growth L energy electrode
yield efficiency potential
substrate power and
consumption power density
rate
. ohmic
Coulombic resistance
efficiency
polarization
COD balance curves

power curves

Fig. 2.4 BES efficiency indexes classification

ty, IS calculated as:

l\/l]qldt
0

€cp = ———————
" Fbv, ACOD

Coulombic Efficiency. The Coulombic efficiencye.,, is defined as the ratio

(2.21)
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whereM = 32, the molecular weight of oxygehjs Faraday’'s constartt,= 4 is the
number of electrons exchanged per mole of oxyggns the volume of liquid in
the anode compartment, an@OD is the change in COD over time

For continuous flow through the system, we caleutht Coulombic efficien-

Cy, €c,, ON the basis of current generated under steaatyitocans as:

MI
€cp =
FbgACOD (2.22)

whereq is the volumetric influent flow rate amsiCOD is the difference in the in-
fluent and effluent COD.

The Coulombic efficiency is diminished by utilizati of alternate electron ac-
ceptors by the bacteria, either those presenteimtédium (or wastewater), or those
diffusing through the cation exchange membranesMC&iich as oxygen. Other
factors that reduce Coulombic efficiency are cormtipet processes and bacterial
growth. Bacteria unable to utilize the electrodelastron acceptor are likely to use
substrate for fermentation and/or methanogenetsisad been observed that fer-
mentative patterns diminish through time duringigdmment of the microbial con-
sortium in the MFC (6). As long as the anode remaittractive enough for the
bacteria due to its potential, alternative elec&ooeptors will not be used. Howev-
er, high potential compounds such as nitrate (+9)6&ill almost certainly be used
(Logan et al., 2006

COD Balance. Once the efficiencies for electricity and biomassdpiction are
completed, the fraction of COD that was removedibynown processeg, can be
calculated as

9=1-ccpr-Y, (2.23)

The electrochemical indexes for evaluation of theidcharacteristics of MFC
are the electrode potential (measured vs. starelaoirodes), power, power densi-
ty, ohmic resistance, polarization curves, poweves.

Electrode Potential. The potential of an electrode (anode or cathoda)only
be determined by measuring the voltage againsteatrede with a known poten-
tial, i.e., a reference electrode. A referencetedele consists of several phases of
constant composition and therefore has a constaanfial. The standard hydrogen
electrode (SHE) or normal hydrogen electrode (NHiopsisting of a platinum
electrode in a hydrogen saturated acidic solutadhcomponents at unit activity),
has a potential of 0 V. Because the NHE is notrg peactical reference electrode
to work with in an experimental setup, other refiees electrodes are often used.
The most popular reference electrode in MFC expanimis the silver-silver chlo-
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ride (Ag/AgCI) reference electrode, because o$irsplicity, stability, and nontox-
icity. In a saturated potassium chloride solutiar2d °C the Ag/AgCl reference
electrode develops a potential of +0.197 V agahmstNHE. Also practical, but less
common in MFC experiments, is the saturated calorakdctrode (SCE,
0.242Vagainst the NHE). Electrode potentials aterostrongly dependent on the
pH in the system and it is therefore importantgpart the solution pH. Preferably,
electrode potentials are reported in the literabaek-calculated against the NHE
(expressed in V or V vs NHE), but are also ofteporéed as a voltage difference
against the reference electrode that was useckisttidy (e.g., V vs Ag/AgCI). As
a consequence of these different methods, the fatenthe electrodes appears to
vary depending on the electrode used, the pH, @nthé cathode the concentration
of the electron acceptor. For example, at pH 7p&cé) anode potential is —0.20 to
—0.28 V (NHE), equivalent to —0.40 to —0.48Vvs Ag@&. At thesamepHa typical
cathode potential is 0.30 to 0.10 V (NHE), equinéléo 0.10 to —-0.10 V vs
Ag/AgCI (Logan et al., 2006

Power. The overall performance of an MFC is evaluatednamy ways, but
principally through power output and Coulombic &ffincy. Power is calculated as:

P — EIaFC
R, (2.24)

Normally the voltage is measured across a fixedraat resistorRey), while
the current is calculated from Ohm'’s laW=(Ecei/ Rexy).

This is the direct measure of the electric powée Taximum power is calcu-
lated from the polarization curve (see below).

Power Density. Power is often normalized to some characteristihefreactor
in order to make it possible to compare power dutfudifferent systems. The
choice of the parameter that is used for normadimatlepends on application, as
many systems are not optimized for power producfidre power output is usually
normalized to the projected anode surface areausedhe anode is where the bio-
logical reaction occurs. The power densiB.( W/nT) is therefore calculated on
the basis of the area of the anoAg) as:

2
EM FC

" AWR, (2.25)
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In many instances, however, the cathode reactighagght to limit overall
power generation or the anode consists of a mateghigh can be difficult to ex-
press in terms of surface area (i.e., granular madjteln such cases the area of the
cathode Ac5) can alternatively be used to obtain a power der{Btca). The pro-
jected surface areas of all components should ahbayclearly stated, as well as
the specific surface area (if known) and the metbfats determination.

To perform engineering calculations for size andtiog of reactors, and as
a useful comparison to chemical fuel cells, the @oig normalized to the reactor
volume, or:

P = EI\Z/IFC
" VR, (2.26)

where P, is the volumetric power (W/f andv is the total reactor volume
(i.e., the empty bed volume). The use of the tb&al reactor volume is consistent
with a tradition in environmental engineering toeuthe total reactor size as
a basis for the calculation. A comparison on theidaf total reactor volume,
however, is not always level when comparing twad aimgle-chambered reactors
because there is no “second chamber” for an opecattiode. In such cases it is
useful to compare reactors on the basis of thé antade compartment volume. If
multiple reactors are operated in concert, for gdenas a series of stacked reac-
tors, the volume used for the air-space for thehame (or volume for the
catholyte) is then included for the overall reaatolume. Thus, the volume used
in the calculation should be clearly stated, anthwmes of the individual cham-
bers must always be clearly noted.

Ohmic Resistance. The ohmic resistanc&4) of an MFC can be determined
using the current interrupt technique by operathngg MFC at a current at which
no concentration losses occur. Next the electeoalit is opened (which results
in zero current, i.e., an infinite resistance) ansteep initial potential rise is ob-
served, followed by a slower further increase @& fotential to the OCV. The
determination of the steep potential rise afterrenr interrupting requires the
fastest possible recording of the potential. Ohlosses IR,) are proportional to
the produced current and the ohmic resistance. Weeourrent is interrupted the
ohmic losses instantaneously disappear. This esule steep potential rise in
potential that is proportional to the ohmic regise R,) and the currentl) pro-
duced before the interruption. Using Ohms I&w,is estimated. The slower fur-
ther increase of the potential to the OCV afteritligal steep potential rise gives
the electrode overpotentials that occurred durumgent generation.
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Polarization Curves. Polarization curves represent a powerful tool tfoe
analysis and characterization of fuel cells (asuised above). A polarization curve
represents the voltage as a function of the cu(density). Polarization curves can
be recorded for the anode, the cathode, or fomtimele MFC using a potentiostat.
If a potentiostat is not available, a variable s&si box can be used to set variable
external loads. Using a periodical decrease (aease, when starting at short cir-
cuit) of the load, the voltage is measured andctiveent is calculated using Ohms
law. To separately study the performance of théesysn terms of anode or cath-
ode potentials, a reference electrode is usedsasided above. When a potentiostat
is used to record a polarization curve, an appatgrscan rate should be chosen
such as 1mV'§ The polarization curve should be recorded bothangd down
(i.e., from high to low external resistance) ancewersa. When a variable external
resistance is used to obtain a polarization cuttive,current and potential values
need to be taken only when pseudo-steady-statatmosdhave been established.
The establishment of this pseudo-steady state aey $everal minutes or more,
depending on the system and the external resistdinc® condition is only a tem-
porary steady state because over longer times uhstrate concentration in the
reactor will change due to substrate demand attioele (unless continuously re-
plenished). This will in turn affect the incidensksubstrate/products mass transfer
over voltage and current. Care should thereforaken not to wait too long for the
establishment of the pseudo-steady state. Polazatirves can also be obtained
over multiple batch cycles, i.e., with one resistsed for the whole cycle, allowing
measurement of Coulombic efficiency for each residtong-term recording may
risk shifts in the microbial community.

Power Curves. A power curve that describes the power (or podesrsity) as
the function of the current (or current density)c&éculated from the polarization
curve.

Integral indexes of MFC operation is the systereaifeness measure. Energy
efficiency or performance index is a key indicaimrassess the system's ability to
produce electricity. The most important factor éealuating the performance of an
MFC for making electricity, compared to more tramhal techniques, is to evaluate
the system in terms of the energy recovery. Theabvenergetic efficiencygg, is
calculated as the ratio of power produced by thHeoser a time intervat to the
heat of combustion of the organic substrate adaddaiait time frame, or:

t
[ Evec Idt
0

AHmM, (2.27)

€e
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whereAH is the heat of combustion (J mplandmy,, is the amount (mol) of sub-

strate added. This is usually calculated only fdluents with known composition

(i.e., for synthetic wastewaters) asH is not known for actual wastewaters. In
MFCs, energy efficiencies range from 2% to 50% oraerwhen easily biodegrada-
ble substrates are used. As a basis for compatisemlectric energy efficiency for

thermal conversion of methane does not exceed 40%.

The effectiveness of the MFC for hydrogen product®assessed by indexes:
cathodic hydrogen recombination, Coulomb efficierayd volumetric hydrogen
production rateRozendal et al., 2006

Total theoretical number of moles of hydrogen ttear be isolated from the
removed COD is calculated by the equation:

_ b, ,V,ACOD

Y Mg (2.28)
where by,s = 4 mol/mol is the maximum stoichiometric yield loydrogen from
1 mol of glucoseACOD is the difference between COD values at the béginn
and end of cultivation, g COD/I\Ms volume of the solution in the chambek is
the molecular weight of the substrate, 82 g/mal glacose).

The number of moles of recombined hydrogen is ¢atled from the measured
current based on equation (2.29):

Vee T oF (2.29)

wherel = V/Re is the amperage calculated from the voltage aghjpbethe resistor
(10 ohms), A;F = 96 485 is Faraday constant, C/mdl;is the intervals of data

collection, sec.
Coulomb efficiency (CE) is calculated from equat{@r80):

C.=

<
= ‘g

(2.30)

The ratio of the number of moles of hydrogen togbssible number of moles
that can be produced (from the measured curreit) isdex of cathodic hydrogen
recombinationi(c,) and calculated by the equation (2.31):
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<

H,

£ (2.31)

r‘Cat -

S

where Vi, is the number of moles of hydrogen produced dupegodic cultiva-

tion, mol.
The overall performance of hydrogeF\’F(Z) is calculated as follows:

Ry, = kaCe (2.32)

The maximum volumetric hydrogen production rat@) (s measured in
m® H,/m? of reactor per day (fH,/m>day) and is defined using the formula (2.33):

— 43’ Z vrCat

Q
Fc, (T) (2.33)
wherel, is the average volumetric current density, A/na is the calculated con-
centration of gas at a temperatiir@using the ideal gas law¢gan et al., 2006

2.3 Mathematical modeling of bioelectrogenesis process

For the further optimization of MFC it is necesstrydentify the main param-
eters of the mathematical model development, varniaif which is leading to the
qualitative and quantitative alteration of the e (Fig. 2.5, A):

 Stationary input X and output parameters., (i = 1, 2, ..., m) are the
variables values of which can be measured, butataren affected: the cell
volume, electrodes surface area, physical, physhesnical and chemical
properties of the substrate and buffer solutidmes,ititernal resistance of the
MFC, and, particularly, temperature, pressure, rrassfer.

» Control parameters, input,§ and output §g, ( = 1, 2, ..., r) are the varia-
bles that can be directly affected in accordandd wértain requirements
that allow process control. In this case, the foily parameters are the
composition of the medium, the concentration of $hbstrate and the ex-
ternal resistance.
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A. Anode chamber of MFC

Q, S, X, @, 5,. X,
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X
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Fig. 2.5 The scheme of system visualization of &aisgenesis and mass transfer in MFC:
A — Anode chamber of MFC and process parametersEments of biofilm, based on
(Picioreanu et al., 2004

» Perturbation parameter-(k = 1, 2, ..., e) are the variables the values of
which randomly change over time and are not imps$o be measured by
the available means: impurities in the raw mateyittle activity of micro-
organisms interactions within populations and cther

Output parameters (stationary and control) desdfieestate of the process,

which is the result of combined effect of inpug(ginary and control) and perturba-
tion parameters.

For the mathematical description of the processeshé research facility

a number of variables, abbreviations and symbolssesd, which are presented at
the table 2.5.
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Table 2.5 Abbreviations and symbols is used Forntia¢hematical description of the pro-
cesses in the research facility

Nomenclature Description of variables, unit

area, I

Tafel coefficient, EMT®I}(V)

density, ML®

diffusion coefficient, ET*

equilibrium potential, EMT 3 (V)

Faraday’s constant (96 485 C/mol)

Gibbs energy, tMT? (kJ)

current density, 12

total current through the MFC,

half-saturation coefficient, Nf.or ML

acidity constant

dimension in biofilm domain, L

mass of biomass particles, M

number of moles, N

microbial fuel cell power, MT™ (W)

total charge produced, Tl (C)

specific rate, MM T

net reaction rate at electrode, ML* or N LT

or in bulk or biofilm, ML3T* or N L°T?

electrical resistance ’MT "% (Q)

dissolved chemical component (solute) concentration
NL®ormL*®

time, T

voltage (for the MFC) or potential (for the electes),
L2MT31(V)

volume, L3

biomass component (particulate) concentration;*ML
coordinates in the biofilmz(erpendicular to the electrode), |L

yield, N/N orM/M

degree of reduction for a dissolved or biomass aamgd
(e-/C-mol)

volumetric flowrate, ET*

overpotential (or polarization potential ;NIT ®1"(V)
absolute reaction rate, M ™

mm ole|lo|x
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Note L, M, T, T and N ae the dimensions of the quantities length, mass

electric current, and amount of substance, respgti

Subscripts Description

0 Initial

A Anode

Ac Acetate

B bulk liquid

C Cathode

CAT catabolic reaction

Car Carbonate

cell microbial fuel cell

conc Concentration

e calculated per mol electron

E Electrode

ext external electrical circuit of MFC
F Biofilm

G Gibbs energy

H hydrogen ion (H)

i index of a solute or biomass component
int internal electrical circuit of MFC
] index of a reaction

L boundary layer

M mediator (general form)

Met Methanogen

Mox oxidized mediator (M)

Mred reduced mediator (M

ohm Ohmic

Q coulombic (charge)

ref Reference

S soluble component

X Biomass
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A — Electrochemical Model

Electroderates

It is assumed that the transfer of electrons isn@ans of mediators synthe-
sized by microorganisms, hence, the rate for thetimichemical oxidation of a re-
duced mediator at the anode surface It is assunaedrte transfer of electrons is by
means of mediators synthesized by microorganiserscéy the rate for the electro-
chemical oxidation of a reduced mediator at thedarsurface:

Myeq © My, + 2H + 2e~ (2.34)

is expressed as a function of current density as:

i i
T™MredE = _E'rMox,E = 3F (2-35)

The current density produced in the electrochenriwdiator oxidation is rep-
resented by the Butler-Volmer equatidtevman, 1991

-1 -2
. SEMred SEMox SEH [ (2,303 ) ( 2,303 )]
L=1 exp|\—— —exp|\————
O,ref (Sref,Mred> (Sref,Mox> (Sref,H) p b naCt p b naCt
(2.36)

All concentrationss: in Egation (2.36) are at the electrode surfacesércon-
centrations are also used to calculate the aaivatverpotentiaf ..

Current and charge

The current | collected at an electrode is obtaimghtegration of all possible
local current densitieg; over the electrode surface (as in the biofilm-wehl
biocorrosion model of Picioreanu and Van Loosdrez002):

|=[YidA

(2.37)

The problem is however complicated by the fact BEat(2.23) is implicit inl:
the activation overpotential, which is the drivifgce for the current density,
depends in turn on the currdntA potential balance over the MFC permits calcula-
tion of the activation overpotential as is explairiarther. The charge (Coulombs)
produced is calculated from the integration of calrent over time:

Q:IML
? (2.38)
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The coulombic yield Yo) is the ratio between the actual charge produced
Q and the maximum theoretical oM@y, Which is the number of electrong (
available for a redox reaction in all oxidizablebstrates if; moles) fed to the
fuel cell:

v,=2 =9
Quax - 24N (2.39)

Voltage and over potential

When the (microbial) fuel cell is connected with external resistancBey,
(load), Ohm's lawVee = | x Rey gives the microbial fuel cell voltag¥,e. Further-
more, the cell power B =V, 1. The actual fuel cell voltage is decreased froen th
equilibrium potential E.; (the maximum imposed by thermodynamics), by aeseri
of irreversible 105se¥ce = Ecel — Liosses The equilibrium cell potentidk. is ex-
pressed by the difference between the ideal equifib potentials of the cathode
and anodeE® andE-®, respectivelyE.® andE,® at a moment of time are cal-
culated as a function of the concentrations oftregachemical species in the bulk
liquid, S, at that moment. The losses, called overpoteatigblarization, originate
primarily from three sources: (1) activation oveggtial ¢, related to the rates of
electrode reactions), (2) ohmic overpotentigh4 related to the resistance to the
flow of ions in the electrolyte and to flow of etemns through the electrode materi-
als), and (3) concentration overpotentigh{, related to mass transfer limitations of
chemical species transported to or from the elde}rAll these overpotentials are
by convention here positive values. By summatioalbpolarization losses, the cell
voltage is written as:

Vcell = (EéB) - E,(L\B)) - (,7act+l70hm+l7 con)' (240)

The activation and concentration overpotentialsuoseparately both at cath-
ode and anode, so that one obtains:

VceII = (EéB) _nc,act_”(: cont) _(E(E\) +I7 Aact+l7 Acor)c_n ohr (241)

Concentration overpotentials will correct the ideqlilibrium electrode poten-
tials taking into account that the actual conceiung at the electrochemical reac-
tion site are the concentratioSs at the electrode surface. Concentrati@asare
determined by mass transport and reaction andaair@ble in time (and for 2d or 3d
models also in space). If, for a reactant, theedtffice in concentration between
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bulk and electrode surface creates the concemtnadilarization; e, = RT(nF)IN(Y/S),
then we can define new equilibrium potentials foe tathode and anodg,; and
E,, as a function o&:. If both the electrolyte and fuel cell electroad®y Ohm's
law, thenyonm =1 X Ry. One can therefore write Eq. (2.41) as:

Vcell = (EC _”C,act) - ( EA+,7 A ac) - IRnt (242)

For simplification, because the model focuses anltbhavior of the anodic
chamber, a constant value for the cathode poteMiat Ec — 5cacs IS @ssumed.
Values for the equilibrium potentials of all anodsactions are needed, as functions
of the standard redox potential, amended for tieahconcentrations calculated at
the electrode surface. For example, the mediatiolati®n reaction (2.20) has:

BT S

E, =E° .
v = B 2F Sy (2.43)

Finally, at 25°C, with the internal and externasistances known, with the
standard reduction potentiE?M for the mediator couple, and withe = | 'Ry, the
activation overpotential is:

0! 059 |Og SE,MOX

act :VC - I( et xt) _( EOM —0,059 pH+
R R* SE,Mred (244)

Biofilm/bulk liquid model

In general, the reaction stoichiometry of microlgebwth relates the amounts
of different substrates consumed to the amountsatébolic products and biomass
formed during a certain microbial conversion. Iderto construct a realistic model
for the biotransformations occurring in the MFCisiessential to have the reaction
stoichiometry based not only on correct elementdl éharge balances, but also on
the second law of thermodynamics. MicroorganisnasnfiMFC extract the large
guantities of Gibbs free energy needed to builanaiss (the anabolic process) from
redox reactions (catabolism) involving an electdamor/electron acceptor couple.
We shall assume for the purposes of this examplettle MFC bacteria grow an-
aerobically on acetate as electron donor and casbarce, with oxidized mediator
as electron acceptor, and with NHas N source. The growth system contains ace-
tate, biomass (with a typical elemental formula;@8,5No.,), oxidized mediator
(Mo,=M), reduced mediator (M=MH,), HCOs, NH,", H" i H,O as the eight rele-
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vant components. The general macro-chemical reaetiopation for the production
of 1 C-mol biomass can be written as:

aCyH;05 + fM — fMH, + bNH} + cH* - H,0 + eHCO3 + 1CH, g0y 5Ny .

The six stoichiometric coefficienta{f) can be calculated from the conserva-
tion equations for C, H, O, N, electric charge, #r@Gibbs energy balance.

Because we may not always know the Gibbs enerdgrofation for the medi-
ator species, we adopt the approach of Heijimijifen et al., 1999 based on the
Gibbs energy per electron present in the redox leous,%. This has the ad-
vantage of being directly related (G,”* = -FAE™) to the conventional redox
potential of redox half reactiong", which is normally known for a given media-
tor. AG,”! is calculated at biochemical standard conditiqut$ € 7. 298 K, 1mol/L,
1 bar), usinddCOg’, the most abundant form of carbon dioxide at piiis

First, the Gibbs energy of the catabolic reacth@,; is calculated from the
Gibbs energies of half-reactions:

_AGCAT =y AC(AG?B:LAC_ AG%].N)' (2.45)

For the acetate/ HGOcouple (electron donor)\G, ..”'=26.8 kJ/e-moleijnen
et al., 1999. For the mediator couple (electron accept8, " = -FEy, °*. Taking
thionine as mediator in this example, the reducpotential at biochemical stand-
ard isk,” = 0.064 V Heijnen et al., 1979(that is,E,° = 0.477 V in standard con-
ditions, vs. standard hydrogen electrode, SHE) A, ,°* = 6.175 kJ/e-mol. The
reduction degree for acetateyig = 4 e/C-mol, thus\G,r = 131.9 kJ/C-molAc.
Second, the dissipated Gibbs energy can be estrfrai® a correlation function of
the number of carbon atoms in the electron donat its1 degree of reduction
(Heijnen et al., 197P If maintenance is neglected, the estimated maxirenergy
dissipation yield is Mex"™ = 432 kJ/C-mol biomass. Finally, from a balance of
degree of reduction (conservation of electrons) thedGibbs energy balance, and
with a degree of reduction for biomags = 4.2, the maximum yield of C-mol

max ;..

biomass/C-mol acetat&,.x  is:

e = ~BCcur =0.231
Ac, X )
L (-060)
YGX yAc (246)

which means a stoichiometric coefficient —2.163mol acetate/C-mol biomass. In
a similar manner, the yield of biomass from medidtath y,, = —2 because two
electrons are involved per mol thionine) can bewated as:
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M (-nG,)

ymax = Y - =0.153

Y max (2.47)

which gives the stoichiometric coefficieht 6.553 mol mediator/C-mol biomass.
The rest of four stoichiometric coefficients folldwom the elemental and charge
balances. The calculated molar stoichiometry ofrofial growth on acetate with
thionine as electron acceptor is:

2,16%C,H,0; + 6,5301 + 0,AH’ + 6,18,0 -
~ ICH, ;0, N, ,+ 6,536MH ,+ 3,33HCO,+ 1,418 (2.48)

In wastewater treatment, the biomass yield is ¢aled on chemical oxygen
demand (COD) basisHenze et al., 2002Klimiuk and tebkowska, 2005;
Montusiewicz et al., 20)0In terms of COD, the maximum biomass yield is:

Y — y_x Ymax
X Ac, X*
Vac (2.49)

The reaction stoichiometry per gCOD acetate isctioee:

C,H,O; + Y0 M+ X, NH + Y, H O-

Mox

- Yy CHLSOO,S No,2+ Yiea MH* ¥, HCQ+ Y H (2.50)

A hypothetical mediator with a lower reduction putel would theoretically
give a higher coulombic yield. However, for micrabgrowth this is energetically
less favorable and less biomass would be proddemdexample, one can calculate
that for£,,°* = —0.200V (that isE,° = 0.210V in standard conditions, vs. SHE), the
Gibbs energy produced in catabolism is oryGear = 30 kJ/C-mol Ac. With this
value, one obtains only 0.068gCOD biomass/gCODasee®Although in a pure
culture, the lower-potential mediator produces melextrons per substrate (has
a higher coulombic yield), in a mixed culture tto® slow-growing microorganism
can potentially not compete with others havingghlr growth rate.



Bioelectrochemical hydrogen and electricity prodarct 73

Microbial reaction kinetics

The absolute rate of acetate conversion with ogiflimediator leading to mi-
crobial growth can be expressed as a double Manwothtion kinetic equation:

SAC allox .
KAc + SAC KMox+ SMo>< (251)

p = ch,max X

The net rates for acetate, biomass, the two mediatms, bicarbonate and
protons are expressed using rate Eq. (2.52) anstaiehiometric Eq. (2.50) as:

rAc = _,0, rx :Yxp’ ered :YMIO’ rMox :_YMIO’
lear = YearP Ty :YHp' (252)

The rates (2.52) are applied in mass balancesofoponents in biofilm (with
Saor SFvow SFmred Fcan SFr andXe, all variable in time and space) as well as in
the bulk liquid (WithSs 4., S5 110 SBMreds SB.carn 8.1 @NdXg, all variable in time).

Mass balancesin bulk liquid

The bulk liquid in the anodic compartment of a Ml be considered com-
pletely mixed so that solute and biomass conceonsiS; andXg, (and according-
ly their local reaction rates) can be assumed tmifa the whole bulk liquid.

Soluble componenté system of g ordinary differential equations represent-
ing mass balances of each soluble component (chéspecies) in the bulk liquid
will be solved:

dS, _ @, _ 1 1
_—_(Sn %)"' E'B+VBJ.VF rs Fd\H-VBJ‘AF rs FdA

dt v, (2.53)

with a set of specified initial conditior§ (t = 0) = S for all soluble components.
Mass balances (2.39) take into account rates dfagge with the exterior and the
rates of reactions in the bulk, in the biofilm amdthe electrode. In the model case
study chosen as an example, batch operation isness@ = 0), but continuous
operation can also be simulated. The net ratesaation in the bulkr§ g and in the
biofilm (rs ) are made up of contributions from rage®f all individual reactions

i multiplied by the corresponding stoichiometric ©fiogents (or “yields” in bio-
technological applications). These rates are gherEq. (2.53). The rate of ex-
change between the biofilm and bulk liquid can xgressed in one of two ways:
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* as the product between an average mass flux of @oemp to/from the bio-
film, jsr(kg/nfs or kmol/nis), and the surface area of the biofikn(n),

« an average rate of reaction in the biofilgr (kg/nf's or kmol/nis) times the
biofilm volume, Vg (m°),

TS, FAF :rS, Ié/ F = J-VF rS I—dv' (254)

The second option was preferred, because the chanige volumetric rates of
solute components can be easily calculated. A skopeason is that in a 2d or 3d
model case the biofilm surface is actually not saene as the electrode area on
which the biofilm is supported and therefore ndtilgaknown. Similarly, the elec-
trochemical rates of solute component change orelibgrode surfacese (given
by Eq. (2.54)) can be integrated over the electsadgéace to give the contribution
of the surface reactions to solute accumulatiore 3diution of Egs. (2.53) is a set
of bulk liquid concentrations needed at each monmeriime as boundary condi-
tions for solute mass balances in the biofilm.

Biomass components: Similar to the solute balangess balances are also
written for allny relevant biomass types included in the model:

dX (0
2 =— (X, = Xg) + et rdeti_ratai'

dt v Ve % (2.55)

Initial concentrations of all biomass types susgehth the bulk liquid Xy,
need to be assumed in accordance with those udee experiments. In the batch
case exemplified her@ = 0. Moreover, for simplicity, the biomass excherige-
tween bulk and biofilm (the surface-based ratebiofass detachment and attach-
ment) has been ignored in the case studies preséete although the general
model implementation offers this possibility.

M ass balancesin biofilm

Unlike the bulk liquid, the biofilm sub-domain ibaracterized by spatial con-
centration gradients both for solutes and for bissnaomponents$:(x,y,2) and
Xe(x,y,2). Moreover, these concentrations are also timesiggnt as the biofilm
continuously develops over time. Biofilm model egpas are presented in detail in
other publicationsKicioreanu et al., 2004; Xavier et al., 2Q0herefore only the
essential model modifications will be explainedeher
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Solute components: For any soluble component, & falsnce can be set up
by assuming that the transport is only by molecdi&usion and that dissolved
components can be produced or consumed in seveat br abiotic transfor-
mation processes with net raitg:

% .9 p as*) (Da$) (Daf)

ot ox (2.56)

Migration of ions in an electrical potential fiesl here neglected by assuming
that the high medium conductivity will make potahtgradients insignificant. Eq.
(2.56) is applied on a rectangular computationahaa partially filled with biofilm
and partially with a mass transfer boundary layghaout biofilm. Simplifications
are made in 1d and 2d model reductiaisb{ and/ord/dy = 0). The boundary con-
ditions needed to solve the mass balance Eq. (PeBléct the particular setting of
the modeled biofilm system. At=L, (top of the biofilm computational domain)
(Fig. 2.4,B) bulk concentrations of all soluble components assumeds: = S.
The electrode surface on which the biofilm devel(gis=0) is now electrochemi-
cally active for certain chemical species (e.g.dia®rs, protons withs ¢ # 0), but
inert and impermeable for others £= 0). In general, the boundary condition at the
electrode surface expresses the fact that theofateperficial production of a spe-
cies on the electrode surface must equal the flitoyp diffusion:

oS . _
Doy *fse=0 (2.57)

The remaining lateral system boundaries are coadeshd form a so-called
“periodic” boundary type Xavier et al., 2006 The bulk/boundary layer and the
boundary layer/biofilm interfaces are consideraérimal boundaries, where condi-
tions of concentration continuity apply. For théial state at = 0, a uniform dis-
tribution of concentrations throughout the wholendin is assumed, with = S..
The solution of solute mass balances in the biof8tx,y,2), at a given moment in
time is used to calculate:

» the overall biofilm reaction rates needed in buluid mass balances

(2.39);
» electrode reaction rates and currents bec8uses:(x,y,0);
* biomass growth rates in the biofilm.
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Biomass balancesThe model for biomass production/consumption and
transport within the biofilm closely follows thedividual-based modeling approach
described and applied in Picioreanu et al. (2004) Xavier et al. (2005)
(Picioreanu et al., 2004; Xavier et al., 2005 he relevant parameters ang;, ini-
tial number of biomass particled,, density of biomass particlasy, initial mass of
biomass particles andy nax Critical biomass for biomass particle division.

pH calculation

The electrochemical mediator oxidation rate depawdgH, which is in turn
altered by both electrode and microbial reactidife H concentration is calculat-
ed from a local charge balance (electroneutralitydition) applied at every loca-
tion in the biofilm and bulk liquid:

Su— ?=1 (%) + ?;1 (ﬁ) - IS(_Z - {'c=1 Sai Z?:l Sci=0 (2.58)

The concentrations of anionic species from wealtsa§., are expressed from
the acidity constankK, combined with the total concentration of that acd
A similar treatment is applied for cations from Wdaases. Cations from strong
bases (e.g., Naor anions from strong acids (e.g.,)Cire usually also present.
OH' concentration results from the ionic product otev¥,,.

Hence, it should be noted that the mathematicaletescribed in notional ar-
rays due to the specifics of the process, namelgnsists of the electrochemical
model (rate of electrode reactions, charge ancentjrvoltage and overvoltage) and
the mathematical modeling of the near-electrodéegysbiofilm/volume of fluid”
(kinetics of microbial reactions, material balanaeshe electrolyte bulk, material
balances in the biofilm, the calculation of pH).idtreviewed the calculation of
basic thermodynamic parameters which suggestslityabi the exoelectrogenesis
without microorganisms and classified the losseBIRC. Also, it is classified and
described mathematically key indicators for evatuabf the MFC performance
that are the simplified function of the mathemdtroadel.
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3 Exoelectrogenic microor ganisms as bioelectr ochemical
energy converters

Human subtlety...
will never devise an invention more beautiful,
more simple or more direct than does nature,

because in her inventions nothing is lacking,
and nothing is superfluous.
Leonardo da Vinci

An exoelectrogen normally refers to a microorganism that has the ability to
transfer electrons extracellularly. While exoelectrogen is the predominant name,
other terms have been used: electrochemically active bacteria, anode respiring bac-
teria, and electricigens.¢gan, 2009). Electrons exocytosed in this fashion are pro-
duced following ATP production using an electron transport chain (ETC) during
oxidative phosphorylation. Conventional cellular respiration requires a final elec-
tron acceptor to receive these electrons. Cells that use molecular oxygeas (O
their final electron acceptor are described as using aerobic respiration, while cells
that use other soluble compounds as their final electron acceptor are described as
using anaerobic respiration. However, the final electron acceptor of an
exoelectrogen is found extracellularly and can be a strong oxidizing agent in aque-
ous solution or a solid conductor (electron acceptor). Two commonly observed ac-
ceptors are iron compounds (specifically Fe(lll) oxides) and manganese compounds
(specifically Mn(l1I/1V) oxides) Hartshorne et al., 2009). As oxygen is a strong
oxidizer, cells are able to do this strictly in the absence of oxygen.

Investigation of MFC proved the presence of a wide range of microbial com-
munities that were isolated from various natural environments, such as wastewaters,
ocean sediments or anaerobic activated sludge from wastewater treatment plants.

For a better understanding of electricity and hydrogen generation in artificial
bioelectrochemical systems we should thoroughly know the principles of energy
metabolism of exoelectrogens, mechanisms of electron transfer to the anode, and
species diversity of the microorganisms. These issues are discussed in this chapter
of the monograph.
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3.1 Energy metabolism of exoelectrogens

If bacteria want to survive, grow or become domtnesithin a microbial
community, they do not only require substrate anglients but they also need the
presence of an appropriate electron acceptor. Barseékle usage of a final electron
acceptor, there are two main modes of microbiafgneonservation: respiration
and fermentation. These processes are ubiquitouarious natural environments.

Recently, they have been accompanied by a newimxaitspiration process
occurring in bioelectrochemical systems (BESs)ctetgenesis.

Respiration. Microorganisms survive and grow due to the en¢hgy gener-
ate by transferring electrons. During respiratiomgroorganisms liberate electrons
from an electron rich substrate at a low redoxpaeand transfer these electrons
through a number of electron transport complexesutih the cell membrane where
a final electron acceptor is reduc&tllegel 1992 Microorganisms do not use the
energy produced by the flow of electrons in a diveay, instead, the flow of elec-
trons is used to create a proton gradient acressel membrane as described by
Mitchell (1961) Madigan et al., 1997)The energy released by the inward flux of
the protons through a membrane complex (ATP sye)hssused to regenerate
energy carrier molecules, such as adenosine tighlade (ATP). By creating this
proton gradient, the potential difference betweem e¢lectron donor (i.e. the sub-
strate at low potential) and the electron accejstdranslated into a process for the
generation of energy. The higher the potentialedéiice between the electron do-
nor and electron acceptor, the higher the protoredrpotential difference and the
higher the potential amount of ATP which can beieéfd. Respiring microorgan-
isms can use a large variety of different electioneptors, ranging from oxygen,
nitrate, iron and manganese oxides to sulfate thwit ability to use the acceptor
with the highest redox potential will increase thenergy for growth Nladigan
et al., 1997 and is their incentive to explore alternativecaien acceptors.

Fermentation. In many environments, the availability of eleatracceptors is
limited, which impedes microorganisms from using@ tfespiratory pathway. In
these cases, which are abundant in many enviromnenditions, fermenting or-
ganisms are likely to establish themselves. Feratient is an ATP-regenerating
metabolic process in which degradation productrganic substrates serve as elec-
tron donor as well as electron acceptBch{legel, 1992 The advantage of this
pathway is that fermenting organisms are able tovgn numerous environments
which are non supportive for organisms that onlg tie respiratory pathway be-
cause suitable electron acceptors are lacking. é®mg organisms are important
within the overall microbial processes in natunetfir ability to degrade polymer-
ic compounds into readily degradable monomers. Wewdermentation is energet-
ically far less efficient compared to respiratian @nly 1 to 4 moles of ATP are
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formed during the fermentation of glucose whered288 moles of ATP are formed

during the aerobic degradation of glucose. Thials® reflected in the Gibbs free
energy value, which is a factor 7 lower for therfentation of glucose compared to
the aerobic respiration. The remainder of the Gilbee energy is not lost but is
conserved within the excreted fermentation prodscish as volatile fatty acids,

hydrogen, alcohols and many more. The trade offden their low energetic yield,

and their ability to colonize niches devoid of riéadvailable electron donors and
acceptors, determines the success of fermentiran®ms in many ecosystems.

Electrogenesis. Unlike natural environmental systems, the anadepartment
of a BES is an engineered environment in whichatradlability of soluble electron
acceptors is limited. The microbial electricity geation in a BES relies on the
drive of bacteria to acquire maximum energy. Thénneéectron acceptor present in
a BES, enabling bacteria to use respiratory presess a solid conductive elec-
trode. The higher amount of metabolic energy relédsy transferring electrons to
the electrode compared to the use of other electcorptors is their drive to colo-
nize the electrode and develop electron transfetegfies. The complete web of
electron transfer mechanisms is not fully underdtget, probably a complementary
range of processes such as direct electron traastemediated electron transfer are
used. The result is a process in which bacteriesas a biocatalyst to transform an
electron rich substrate i) into electrons, whicle aransferred to the electrode,
i) into protons which migrate to the cathode aidinto oxidized products which
leave the reactor. The electrons flow through aereal electrical circuit towards
the cathode electrode where a final electron aoceptreduced by a chemical
(Zhao et al., 20060r microbial catalystGlauwaert et al., 2007

In MFC with oxygen cathode oxygen is the final &lea acceptor but in an-
aerobic conditions in the anode chamber anode actan intermediate electron
acceptor and removes them from the cell surfacéowt affecting the subsequent
metabolic processes.

The excess of protons (formed during proton pumpkvemd wasn't used in
the ATPase) diffuses through the proton-selectieenbrane to the cathode cham-
ber, where connects with oxygen molecules andrelestwith the subsequent for-
mation of water (in the case of the oxygen cathode)

Most microorganisms are electrochemically inactbecause their proteins
associated with the transfer of electrons locatethe cell membrane. To facili-
tate the electrons transfer from the microbial memb to the electrode of MFC
mediators can be usedkiba et al., 1987; Kim et al., 2000; Choi et &2Q01;
Choi et al., 2003; Schroder et al., 2003; Kuzmigsti al., 2008a)Mediators are
recovered during the metabolic oxidation of organaterial and reduced form re-
oxidized mediator at the working electrode (anodg)jch occurs at very high
electric potential.
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Based on the proposed scheme practically any hactezould be used for
electricity production in MFC using mediators. Tédéave been investigated a wide
range of artificial mediators for electron transbatween the cell and the anode,
including tionin Bennetto et al., 1985; Kim et al., 200@)plogens Wilkinson,
2000; Choi et al., 2001 methylene blue Wilkinson, 2009 2-hydroxy-1,4-
naphthoquinoneRoller et al., 1984; Clauwaert et al., 2008nd other hydrophobic
compounds Akiba et al., 1987Kim et al., 2000; Roller et al., 1984In general,
these mediators are toxic for microorganisms atentrations required for efficient
generation of power. This fact combined with higlcg of mediators makes com-
mercialization of MFC with mediators unlikely.

3.2 Extracellular electron transport by exoelectrogens

Exocellular electron transfer is an important med$ma in anaerobic microbial
communities to sustain microbial metabolism whesttbn donors are physically
separated from electron acceptors. This situationneonly occurs in environments
that contain large amounts of oxidized forms ohiand manganese, i.e., Fe(lll)
and Mn(1V). Fe(lll)- and Mn(lV)- minerals form amteresting electron acceptor in
anaerobic environments, but they are poorly soliblaost natural environments
(e.g., near neutral pH conditions). To be abletilize these insoluble electron ac-
ceptors microorganisms have evolved several mestmanihrough which electrons
can be directed towards these exocellular electcoeptors. These strategies can be
subdivided into two main categories:

» Exocellular electron transfer mediated by solub&zteon shuttles (redox

mediators),

* Exocellular electron transfer through direct contaith insoluble electron

acceptors (mediator-less electron transfer) (Figute

The first of these categories, i.e., exocellulactbn transfer mediated by sol-
uble electron shuttles, involves the redox cyctimghe electron shuttles in between
the microorganisms and insoluble electron accepiusing this redox cycling the
electron shuttles are continuously reduced by ti@aorganism and re-oxidized
again by the insoluble electron acceptor. The eacshuttles involved in this pro-
cess can be naturally present redox-active orgammgpounds, such as humic acids,
but are also often produced by the microorganidresselves, such as quinones.
Furthermore, this exocellular electron transfer magisms in Fe(lll)- and Mn(IV)-
respiring microbial communities can also be aiiifily enhanced by adding artifi-
cial electron shuttles, such as thionine, iron atesl, and neutral red.
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Fig. 3.1 Exocellular electron transfer mechanismis$oluble electron acceptors: (A)
exocellular electron transfer mediated by solultdeteon shuttles (ES), and (B) exocellular
electron transfer through direct contact with inkdé electron acceptors (mediator-less

electron transfer), based dmg@an et al., 2006

As electron shuttles also interact with electroddases, microbial communi-
ties that respire according to this exocellulacet: transfer mechanism agéec-
trochemically activeThis has formed the basis of the first generatibmicrobial
fuel cells. Unfortunately, in open environmentstsas MFCs that are continuously
supplied with wastewater, electron shuttles arereatined in the system. This lim-
its the applicability of this first generation ofACs, as continuous addition of arti-
ficial electron shuttles is costly and imposes emunental risks due to the toxic
nature of most artificial electron shuttles.

Renewed interest in MFC technology, however, entkbigieen researchers at
the end of the last century realized the implicatmf the second category of
exocellular electron transfer to insoluble electasoepters, i.e., exocellular electron
transfer through direct contact. In most other $ypé microorganisms the non-
conductive cell wall of intact microbial cells pexuts the contact of insoluble elec-
tron-acceptors with the redox proteins presenthesé¢ cells. However, some
Fe(lll)- and Mn(IV)- respiring microorganisms haweanaged to overcome this
problem by using membrane-bound redox proteinss&membrane-bound redox
proteins include inner-membrane, periplasmic, amgremembrane redox proteins
(i.e., cytochromes), which allow for the transféretectrons from the inside to the
outside of the microorganisrhggan et al., 2006

Graphically mechanisms of electron transfer toathede of BEC can be repre-
sented as shown in Fig. 3.2. The various methodsnat necessarily mutually
exclusive.
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Fig. 3.2 Proposed mechanisms for electron transfére anode of microbial fuel cells. Red
dots represent outer surface cytochromes, blaek liapresent nanowires, and the blue
clouds represent the possible extracellular maghich contains c-type cytochromes
conferring conductivity, based ohdvley, 2003

Initial investigations into the mechanisms of mlmeanode interactions have
focused on studies with pure culture models becpuee cultures can be genetical-
ly modified for functional studies and genome-sdai@stigations on gene expres-
sion and proteomics are more readily interpretable pure cultures. Pure culture
studies are likely to have the most relevance tegp@roduction in mixed commu-
nities if the pure culture: 1) is representativehaise that predominate on anodes;
2) is capable of high current densities; and 3) metely oxidizes environmentally
relevant organic electron donors, such as acéftate.culturesRhodopseudomonas
palustrisstrain DX-1 andseobacter sulfurreducerigave been reported to be capa-
ble of current densities comparable to mixed conitiegn Of these two, detailed
investigations on mechanisms for electron transf@modes have only been report-
ed forG. sulfurreducensStudies on this organism have the additional fitethat it
is closely related to organisms that, as noted @boften predominate on anodes
and that it is capable of completely oxidizing atetwith an electrode serving as
the sole electron acceptor.
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On the basis of genome-scale gene expression araligstudies it has been
proposed that cells db. sulfurreducengn direct contact with the anode surface
transfer electrons to the anode via c-type cytaoleo displayed on the outer cell
surface. This hypothesis is supported by sophtsiicapectroelectrochemical stud-
ies. HoweverG. sulfurreducensan form relatively thick (>50 mm) anode biofilms
and cells at this substantial distance from thedanmntribute to current produc-
tion. Gene expression and genetic studies haveestent) that, “microbial nan-
owires” the electrically conductive pili db. sulfurreducensare important in this
long-range electron transfer, but their actual fismcrequires further investigation.
A cytochrome that may be easily released into tbélim matrix may also contrib-
ute. TheG. sulfurreducensiofilm is conductive, in contrast to previousported
microbial biofilms which act as insulators. Thiscisnsistent with modeling studies
which indicate that the current production obsemve@. sulfurreducensuel cells
would only be feasible with a conductive biofilmh&G. sulfurreducensnode
biofilm also has significant capacitance, which baen attributed to the abundant
c-type cytochromes which provide substantial etecstorage capacity in individu-
al cells.

In contrast, studies withewanellaoneidensis an intensively studied elec-
trode reducer, have suggested that soluble elestnattles are the mediators for
most of the electron transfer to the anode with tliganism. This was most clearly
apparent from electrochemical analyses that gaes@onse fos. oneidensishat
was significantly different from the response réaglfrom direct electron transfer
to the anode b. sulfurreducensRiboflavin released from the cells appears to be
the source of the shuttle. Therefore, even thdbighneidensiproduces microbial
nanowires, direct wiring to the electrode doesapgear to be an important conduit
for electron transfer to the anode. Differenceswbeh S. oneidensisand
G. sulfurreducensn their ability to interact with smooth gold elexdes further
suggest different attachment and/or electron temmsfchanisms. Some of the outer
surface c-type cytochromes, known to be importanektracellular electron trans-
fer in S. oneidensiare also important for optimal current productibat this may
reflect a requirement for the cytochromes for etectshuttle reduction. Many of
the cells contributing to power production3n oneidensifuel cells are planktonic
and electron transfer over such long distancesnig conceivable with electron
shuttles. The closely relatefischerichia colimay also release metabolites that
serve as electron shuttles as can a diversityhafr airganisms.

Whether the initial extracellular electron acceptoan electron shuttle or the
electrode itself, an often misunderstood pointhi@ microbial fuel cell literature is
that these final electron transfer steps are ulite directly yield energy for the
microorganism. Energy conservation results fronttete transfer and associated
proton pumping across the inner membrane, butnoot fany subsequent electron
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transfer reactions. Therefore, even though it isrotonsidered that growth yields
will be higher with anodes poised at higher potdstithis is unlikely to be the case,
just as reduction of Fe(lll) forms with differentdvpoint potentials results in simi-
lar growth yields lcovley, 2008

Thus, exoelectrogens are the catalysts of elea@roidal reactions in MFC.
Mentioned organisms are natural substitutes ofipuscmetal catalysts that take
place in technical fuel cells (such as platinumhydrogen fuel cells). However,
unlike precious metals catalysts, exoelectrogepalda to self reproducing, which
is a very significant advantage in such potentialgyardous as waste water

More information about these microorganisms will described in the next
part of the monograph.

3.3 Exoelectrogenic microorganisms

3.3.1 Speciesdiversity of exoelectr ogens association

Fuel cells are used to produce electricity elettengically from many differ-
ent chemicals, such as hydrogen gas and methdmolgh catalytic oxidation of
the fuel at the anode and chemical reduction at#tieode. Microbial fuel cells are
unigue in that they do not require the use of mesadlysts at the anode. Instead,
they use microorganisms that biologically oxidizgamic matter and transfer elec-
trons to the anode. These electrons flow througincait to the cathode, where they
combine with protons and a chemical catholyte, saxloxygen. The reduction of
oxygen is usually catalyzed by a precious metallgst, such as platinum, although
non-precious metals can be used. The oxidatioheofuel at the anode in an MFC
is not a true catalysis step, as the microorganigmmch contain true catalysts)
derive energy from the oxidation of the fuel, ciegtan overall energy loss.
Depending on the energy gain by the bacteria, aeigy losses at the cathode,
a voltage of 0.3—0.5 V is usually obtained for fuglich as glucose or acetic acid.

Electrical current generation has been shown far fif the five classes of
Proteobacteria as well as the~irmicutes and Acidobacteria phyla The yeast
Pichia anomaléhas redox enzymes on its outer membrane and caugeaurrent
in an MFC, and the oxygenic phototrophic cyanobaate Synechocystisp. PCC
6803 was discovered to produce electrically condeicappendages called nan-
owires. Although many different types of microorggms produce electrical current
in MFCs, many of these strains exhibit low powengiges when grown as pure
cultures. It is therefore unclear whether thesetdngc exist as exoelectrogenic
oligotrophs among faster-growing competitors, orethler a low level of current
generation provides some other benefits througdractions. For example, a Gram-
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positive bacteriumBrevibacillussp. PTH1) that was abundant in a mixed commu-
nity in an MFC produced little power as a pure wdt unless @seudomonas
sp. was also present or supernatant from an MFCthis bacterium was added.

There are at least three possible reasons why aonga@oisms can use
exocellular electron transfer, which can resulpawer generation in an MFC. The
first and best studied reason is cell respiratismai solid metal oxides, such as
iron. Many strains of bacteria can release elestfoom a terminal oxidize in the
respiratory chain to FdI{) outside the cell, producing soluble AB.(Second, it is
possible that cells can transfer electrons direitthanother cell, without the need
for intermediates. The fermentative bacteriBeglotomaculum thermopropionicum
was observed to be linked to the methanogkfethanothermobacter
thermautotrophicusy an electrically conductive appendage, which jgeds the
first direct evidence for interspecies electromsfar. Electron transfer directly into
bacteria has been indirectly observed in otheasados.

Oxygen reduction can be catalyzed by bacteria encdithode (known as
a biocathode) of an MFC, allowing for bacterialwgtlo using electrons produced at
the anode from the oxidation of organic matter.tBaa can derive energy from
this reaction because electrons enter the baatartae biocathode at a higher po-
tential than that needed for oxygen reduction. &ilbcdes have also been used for
nitrate reduction and hydrogen evolution. The ewidethat electrons can be both
released and accepted by microorganisms suggedteléttron exchange between
cells is a naturally occurring phenomenon in mi@bbommunities.

A third possible reason for exogenous electronsfiean and one that has not
yet been examined experimentally, relates to ailplessole of electron transfer for
cell-cell communication. The finding that bactewigthin a biofilm communicate
through quorum sensing chemicals is well establisiany bacteria, such as
Pseudomonas aerugingsgenerate quorum signals with fatty acyl-homoserin
lactones (acyl-HSIs), and recently it was showrt ttetain Rhodopseudomonas
palustrisstrains produce the quorum sigpatoumaroyl-HSI. In humans, dozens of
transmitters, such as acetylcholine, are produgedkehirons for cell-cell communi-
cation. This situation is interesting from an evinary perspective in the context
of the development of cell-cell communication irgamisms. The opportunistic
pathogenP. aeruginosaproduces pyocyanin, a chemical that is a signalttier
upregulation of quorum sensing-controlled genesckgnins also function as elec-
tron shuttles, allowing electrical current genenatin MFCs. The importance of
quorum sensing signals in the context of intragseeand inter-species electron
transfer, as well as microbial pathogenesis, iswedt understood. Pyocyanins pro-
duced by one bacterium can be used by other mgao@ms to produce current in
an MFC, but they also function as antibiotics. Awwt opportunistic pathogen,
Ochrobactrum anthropihas been shown to be capable of power generitian
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MFC but, unlike most exoelectrogenic bacteria, doaisrespire using solid metal
iron oxides The yeasP. anomalaFungi kingdom) is also a pathogen that is capa-
ble of power generation in an MFC. Through the wtofipossible reasons for mi-
crobial current generation, as well as the mechasisf electron transfer, we learn
more about bacterial respiration, cell-cell comngation and the fundamentals of
electron transfer through organic molecules. Saébrination will not only be sci-
entifically interesting, but could be useful in nead applications, as well as in
bioelectricity production using MFCs and hydrogers groduction using microbial
electrolysis cells.

Several studies found that MFCs contained diverggoimial communities,
which was unexpected given the apparent need fl& toebe able to respire using
an electrode. Studies that use pure cultures haweconfirmed that many different
bacteria in anodic biofilms can generate povegan, 200%.

3.3.2 Morphological, cultural and metabolic characteristics
of the most widespread exoelectr ogens

For the first time the possibility of electricityqrluction in the absence of ex-
ogenous mediators was shown in 1999 using ba@hesvanella putrefacier{&im
et al.,, 1999. Shewanella putrefacien®seudomonas putrefaciens, Alteromonas
putrefacienyis Gram-negative marine bacteria, facultativeeaoles with the abil-
ity of metabolic reduction of iron (lll) and mangsse (IV), which are used as the
final electrons acceptor in the electron transpbsin. They have bacillary form,
are catalase- and oxidase- positive, mobile. Mditasoof S. putrefaciensause
smell of rotting fish, because these bacteria predtimethylamine (hence the spe-
cies name “putrefaciens” -tat. rotten). On the solid and liquid nutrients
S. putrefacienss easily recognized by their bright pink coloni@n the solid me-
diums they form small and medium-sized circularkpiyellow-orange or brown
colonies, with a high growth rate. Bacteria ar® alsaracterized by rapid growth in
liquid media, which gives to liquid a pink hudig et al., 200%.

The mechanism used IBhewanelldor electron transfer out of the cell, is not
identified. Representatives of tihewanellagenus have external membrane cyto-
chromes for direct electron transfer, but they atsm form electroconductive
nanopili Myers and Myers, 199E|-Naggar et al., 2010

Shewanella oneidensis another electrochemically active representativine
Shewanellayenus, forms, except nanopili, also flavins, whselm function as elec-
tron carriers Canstein et al., 2008S. oneidensiss a Gram-negative, facultative
anaerobic bacterium @&hewanellagenus, which is mainly located on the seabed
under anaerobic conditions, in sediments and instike They are able to reduce
metal compounds. Currently work is underway on giSinoneidensis biosecurity



Bioelectrochemical hydrogen and electricity prodarct 87

of metal surfaces from corrosioBhewanella oneidensigas first isolated in 1988
by Professor Ken Nealson from sediments of Lakeidan& New York. The lake
where the bacteria was first discovered accoumtgfmaming.

Shewanella oneidensizas outer membrane cytochromes (MtrC and OmcA)
which reduce Fe(lll) during anaerobic respiratibmtoes this by coupling oxidation
of organic carbon to electron acceptors such aBlFe(xygen, nitrate, and other
metals.Shewanella oneidensisas the ability to produce pilus like structuresew
its immediate environment is low in electron acoepbncentration. These pili help
the organism to locate and reduce metals. The o®itral metabolic pathway for
Shewanella oneidensis MRislthe serine isocitrate lyase pathway in whiatmizl-
dehyde made from pyruvate is reacted with glyomproduce serine.

Clostridium butyricumis a bacilliform, Gram-positive bacteria isolatiedm
soil, water, etc., grow only in the absence of @tygmaking butyric fermentation.
Spores are highly resistant to heating and toxientbals and detergents.
C. butyricumsize ranges from 0.6 to 7 microns in length. Texproduced by
C. butyricum (agent of botulism) are the most powerful knownispos.
Exoelectrogenic activity ofC. butyricum EG3 strain was discovered in 2001
(Kim et al., 199%

Geobacteris a genus of proteobacteria. Geobacter are agr@iva respiration
bacterial species which have capabilities that niaken useful in bioremediation.
Geobacterwas found to be the first organism with the apitid oxidize organic
compounds and metals, including iron, radioactivetats and petroleum com-
pounds into environmentally benign carbon dioxidelevusing iron oxide or other
available metals as electron acceptor. The €sbbacterspecies (initially desig-
nated strain GS-15) was isolated from the PotomaerRjust downstream from
Washington D.C. in 1987. This organism, known@eobacter metallireducens
was the first organism found to oxidize organic poomds to carbon dioxide with
iron oxides as the electron acceptGeobacterspecies also have the ability to
transfer electrons on to the surface of electr¢Besd et al., 2002
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Table 3.1 Summarizes information about existinglistsiabout exoelectrogens

Microorganism

Comment

Shewanella Gammaproteobacteria. During growth in anaerobic
putrefaciens conditions bacteria accumulate in the outer mendbran
MR-1 cytochrome c-type in large quantities.
These outer membrane cytochromes involved in @ectr
transfer to insoluble metal oxides are encoded by
geneomcB
Clostridium PhylumFirmicutes These are the first gram-positive
butyricumeEG3 bacteria, which generate current in the MFC.

This strict anaerobic bacterium was isolated from a
mediator-less MFC, worked on starch processingstiglu
wastewaters.

They consume glucose, lactate, formate, butyratate,
CO,and H

Desulfuromonas
acetoxidans

Deltaproteobacteria. Identified in a sediment MFC
community and shown to produce power.

First MFC was designed with this bacterium. It whswn
that adding such exogenous mediator as anthrageidon
6-dysulfonata to anode chamber increased prodtyctivi
only by 24%

Geobacter
metallireducens

Deltaproteobacteria. Shown to generate electrigity
poised potential system. They are capable of piaduc
electricity in MFC by using aromatic compounds as a
substrate

Geobacter
sulfurreducens

Deltaproteobacteria. The first exoelectrogen thes found
in fresh waters. Able to form nanowires for direlgctron
transfer to metal oxides

Rhodoferax
ferrireducens

Betaproteobacteria. A facultative anaerobe (Mofllfre
reducing microorganisms are strict anaerobes} time
complete oxidation of sugars coupled to Fe(llluettbn
has been observed in an organism that grows atra ne
neutral pH. This bacterium is able to completeligdize
glucose by the equation:

C6H1206+ 6H20—>6C02 + 24I‘I+ + 243_

Aeromonas Deltaproteobacteria. Heterotrophic, Gram-negativé,

hydrophila shaped bacterium, mainly found in areas with a warm
climate. This bacterium can be found in fresh ackish
water. It can survive in aerobic and anaerobic
environments.

Pseudomonas Gammaproteobacteria. Produced low amounts of powe

aeruginosa through mediators

such as pyocyanin.

=
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Microorganism

Comment

Desulfobulbus

Deltaproteobacteria. Capable of growing in the gmes of

propionicus Fe (ll1), humic acids or graphite electrode as laateon
acceptor. Capable of oxidize elemental sulfur S

Geopsychro- Deltaproteobacteria. Psychrotolerant.

bacter

electrodiphilus

Geothrix Produced an unidentified mediator (phylum Acidob&e).

fermentans Gram-negative strict anaerobes, are able to consumnpe
organic acids (acetate, propionate, lactate) attyl daids
(palmitic) in the presence of electron acceptor({Fg
nitrates, humic acids)

Shewanella Gammaproteobacteria. Various mutants identifietl tha

oneidensis increase current or lose the ability for curremegation.

MR-1

Escherichia coli

Gammaproteobacteria. Found to produce current lafgr
acclimation times. They can use their metabolites a
carriers of electrons.

Pelotomaculum
thermo-
propionicum

Anaerobic, thermophilic. They metabolize fumaratd a
pyruvate. The first direct evidence of interspe@kestron
transfer was received using this bacterium.

Desulfovibrio
desulfuricans

Deltaproteobacteria. Reduce sulfate during growth o
lactate

Acidiphilium

Alphaproteobacteria. Generate current at low péiiarithe
presence of oxygen

Pichia anomala

Current generation by yeast (kingdom Fungi).

3.4 Biofilm of microorganisms with exoelectrogenic activity

formation

In various literary sources researchers suggefareift ways of formation and
enrichment of biofilm of microorganisms with exodl®genic activity
(Samarukha, 2092 Thus, inoculum sources, cultivation conditioimeculator con-
struction and terminal electron acceptors are ¢isédactors of formation and en-
richment of electroactive biofilm. There are adbexperimental data about certain
factors impact on biofilm formation process, usitifferent procedures of for-
mation and enrichment of biofilm by electroactiverorganisms, but comparison
of these procedures hasn't still been held. Theeefbe aim of this subsection is
a theoretical comparison of methods of exoelectrimgenode biofilm formation.
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Existing methods of biofilm formation may be divetimto 3 types:

» Biofilm formation from pure cultures of microorganis with
exoelectrogenic and destructive activities or flgimary culture of destruc-
tors and exoelectrogens.

» Selection from different natural or artificial soces (soil, activated sludge
of wastewater treatment plants) associations ofgaiganisms and biofilm
formation.

* Biofilm formation by enriching microorganisms-desitors association
with exoelectrogens.

Biofilm formation from pure cultures of microorganisms with exoelectr ogenic
and destructive activities

Using pure cultures of exoelectrogens for biofilonniation in BES is one of
the most studied directions because it allows tdysbioelectrogenesis process in
detail, evaluate losses and optimize MFC desigd,may find applications in bio-
sensors and micro-MF@){an et al., 2011

Most microorganisms that do not require exogenoediators addition and are
able to oxidize organic substrate to carbon diowiith electrons transfer to the elec-
trode, belonging to th&eobacteraceaéspeciedDesulfuromonasGeopsychrobacter
and Geobactey, Rhodoferax ferrireducenand Geothrix fermentangBond et al.,
2002; Bond and Lovley, 2003; Chaudhuri and LovE803; Bond and Lovley, 20P5
G. sulfurreducensias 111 different genes that encode cytochrgnwehich signifi-
cantly exceeds the number of the genes in any otiganism Busalmen et al., 2008
Dumas et al.,, 2008 Most of the protein products of these geneslatated in
periplasmic space and outer membrane of cells wheseplay an important role in
electron transport chairRéguera et al., 2006; Dumas et al., 2008; Esteviged
et al., 2008; Yi et al., 2009The most important genes that encode cytochmise
omcB omcE omcSiandomcZ(Nevin et al., 2000 G. sulfurreducenstrains, con-
taining deletions in either of these genes, esphgcianeomcZ show a lower activ-
ity of electron transport chain and reduce elegyriproduction compared with
wild-type strains (Table 1)Nevin et al., 2000 It proves that the expression of
genes that encode cytochromés essential for electron transport to extracatiul
acceptors because mutant strains with deleted deseshe ability to produce high
specific current density in MFC, and after repedtgdction of the gene value of
the produced specific current density that increase
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Table 3.2 Maximal current production of MFC inodeld with wild-type cells of
G. sulfurreducen®r strains with the designated genes deleted ed#ieted
genes complemented via expression of the designgéee# on a plasmid
(Nevin et al., 2009

Genetic Manipulation Maximum Current Production (mA)

Wild Type 14.42 +0.62
pilA deletion 1.20 £0.44
pilA complement 14.12+0.14
omcZ deletion 1.3 +0.36
omcZ complement 13.44+0.37
omcB deletion 12.41 +0.63
omcE deletion 12.75+£0.41
omcS deletion 12.67+0.57
GSU1497 deletion 8.01 +0.42

The peculiarity ofG. sulfurreducenss its ability to form a thick biofilm on
the electron acceptor surface (biofilm thicknessViRC anode is more than 50
microns) Reguera et al., 20Q6Biofilm formation is possible due to the presenc
of outer membrane structures — pili that are endody gene pilA of
G. sulfurreducenswild type cells expressingilA gene is able to form biofilm on
almost any surface, whereas mutants with deletfamepilA gene can immobi-
lize on surfaces only by adhesion without thick fimo forming (Reguera
et al., 2006; Reguera et al., 200%Vild type G. sulfurreducenin MFC generates
more electricity than strains with deletion of A gene Qian et al., 2011

For biofilm formationG. sulfurreducenshould be cultivated out at 30°C un-
der strictly anaerobic conditions in the atmosphafrgas mixture (7% K 10%
CO,, 83% N). G. sulfurreducenstrains are cultivated in two types of mediums:
NBAF with the addition of 0.1% yeast extract andtejne (NBAFYE). NBAF —
modified medium Richter et al., 2008 containing 15 mM acetate as the electron
donor and 40 mM fumarate as an electron acceptor.

Materials for the anode have a great impact infteeon the exoelectrogenesis
efficiency of G. sulfurreducensGraphite is the most widespread anode of MFC
(Dumas et al., 2008 has a developed surface that provides largeceirarea for
cells immobilization. For MFC witles. sulfurreducengraphite is not only a surface
for immobilization of cells, but also allows bacdteto link with the surface using
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their pili. In this case formed biofilm is tightlinked with the anode and is not de-
stroyed under intense mass transfer conditi®ishfer et al., 2008 Other anodic
materials were also tested in MFC wleobacter Gold is an excellent material for
the anode production because of high conductivitg eesistance to oxidation.
However, experiments held with gold anodes showed the specific power of
such MFC is much lower than specific power of MF@hwgraphite electrodes.
This is because gold anodes have a smooth sudadhe biofilm can not be fixed
on the anodeRichter et al., 2008 However, experiments also showed the possibil-
ity of using gold anodes in microMF®salmen et al., 200Richter et al., 2008
whereas using of graphite anode in nanoscale Hematic.

Selection from different natural or artificial sources (soil, activated sludge of
wastewater treatment plants) associations of microorganisms and biofilm
formation

In most modern microbial fuel cell mixed bacterallture are usually used.
This bacterial culture can be extracted from emriment (soil or anaerobic activat-
ed sludge from wastewater treatment plants). Stuctobiial associations are acces-
sible, stable, with a wide variety of exoelectragemd have a great destructive
ability for wide range of substrates — organic adidu et al., 200%, carbohydrates,
including polymeric carbohydrates such as starefiulose, Zhao et al., 2005;
Rismani-Yazdi et al., 20Q7proteins Heilmann and Logan, 2006Biofilm for-
mation procedure is very simple: inert electrodarimersed in the substrate solu-
tion in anaerobic conditions. Then inoculum is abl¢eg waste water) and a small
positive potential (0.2 vs. Ag / AgCl) is appliealthe electrodeKim et al., 200
As a result, electroactive biofilm is formed in asfiion to use the electrode as
a terminal electron acceptor. However, usuallys thiimary biofilm has a low
bioelectrocatalytic activityRabaey et al., 2003The reason that the primary inocu-
lum of electroactive bacteria is low compared te tlumber of electrochemically
inactive bacteria, and although the presence otlbetrode (and the applied volt-
age) is a factor of selective pressure for elebiatcally active bacteria selection,
biofilm consists mainly electrochemically inert miorganisms. To solve this prob-
lem, usually complex and time-consuming enrichnpgatedure is used. It consists
of repeated mechanical biofilm removal from thecet®de, re-inoculation and fur-
ther biofilm reorganizationkim et al., 2005k In view of the sensibility of electro-
chemically active bacteria to oxygen, these stéyild be performed in anoxic
conditions.
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Biofilm formation by enriching microorganisms-destructors association with
exoelectrogens

Rich sources of microorganisms, such as wastewattivated sludge, and
sediments, are often used as inocula for MFC, aradyses of anode biofilms in
these systems have shown great bacterial divemséapodophilic communities, but
did not reveal specific trends in dominant membeérss finding may be due to the
large number of non-exoelectrogens in the anodglrbiolt was reported that an
anodophilic community can be sustained in MFCs ewbien the biofilm is en-
riched through successive transfer and enrichniémis, selective pressure in MFC
systems may not be sufficient to exclude non-exmedgens. Since many of the
exoelectrogens detected in MFCs are dissimilatorgtatreducing bacteria
(DMRB), a rapid selection method to obtain an amtda consortium (AC)
through dilution and regrowth of DMRB using poodsystalline Fe(lll)-oxide was
developed.

A biofilm sample from a BES was serially diluted tp 10° in anaerobic
phosphate buffer solution and incubated in an Bedtletate medium, and an
Fe(lll)- reducing AC was obtained for dilutions tp 10°. The activity of MFC
inoculated with the enrichment AC was compared whithse inoculated with origi-
nal biofilm or activated sludge. The power densited Coulombic efficiencies of
the AC (226 mW/rh 34%) were higher than those of the original Imofi
(209 mW/n3, 23%) and activated sludge (192 m\§/10%). The start-up period of
the AC (60 h) was also shorter than those obtami#dthe other inocula (biofilm,
95 h; activated sludge, 300 h). This indicated shath a strategy is highly efficient
for obtaining an anodophilic consortium for impnogithe performance of an MFC
(Nevin et al., 2008; Wang et al., 2010
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