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Abstract

Electrochemically active biofilms (EAB) are biafis directly or indirectly
accepting/donating electrons from/to a solid swfa&@r the first time, this work introduces
a reversible kinetics and thermodynamics analyticadlel for these biofilms, applicable to
processes involving extracellular electron trangbtT): bioanodes, biocathodes and thus
the generalized bioelectrode, as well as biocasrosiand spatially separated
biogeochemical processes in marine sediment.

The two main subtypes of EET, mediated electromsfex (MET) and direct
electron transfer (DET), are both mechanisticalBated, using a combination of Butler-
Volmer electrode kinetics and enzyme-inspired HPoglg microbial kinetics. Biofilm
matrices are taken as conductive, either throudfusibn of an intermediate redox
molecule in MET or apparent metal-like conductivity DET. The first-principles EET
model is further complemented with predictions abntass growth or endogenous
respiration, thereby providing a complete basesidentific hypothesis development as
well as engineering design calculations concer&A8s.

Additionally, for the first time, biomass redoxatds are predicted. These states are
experimentally accessible in the form of redox-grats, e.g. by Confocal Raman
Microscopy. If measurements are shown to matchigieds, the mathematical construct
herein developed will not be restricted to globatpait predictions but may also explain
internal system states, thus potentially giving rig the first theory of electrochemically
active biofilms.
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Sumario

Biofilmes eletroquimicamente ativos s&o biofilmgse direta ou indiretamente
aceitam/doam eletres de/para uma superficie sdfea primeira vez, esta dissertacédo
introduz um modelo analitico reversivel para at@aée termodinamica destes biofiimes,
aplicavel a processos que incluam transferéncisa@{tlar de eletrdes: bioanodos,
biocatodos e o bioeléctrodo generalizado; bioc@opse processos biogeoquimicos
espacialmente isolados em sedimentos marinhos.

Tanto a transferéncia mediada de eletrdes comanaféréncia direta de eletrdes
sdo abordadas sob uma perspetiva mecanisticaggtlawuma combinacdo de cinéticas de
elétrodo de Butler-Volmer e cinéticas microbianaspiradas por mecanismos enzimaticos
do tipo Ping-Pong. A matriz do biofilme é tomadancocondutora, seja por difusdo de um
intermediario redox na transferéncia mediada, awpodutividade aparente dos polimeros
extracelulares que a constituem na transferéncetadiEste modelo mecanistico para a
transferéncia extracelular de eletrdes € compleadentom previsbes de crescimento
microbiano ou respiragcdo endogena, proporcionanc@ Uase de trabalho para o
desenvolvimento de hipéteses cientificas ou prajetengenharia.

Adicionalmente, pela primeira vez, € previsto ta@és redox da biomassa, variavel
mensuravel por Microscopia Confocal Raman, perhitiassim a verificacdo experimental
das previsdes acerca desta variavel interna dasstTorna-se assim possivel verificar se
a construcdo matematica desenvolvida neste tralmhresponde fielmente a realidade
fisica, potencialmente originando a primeira tecitegética e termodinadmica para biofilmes
eletroquimicamente ativos.
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Figures and Tables

Figure 1 - Anodic biofilm of Geobacter spgrowing on a carbon electrode. In BESs,
Geobacter spgrows almost exclusively attached to the electraglece it is natively
capable of long-range DET but can’t secrete soltddex mediators. Used with permission

Figure 2 - Typical Bioelectrochemical System. Biofilms miag present on anode, cathode
or both. If there is be no biological componenbaoth electrodes, the system is a chemical
fuel cell. Vertical dashed line: semi-permeable rbeme, although configurations exist
that don’t require physical separation of comparttsee.g. if electrode potentials are

Figure 3 - Electrochemically active suspended culture. #grife potentiostat-controlled
BES. B) The same system now colonizedShewanella sp.Insert: centrifuged culture
pellet. In BESsShewanella spmay grow in suspended form and still interact vittle
electrode, since it is able to secrete solublexedediators of the flavin family. Used with
permission of F. Harnisch. (Carmona-Martinez A.trtikch F., et al., 2012). 5

Figure 4 - Mediated electron transfer (MET) wsontactdirect electron transfer (DET), for
both anodic and cathodic processes. In MET, a #olubediator molecule M is
oxidizedreducedat the solid surface. This mediator will theridizdreducea biomass
redox intermediatHn/X: this intermediateeleasefsapturea protons together with the n
electrons transferred, to keep overall biomass rakyt Finally, the biomass redox
intermediateoxidizegreducesan external substrate S. In contact DET, the sepuef
events is similar, except the cellular redox intednate directly interacts with the electrode.

Figure 5 - Proposed mechanisms of long-range DET. In nlig&alconduction, cellular
extensions dubbed nanowires conduct electronsnaraer similar to metals (Malvankar et
al., 2011). The mechanism requires yet unprover\dmkar and Lovley, 2012)-stacking

of delocalized molecular orbitals of aromatic anaicid side chains, thus creating a single
electronic cloud extending from the outer-membrémehe solid surface, in a manner
analogous to the metallic bonding model (Atkinsaét 2009). Outer-membrane type
cytochromes are required at the cell/matrix andrimdatlid interfaces. In superexchange,
electrons hop across nanowire-contained cytochr@dmes extending through the biofilm
matrix (Strycharz-Glaven et al., 2011). The mecsaniequires yet unproven (Bond et al.,
2012) uniform cytochrome spacing of no more thamZ2ithus forming a series of
individual redox entities, with each cytochrome sagially oxidizing an upstream donor
and reducing a downstream acceptor, in a mannéogms to electron hopping along the
redox moieties of electroactive polymers (Daltorlet1990). As in metal-like conduction,
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outer-membrane type cytochromes are required at cél¥matrix and matrix/solid
interfaces. 11

Figure 6 - Standard Monod kinetiqsop) vs. its Nernst-Monod counterpart (bottom) for a
single substrate scenario. Conversion of subst@teentrations into reduction potentials
as performed by Marcus and co-workers effectivelgans converting hyperbolic into
sigmoid kinetics (Marcus et al., 2007). 20
Figure 7 - Conceptual basis for the Butler-Volmer-Monod mlod® reduced electron
donor S interacts with an oxidized biomass redéermediate XOx, becoming oxidized to
product P. The now reduced biomass intermediatedXii then transfer the electrons it
received onto the anode, ...~~~ 21
Figure 8 - Butler-Volmer-Monod model for K1=K2=1 an=0.5. The model is sigmoidal
in substrate concentration and hyperbolic in ovepial, contrary to the Nernst-Monod
MOAel (SEE FiQUIC ). 24

Figure 9 - Conceptualization of respiratory reversibilily.Forward Respiration, a reduced
compound DRed acts as donor and an oxidized conapA@x acts as acceptor. However,
if the reduction potentials of the D and A redoxrp&hange in such a way that ARed in
now able to donate electrons and DOx is able t@@tcelectrons, Reverse Respiration
occurs. Thus, the designatiodsnor and acceptorare an indicator of thermodynamic
spontaneity and are not an intrinsic property ofroltal species. Instead dbnor one
could usereductantand instead o&cceptorone could usexidant Therefore, given two
redox pairs, which is the donor and which is theeptor depends on their reduction
potentials only. How fast electron transport chatas execute either forward or reverse
respiration depends on: 1.nentry-point affinities the reduced species in each redox pair;
2.nexit-point affinities for the oxidized speci@sdach redox pair; 3.nhow far is the reaction
from eqUIlIDIIUM, 29

Figure 10 - Scheme of squares for two-proton, two-electraediator M. Vertical steps
represent acid-base equilibria while horizontalpstaepresent redox equilibria. The
complete scheme is assumed to be in equilibriuntesits purpose is derivation of the net
standard reduction potential. Top: Complete mappohgthe redox system. Bottom:
Possible pathways connecting the fully oxidizedrfdvl with the fully reduced form MH2.
__________________________________________________________________________________________________________________________________________ 39

Figure 11 - Composite half-saturation coefficient as a fiorctof the normalized
concentrations of A and B. Since the substrate eanation for such an enzyme system is
effectively [A].[B], simultaneous variations of And B towards high (S>>KS) or low
(S<<KS) concentration ranges will, due to multigtion, be overrepresented in the overall
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rate equation. Hence why the composite half-saturatoefficient is also variable: to
preserve the relative quantitative meaning of S &l Ka) ) has units of squared
concentration, e.g. mmol2.m-6. 46
Figure 12 - Exponentiated half-saturation coefficient asuaction of the normalized
concentration of substrate S, and its stoichiomeefficient n, for KS = 1 N.L-3. At high
concentrations and n>>1, exponentiation of [S] eaws overrepresentation of S in the rate
equation, thus the increase in magnitude of theomemptiated half-saturation coefficient
may be interpreted as a correction to this oveesgmtation. The opposite is also true for
low concentration at N>>1. a7
Figure 13 - Comparison between dual substrate Monod kindtiag) and irreversible
microbial MET kinetics (bottom) for substrates AdalB. For microbial MET kinetics, the
maximal achievable rate is half of the maximum ,raiace this maximum was defined
separately for each of the two microbial MET reawsi the combination of both means the
biocatalyst will have to be — according to the dnstsady-state assumption — evenly
distributed among them. Also, at very low conceidres of both substrates, microbial
MET kinetics is faster than dual substrate Monadces dual limitation is alleviated, i.e. if
A and B limit kinetics by a similar factor, the oaé rate won’t just be the multiplicand of
factors, but will also take into account the fdtattthere are two substrates driving the
reaction instead of just one. 56
Figure 14 - Michaelis-Menten kinetics with apparent protoafisaturation coefficient:
affinity constant at pH=8 and inhibition constahtp#l=4. Maximal rates are observed at
the pH average of the two constants. Also, if tifeegence between the two constants is
larger, the bell shaped growth curve will also ealer. Thus, usage of the apparent
coefficient to express simultaneous productive iahditory interactions makes it possible
to effectively manipulate rate equations into hgumaximum values at any pH, with any
desired sensitivity to hydronium concentration. Betails, see 5.2.8.1.Influence of pH in
Ccatabolism, 61
Figure 15 - Irreversible cathodic EET observed in the abesarfareduced substrate SRed.
If the electrode or matrix potential is too highqtanodic), the reaction is halted: the nearly
infinite chemical (concentration) potential causdyy the absence of SRed is
counterbalanced by the nearly infinite electroctoaipotential favoring anodic processes,
thus highlighting the interaction of the two typefsdriving forces in bioelectrochemical
systems, as discussed in 3.1.2.Kinetics in MET afaters: pH=pHreference7; n=2;
F=96485 C.mol-1; R=8.3145 J.K-1.mol-1; T=298.15 ¢Solution=0 V; XT=4000 C-
mol.m-3, equivalent to roughly 100g.L-1; k°=10-6+k,scalculated from (Tatsumi et al.,
1999): ga= =0.5: o
ac

NADH/NAD+ (Rabaey et al., 2010). 71

X= -0.113 V, based on the standard reduction paterat
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Figure 16 - Endogenous respiration band. If the cataboliactien is too close to
equilibrium, the energy generated is not enougbffet maintenance, thus forcing the cell
to oxidize some of its components to remain aliWence the negative specific growth rate,
representative of decay or endogenous respiralarametersm, = 4.5 kJ.C-mol-1.h-1,

A.G,, = 0kJ.C-mol-1AG, = -1000 kJ.C-mol-1, 81

diss T e

Figure 17 - Framework for derivation of the net biofilm grtswrate: idealized smooth

Figure 18 - Schematics for electron transport in conducbased long-range direct
electron transfer. Here, the cathodic process pectil: the anodic process is similar, only
reversed. Electrons exiting the cathode are coedusy the EPS matrix — homogeneous
currenti — which for long-range DET is proposed to havedcmtive properties, see
3.2.DET Models. Cells growing at the interface bs#w conductive EPS and solution
contained in biofilm pores will utilize those elems for catabolic purposes, thus
transferring them to an acceptor located in theidigphase — heterogeneous currgnt
Noteworthy, cells performing DET must, without egtien, be located at the matrix-
solution interface, such that e.g. in cathodic DElectrons can be retrieved from the
matrix into an electron transport chain, and evalhturansferred to a soluble acceptor.
Furthermore, a fraction of electrons is retainedhatinterface for anabolic purposes (not
S OWN ), 86

Figure 19 - Infinitesimal cut in a long-range DET biofilmgmplementary information in
Figure 18). In infinitesimal thickness$x, the variation in homogeneous current density
will be equal to the sum of localized heterogenanusent densities, both transferred to the
liquid and retained at the interface for biosynthptrposes. 87
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Abbreviations, Nomenclature and Symbols

Abbreviations
ADP - Adenosine Diphosphate
AMP — Adenosine Monophosphate
AQDS - Anthraguinone-2,6-disulfonic acid
ATP — Adenosine Triphosphate
BES - Bioelectrochemical System
BV  — Butler-Volmer (equation, model)
BVM - Butler-Volmer-Monod (equation, model)
cAMP — cyclic Adenosine Monophosphate
CAP — Catabolite Activator Protein
CV - Cyclic Voltammetry
DET - Direct Electron Transfer
DMRB - Dissimilatory Metal Reducing Bacteria
EAB - Electrochemically Active Biofilm
EET - Extracellular Electron Transfer
ET - Electron Transfer
ETC - Electron Transport Chain
FMN - Flavin Mononucleotide
HER - Hydrogen Evolution Reaction
MFC - Microbial Fuel Cell
MEC - Microbial Electrosynthesis Cell
MET - Mediated Electron Transfer
MV  — Methyl Viologen
Mtr  — Metal reducing (protein)
NADH — Nicotinamide Adenine Dinucleotide
NM  — Nernst-Monod (equation, model)
Omc - Outer-membrane cytochrome
ORR - Oxygen Reduction Reaction
PMF - Proton Motive Force
RET - Reversed Electron Transport
RF - Riboflavin

Nomenclature
The notation herein described represents both diemical species and its
concentration or partial pressure.

Aox — ldealized oxidized electron acceptor
Areq — ldealized reduced (post-acceptance) electrogpaoc
Dox - Idealized oxidized (post-donation) electron@on

Dreq — ldealized reduced electron donor species
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Sox  — ldealized oxidized external substrate (othen timediator)
Sed — ldealized reduced external substrate (other thaghiator)
Mox — Idealized oxidized electron mediator
Mgred — ldealized reduced electron mediator

Electron acceptor. species that participates in cellular respiratas the final,
external oxidant in electron transport chains, exygen in aerobic respiration.

Electron donor: species that participates in cellular respirates the initial,
external or internal, reductant in electron tramspzhains, e.g. nitrite in nitrification
(external) or NADH in organotrophy (internal).

Electron mediator: a donor or acceptor that may be regenerated wriginal state
by interaction with an extracellular solid surfaceg. an electrode at an appropriate
potential; opposite of external substrate. If thedrator is not regenerated by the surface
for a particular set of conditions, then that maatisshould be regarded as an external
substrate in those conditions.

External substrate a donor or acceptor that may not be regeneratég priginal
state by interaction with an extracellular soligface; opposite of mediator. If the surface
iIs so strongly electrically poised that it regetmesaexternal substrate, e.g. a cathode
abiotically evolving hydrogen used as donor by arabial community, the substrate
should be regarded as a mediator in those condition

Symbols

The symbols listed here apply to chapters 4, 5/ @nd 8. Symbols in chapter
3.State-of-the-Art: EAB Kinetics Models may confliwith the meanings used in this
report: refer to cited papers for their detaileghdficance.

Oa — Anodic charge transfer coefficient, dimensiosles
O — Cathodic charge transfer coefficient, dimensesl|
Ar — Heterogeneous reaction area, e.%g. m

Aviofim — Biofilm section area, e.g.’m
aviofim — Biofilm internal surface area,’ertacd M biofiim.

I[x - Surface concentration of X, e.g. modl/m
Ye — Degree of reduction of carbon source, e.g. e@oiobl.
#C — Number of carbon atoms is a carbon sourgeganol/C-mol

AG° — Standard Gibbs energy of formation, subscmglicates reaction, e.g.
J/mol.

A/G°® - Standard Gibbs energy of reaction, subsangtitates reaction, e.g. J/mol.

A/G - Actual Gibbs energy of reaction, subscriptéatis reaction, e.g. J/mol.

AGgiss — Dissipation energy, e.g. J/C-mol.

€piofim — Biofilm porosity, dimensionless.

E° — Standard reduction potential, subscript indicaeée®x pair, e.g. V.

E — Actual reduction potential, subscript indicatedox pair, e.g. V.
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Qelectrode— El€Ctrode electrical potential, e.g. V.
Omatrix — Matrix electrical potential, e.g. V.
Psolution— Solution electrical potential, e.g. V.

F — Faraday constant, e.g. 96485 C/e-mol.

imarix — Matrix homogeneous current density, e.g. A/m

j — Heterogeneous current density, e.g. A/m

Jpc — Cathodic peak heterogeneous current density’.A/m
Jpa — Anodic peak heterogeneous current density,?A/m

jranster — Heterogeneous current density effectively tramstl, e.g. A/th
jgrowth — Heterogeneous current density retained/relelagemowth, e.g. Alrh

Ka — Acidity constant, dimensionless.

Keg — Equilibrium constant, dimensionless.

Ks  — Half-saturation constant or coefficient 8y same units a$ (may be a
composite or exponentiated substrate).

K1 — Homogeneous rate constant, units depend orhgioietry.

k-1  — First-order homogeneous rate constant, e.g. 1/s.

Ko — First-order homogeneous rate constant, e.g. 1/s.

K-, — Homogeneous rate constant, units depend orhgioietry.

Ks — Homogeneous rate constant, units depend orhgiietry.

k-3  — First-order homogeneous rate constant, e.g. 1/s.

Kq — First-order homogeneous rate constant, e.g. 1/s.

k-,  — Homogeneous rate constant, units depend orhgioietry.

Ks — Forward rate constant, units depend on stoickiom

Kr — Reverse rate constant, units depend on stoigtrgm

k° — Standard heterogeneous rate constant, esg. m/

Ka — Anodic heterogeneous rate coefficient, e.g. m/s.

Ke — Cathodic heterogeneous rate coefficient, e.g.(m8/mol}’, wherem is
the number of protons participating in the cathodaxtion.

Lx — Biofilm thickness, e.g. m.

Ly — Biofilm height, e.g. m.

L, — Biofilm depth, e.g. m.

Mx  — Biomass molar mass, e.g. kg/C-mol.

me  — Maintenance rate, e.g. J/(C-mol.s)

n — Number of electrons exchanged per unit reagegte-mol/mol.

omarix — Matrix conductivity, e.g. S/m.

px  — Biomass density, e.g. kgim

Q& — Reaction quotient.

Oe.max — Maximum catabolic turnover, e.g. e-mol/(C-mol.s)

Oo — Specific energy rate, e.g. J/(C-mol.s)

R — Ideal gas constant, e.g. 8.3145 J/(K.mol).
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r — Reaction rate, subscript indicates reactiopesscript indicates conditions,

e.g. mol/(n.s)
T — Temperature, e.g. K.
t —Time, e.g. s.
u — Specific growth rate, e.g. 1/s.
vxan — Anabolic stoichiometric coefficient, e.g. molfaol.
Vs — Maximum forward reaction rate, e.g. moli(s).
V, — Homogeneous reaction volume, e.g (Thapter 5); Maximum reverse

reaction rate, e.g. mol/(hs).

F. Cruz

Viiofim — Net biofilm growth rate (or velocity), e.g. m/s.

X — Oxidized biomass concentration or density, €:gnol/nT.
XH, - Reduced biomass concentration or density, ergoldm®.
Xm  — Biomass-mediator concentration or density, @-giol/nt.
Xs — Biomass-substrate concentration or density,@&mol/nT.
Xt — Total biomass concentration or density, e.g. dmr.
Ze — Electron charge number, -1, dimensionless.
Abbreviations, Nomenclature and Symbols XVi



1. Motivation

Perhaps one of the most intriguing results in leicieochemical systems (BESS)
literature is the one by Rozendal and co-workersz@Rdal et al., 2008). In their
experiment, a mixed species biofilm was first groan acetate, forming an anodic
community on a graphite electrode. After sufficigmwth was observed, the simultaneous
carbon source and electron donor, i.e. acetatereydaced by an exclusive electron donor,
spurge hydrogen, thus keeping the biofilm activegrasumably arresting its growth. After
some time, hydrogen was replaced with nitrogenridielg cells of an electron donor, and
the electrode potential was lowered significantifoithe usual cathodic range. Microbial
bioelectrocatalytic hydrogen evolution was observed

What at first was an anode receiving electronmfttydrogen oxidation became a
cathode donating electrons for proton reductionteWorthy, this inversion of biofilm
catabolism was achieved simply by manipulatingrtiegtynamics: changing the electrode
potential and the hydrogen/proton ratio. Both tHecteode material and microbial
community remained the same. Also, a small negatiweent density was immediately
observed upon the switch to cathodic-range potentimeaning the same enzymatic
machinery is capable of catalysing both the forwaaktion, i.e. hydrogen oxidation and
the reverse reaction, i.e. hydrogen evolution.

The objective of this dissertation is to provideheoretical explanation to the
reversibility of bioelectrochemical systems, usiagalytical modelling as the preferred
approach. Therefore, the intended result is a detrewersible rate equations for
electrochemically active biofilms (EABs), preferalidased on first-principles kinetics and
thermodynamics, so that results may be cross-cheesk@ experimental data not only for
macroscopic outputs, but also for internal systamables. By peering inside todays EAB
black box from a fundamental perspective, | hopprtavide the first quantitative kinetics
and thermodynamics theory in the field. Thus, thssertation should not only provide a
profound scientific description of EABs, but alsavp the way for future engineering of
EAB technology.

F. Cruz Motivation 1






2. Introduction

Electrochemically active biofilms (EABS) are biafs composed of electroactive
microorganisms, also called exo-electrogens ortrelde-respiring bacteria and their self-
produced extracellular polymeric substances (LqvE808; Logan, 2009). The individual
cells embedded in these biofilms may directly alinectly donate/accept electrons to/from
a solid surface. Spatially separated biogeochenpicaiesses coupled by electric currents
are an example, such as for instance the couplirigydrogen sulphide oxidation in the
anoxic region just below the sea floor and oxygsguction just above — both processes are
separated by a sediment layer up to several miitesehick (Nielsen et al., 2010). Sulphur
metabolizing bacteria are also present in biofilsponsible for accelerated low water
corrosion (Beech and Campbell, 2008) — a form ajressive biocorrosion that affects
harbours around the world — although regular bimsion may be explained without the
need for extracellular electron transfer (Picioreaand Loosdrecht, 2002). Finally,
electrochemically active biofilms are the cornemstoof microbial bioelectrochemical
systems (Rabaey et al., 2010), usually growingnent ielectrode materials such as carbon
(Figure 1) or stainless steel, both in bioanodesrrés et al., 2010) and biocathodes
(Rosenbaum et al., 2011). This introduction wilkkds on bioelectrochemical systems as
source of technical vocabulary, extracellular etettransfer as the core metabolic feature
of EABs and the proposed theories for long-rangectlielectron transfer, arguably what is
most unique about EABs.

Figure 1 - Anodic biofilm ofGeobacter spgrowing on a carbon electrode. In BESS,
Geobacter spgrows almost exclusively attached to the electraiece it is natively
capable of long-range DET but can’t secrete soluddex mediators. Used with permission
of F. Harnisch (Harnisch and Schrdder, 2012).
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2.1 Bioelectrochemical Systems (BESS)

Bioelectrochemical systems (BESs) are a subtypefued cell technology,
characterized by biocatalytic anodes, cathode®tdr. @he biocatalytic component is most
often an attached microbial community, althoughpsasled communities (Delaney et al.,
1984) or enzyme-exclusive catalysts (Lapinsonnieteal., 2012) are also possible.
Enzymatic fuel cells won't be further discussedeher comprehensive review is available
elsewhere (Cracknell et al., 2008). The generdlfea of BESs are represented in Figure
2. One of the compartments is predominantly anaxid anodic, where organic matter is
oxidized to carbon dioxide, protons and electrdrigse electrons will then be transferred
to a solid electrode and transverse an externalitirvhere their reduction potential may
be increased by a resistance or decreased by eesedor higher reduction potentials, the
tendency of those electrons to reduce the termanaéptor is lower. Finally, electrons
reach the cathode and complete the electronicitir€he circuit is closed by an ionic
component, i.e. ion exchange between the two cameats. Most often, membranes
selective for cations are used to separate thehambers.

Typical Acceptor Pairs:

Typical Donor Pair: Resistance if E,>E,

- _ —> ) Resistance— H,0/0,
CH;CO0™ /HCO; . Source if Ep>E, e Source— H,/H*
1
" \ 4
1
DOX % ARed
1 m
(] 1 ©
3 I 2
o 1 *('-U'
< I O
<(»)
DRed : AOX
1
1

Figure 2 - Typical Bioelectrochemical System. BioB may be present on anode, cathode
or both. If there is be no biological componenboth electrodes, the system is a chemical
fuel cell. Vertical dashed line: semi-permeable roeme, although configurations exist
that don’t require physical separation of compartteee.g. if electrode potentials are
poised using a potentiostategend: C* — generic cation; A— generic anion; RdDox —
redox pair that donates electrons for microbiabloalism; AwedAox — redox pair that
accepts electrons from microbial catabolism; Rasist — device that converts electrical
potential into work or heat; Source — device thabwerts work or heat into electrical
potential.
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While anodic processes will typically generatetpns, in the average BES it is
mostly sodium that transverses the membrane (Hdrrasd Schréder, 2009), since it is
much more abundant than the hydronium ion: at aéptd, 10’ M of HsO" are present,
while typical anode feedstock contains®10 10 M of Na". Thus, acidification of anodic
compartments and alkalinisation of cathodic commpartts occurs, although this can
usually be mitigated by a buffer.

When energy production is intended, cathodes parfthe oxygen reduction
reaction (ORR), and may be aerated with atmosplagriciowever, if the objective is the
hydrogen evolution reaction (HER), cathodes opewatier anaerobic conditions, and most
often electrons supplied by the anode must havie teduction potentials lowered by a
source, thus implying energy consumption (Harnesath Schréder, 2010), in a process now
known as microbial electrosynthesis (Rabaey anceRaal, 2010).

' carbon working
P electrodes

Figure 3 - Electrochemically active suspended celtd) Sterilepotentiostat-controlled
BES. B) The same system now colonizedShewanella sp.Insert: centrifuged culture
pellet. In BESsShewanella spmay grow in suspended form and still interact viltle
electrode, since it is able to secrete solublexedediators of the flavin family. Used with
permission of F. Harnisch. (Carmona-Martinez A.triikch F., et al., 2012).

In most fundamental BESs studies, acetate orttaeta the electron donors, since
they are common organic acids in wastewater and pleferred substrates for the
electrochemically active model organisn@eobacter sulfurreducenand Shewanella
oneidensis respectively (for their genome sequences and rgenmicrobiological
information see respectively: Methé et al., 2008jddlberg et al., 2002). In nature, both
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organisms belong to the group of dissimilatory rhetducing bacteria (DMRB), and their
extracellular electron transfer capabilities alloem to reduce otherwise inaccessible
terminal electron acceptors, such as iron(lll) pegbin insoluble ferric oxides.

Biofilms are not strictly necessary for BES’s agg@n. Given a soluble mediator
molecule, it is possible that electrochemicallyhaetsuspended cultures will form instead
of biofilms (see Figure 3 for an example of the ragd producing genuShewanelln
However, most often biofilms are beneficial becatlsey are a requirement for direct
electron transfer.

Perhaps the dawn of modern microbial fuel cell QJIFfesearch — later expanded
into bioelectrochemical systems research — is agdgyapers published in 1984 (Roller et
al., 1984; Delaney et al., 1984), reporting thefqgremance of MFCs operated with several
microorganism-mediator-substrate combinations. idlhyt bioelectrochemical systems
research focused on electricity production via atih of organic compounds in anode
compartments. However, since then the focus hasedtdo shift towards biocathode
research, both because hydrogen production hasrbpert with such devices (Rozendal et
al., 2008), but also because high abiotic cathoderpotentials are one of the main reasons
why both large scale organic matter oxidation andlectrolytic hydrogen production are
prohibitively expensive — platinum cathodes areunegl to drive down cathodic
overpotentials sufficiently, yet capital costs greatly inflated (Harnisch and Schrdder,
2010).

2.2 Extracellular Electron Transfer (EET)

Extracellular electron transfer (EET) is the piscdy which cells donate/accept
electron to/from a solid located outside the cBlimarily regarded as a mechanism of
dissimilatory metal reduction by bacteria in natyt¢ernandez and Newman, 2001,
Reguera et al., 2005; Marsili et al., 2008), anckndly as part of the metabolism of marine
sediment dwelling bacteria (Nielsen et al., 201BET is exploited in technological
constructs such as bioelectrochemical systems. varview of the two most common
extracellular electron transfer mechanisms is plediin Figure 4: mediated electron
transfer (MET) and contact direct electron trangdeT).

2.2.1.Mediated Electron Transfer (MET)

MET is accomplished by cellular reduction/oxidatiof a soluble electron shuttle,
which will then diffuse away from the cell and redibxidize an available solid. The
shuttle may then diffuse back to the cell, spealfi; to the cytoplasmic membrane, where
it can be reused. Since the shuttle must diffusk laad forth, MET is only viable in low
mass transport environments with relatively longidence times — such as batch BESs —
otherwise mediator washout would occur. ContinuB&Ss based on MET are possible,
but this would imply addition of exogenous medidithe inflow, increasing operational
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costs and generating pollution since mediatorat@xidized to carbon dioxide. It may be
possible to operate endogenous MET based BESsnimaous, however retention times
would have to be long, which may conflict with theed for substrate feed. MET has been
known for some time, and was originally thoughtht® the only mechanism of EET
(Hernandez and Newman, 2001). Alternatively, medgatmay act as shuttles between
species, in so called interspecies electron traiisi@nisch and Rabaey, 2012).

Anodic MET Cathodic DET
Mox Sox Mox Sox
IVIRed SRed MRed SRed
Anodic Contact DET Cathodic Contact DET
XHn SOx XHn / SOx
X SRed X SRed

Figure 4 -Mediated electron transfer (MET) wsontactdirect electron transfer (DET), for
both anodic and cathodic processés. MET, a soluble mediator molecule M is
oxidizedreducedat the solid surface. This mediator will theridize/reducea biomass

redox intermediat&H./X: this intermediatecleaselsapturea protons together with the n
electrons transferred, to keep overall biomass raktyt Finally, the biomass redox
intermediateoxidizedreducesan external substrate B contact DET, the sequence of
events is similar, except the cellular redox intedmate directly interacts with the electrode.

MET may be further subdivided in two subtypes: agehous and exogenous.
Endogenous MET is observed in the model orgartidrawanella oneidensisapable of
secreting mediators of the flavin family (Marsilt @l., 2008). Specifically, flavin
mononucleotide seems to be a growth associatedugrodhilst riboflavin seems to be
secreted constitutively (Canstein et al., 2008)denous MET occurs when a mediator is
available in the environment or artificially supggi For instance, both methyl viologen
(Aulenta et al., 2007) and anthraquinone-2,6-diswdfe (Aulenta et al., 2010b) are redox
shuttles usable by cathode grown cultures capableeductive dechlorination. Most
mediators belong to the quinone family of orgarompounds, whose representatives are
also a part of biological electron transport chai&$C). It is thus not surprising that any
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combination of mediator-microorganism seems to pecedsome sort of electrochemically
active culture (Delaney et al., 1984), even if vengfficient: some components in
respiratory chains may interact with mediators manner similar to their interactions with
regular ETC quinones. Yet, from a technical perspeche use of exogenous mediators is
now generally abandoned (Schréder, 2007).

2.2.2.Direct Electron Transfer (DET)

DET differs from MET in the vehicle for electromahsport. Instead of soluble
electron shuttles penetrating the outer-membranesEm-negative bacteria, in DET
electrons are taken up via outer-membrane cytooespnvhich may then further transfer
those electrons to soluble intermediates locatedthe periplasmic space. These
intermediates may diffuse to the cytoplasmic meméyavhere they reduced an electron
transport chain component. Of course, dependingaomditions, electrons may also travel
from the ETC to an outer-membrane component. Ammgka is the MtrABC-OmcA
system inShewanella oneidens{€armona-Martinez et al., 2011; Richter et al1201In
this system, MtrA, a soluble periplasmic proteis, reduced at the terminus of the
cytoplasmic respiratory chain. It may then diffdsghe outer-membrane where it reduces
the transmembrane protein MtrB. MtrB transfers #ectron to MtrC, anchored just
outside the outer-membrane. Together with OmcA,Qviteduces iron(lll) oxides, the
terminal acceptor. Carmona-Martinez and co-workéss speculated about the role of pil-
type and msh-type pili, although they were unaldentechanistically distinguish this
pathway from the better established MtrABC-OmcAtseys (Carmona-Martinez et al.,
2011).

This type of DET, where outer-membrane cytochronse touching the
donor/acceptor solid surface is termed contact D, is biochemically possible so long
as those cytochromes are present in tandem wiiplagmic intermediates, regardless of
how inefficient the process may be. For instaneeluctive dechlorinating biocathodes,
both of the pure -Anaeromyxobacter dehalogenaf®&rycharz-Glaven et al., 2010) — and
mixed culture type (Aulenta et al., 2010a), areatdg of apparent contact DET. Results
should be interpreted carefully however, since sit possible those cultures secrete
previously unknown endogenous mediators (Aulentaalet 2009), or in some cases
cathodes themselves may produce mediators, eapiaic hydrogen evolution, which is
subsequently oxidize by bacteria (Lohner et all,J30Additionally, contact DET alone can
only sustain mono-layer biofilms, since cells mhbsttouching the substratum. Thus, the
ability of some species to perform contact DET withendogenous MET or other forms of
DET to support it should, in my opinion, be regasda biochemical coincidence, much like
exogenous MET is also a fairly ubiquitous laboratartefact: possible to some extent, but
likely not viable in nature, and thus merely a séfect of evolution.
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2.3Long-range DET

Some microorganisms are able to directly transfectrons to/from a solid at a
distance. Exactly how this long-range DET happenget unknown. Two main models
have been proposed: metal-like conduction and supkange (Figure 5).

2.3.1.Metal-like Conduction

Metal-like conduction was first proposed by Malkanand co-workers (Malvankar
et al., 2011), following previous measurements afductivity in pili-like structures —
dubbed nanowires — observed in electrochemicallyiveacbiofiims of Geobacter
sulfurreducengReguera et al., 2005). The hypothesis is bas@teproportionally inverse
relation between conductivity and temperature enlitologically relevant range of 275-300
K, similar to observations in metals. Outer-membBragtochromes are still required at the
cell/matrix and matrix/solid interfaces, with Omgapecifically concentrated at anodic
surfaces (Inoue et al., 2011).

Mechanistically, it has been proposed thadtacking of delocalized molecular
orbitals of aromatic aminoacid functionalities suah phenyl in tyrosine and benzyl in
phenylalanine provide proteinaceous nanowires withductive properties similar to the
ones observed for metallic bonding: a single shatedtronic cloud extending from solid
to cell is the channel for extracellular electreemsfer (Malvankar et al., 2011). So far, no
definitive evidence ofi-stacking of delocalized molecular orbitals in naires has been
reported (Malvankar and Lovley, 2012).

For metal-like conduction, Ohm’s law applies,

i=-00¢ (2.3.1.-1)

wherei is current density, e.g. Aie is conductivity, e.g. S.th andg is electrical
potential, e.g. V. As such, according to this modahowires may be thought of as
conductive extensions of the solid surface, orthreowords, the solid plus biofilm matrix
behave as a porous electrode.

2.3.2.Superexchange

Superexchange was first proposed by Strycharze®land co-workers (Strycharz-
Glaven et al., 2011), based on reports of alignneérthe outer-membrane cytochrome
OmcS alongGeobacter sulfurreducensanowires (Leang et al., 2010). The model is an
extension of the charge transport mechanism irtrelective polymers, where sequences of
redox moieties spaced less than 2nm act as a sérs¢spping stones for electron transfer,
so long as there is a potential gradient (Daltoalet1990). This in turn is an example of
electron hopping, a phenomenon first reported byfian and Engler, and later
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demonstrated to be formally equivalent to the memssfer of redox centres by diffusion
and migration (Kaufman and Engler, 1979; Andriead &avéant, 1980; Laviron, 1980).
This equivalence can be expressed using an elediffasion coefficient (Savéant, 1986),

D, Ok,,C..5° (2.3.2.-1)

whereDy is the electron diffusion coefficient, e.g%8T, kex is the bimolecular rate
constant for electron exchange betweegs@nd Gy e.g. m.mol'.s*, C; is the total
concentration of redox centres, e.g. mol,randé is the hopping distance, e.g. m. The
proportionality constant implicit is 1/6 for fixeédox centres (Blauch and Savéant, 1992).
Interestingly, in the original report of OmcS aligent along nanowires (Leang et al.,
2010), and based on analogy with electroactive melg, the authors concluded that
cytochrome spacing — 28.6£10.5 nm — was too lagg@llow electron hopping, since
Dalton and co-workers predicted a distance of c&ean as the tipping point above which
electron hopping between adjacent moieties is ngdpviable (Dalton et al., 1990). Thus
OmcS would serve as an exit/entry-point to the pimrélonor solid, much like OmcZ is
thought to behave in the metal-like conduction nholleshould be said however that the
distance measured is, technically, the distancevdet gold particles in gold-labelled
antibodies, and th&eobacter sulfurreducerencodes 111 putativetype cytochromes, as
deducted from genome sequencing (Methé et al.,)2003

A variation to the superexchange model was prapbyeOkamoto and co-workers
(Okamoto et al., 2012). Based on whole-cell voltatign measurements on multilayer
Shewanella oneidensisiofiims, not known to produce conductive biofilmatrices, the
authors propose a model of long-range DET in wimelirix embedded cells have limited
motility, and are thus able to adjust the relagpasitions of cytochromes located at the
outer-membrane, closing redox centre gaps as ndedetkctron hopping. Superexchange
would thus not only be a process of electron patmni through fixed redox sites, but also
a process of displacement of redox sites, as géneescribed by Blauch and Savéant
(Blauch and Savéant, 1992). Still, no definitivadewnce of the network of cytochromes
necessary for superexchange is available (Bond.eP@l12), although, in my opinion,
should the nuances proposed by Okamoto and co-weoop®ve correct, it is the more
likely candidate to explain long-range DET.

Although the proposed theories for long-range D& mechanistically different,
from a modelling perspective both are compatiblthvan equivalent conductivity, even
if this apparent parameter only matches physiadityen metal-like conduction.
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Figure 5 - Proposed mechanisms of long-range DETnetal-like conduction, cellular
extensions dubbed nanowires conduct electronsriaraner similar to metals (Malvankar et
al., 2011). The mechanism requires yet unproverivdtkar and Lovley, 2012y)-stacking

of delocalized molecular orbitals of aromatic anaicid side chains, thus creating a single
electronic cloud extending from the outer-membrémdhe solid surface, in a manner
analogous to the metallic bonding model (Atkinsaét 2009). Outer-membrane type
cytochromes are required at the cell/matrix andimiaolid interfacesin superexchange
electrons hop across nanowire-contained cytochrdmaes extending through the biofilm
matrix (Strycharz-Glaven et al., 2011). The meck@niequires yet unproven (Bond et al.,
2012) uniform cytochrome spacing of no more tham2ihus forming a series of
individual redox entities, with each cytochrome ws&gially oxidizing an upstream donor
and reducing a downstream acceptor, in a manndogmss to electron hopping along the
redox moieties of electroactive polymers (Daltoralet1990). As in metal-like conduction,
outer-membrane type cytochromes are required at c#matrix and matrix/solid
interfacesLegend: € - electron; Omc — outer-membrane cytochromgsSyx — redox pair
that either provides or donates electrons for nhiedocatabolism; XIHX — redox pair that
represents the redox state of biomass, Hhe reduced form and X is the oxidized form.
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3. State-of-the-Art: EAB Kinetics Models

This review will focus on kinetic models of elemthemically active biofilms, since,
to the best of my knowledge, no attempts at inc@tong microbial thermodynamics have
so far been made, apart simple net thermodynanicalations (Schréder, 2007; Harnisch
and Schréder, 2010). Also, all models discussectwleveloped with anodic biofilms in
mind, and thus none of them incorporates the cdnoéEAB catabolic reversibility,
experimentally demonstrated by Rozendal and co-&rsrk(Rozendal et al., 2008).
Historically, models are categorized as mediatedlicect electron transfer models, and
both transport and kinetics equations are required.

3.1 MET Models

The kinetics of anodic mediated electron transfenodelled by Picioreanu and co-
workers in a series of papers (Picioreanu et GD;/2Picioreanu et al., 2008; Picioreanu et
al., 2010a; Picioreanu et al., 2010b). These ssudielude: suspended and attached
microbial populations; two-dimensional and thremelnsional simulations; and the effects
of pH, electrode geometry and to some extent hydrachics on microbial fuel cell
performance. Multispecies populations and theirerettions are also simulated,
specifically the ones observed in wastewater treatrand anaerobic digestion, e.g. glucose
fermentation to organic acids — acidogenesis -e¥@d by oxidation to acetate, hydrogen
and bicarbonate — acetogenesis — and lastly meglearsis, either by hydrogen oxidation
and bicarbonate reduction, or by dismutation otateento bicarbonate and methane. Each
genesis process is performed by a different mialdaditity.

3.1.1.Transport in MET

The models themselves are implemented in a corigodh mesh and accompanied
by the necessary mass transport mathematical steudthus, and unlike other extracellular
electron transfer models, the work by Picioreand an-workers yields concentration
profiles for all relevant chemical species withindaaround biofilms. To illustrate the
general case for a charged spedessubjected to diffusion, (electro-) migration and
convection, the Nernst-Plank equation applies (Beud Faulkner, 2001),

J,=-D,0C,~ zA.% F.C.0¢+ uC, (3.1.1.-1)

Diffusion| mol.m” .§*]=-D,[ nf .s']0C,[ mol.nf]
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Migration| mol.ni* .s'|=~z,] ]—[ m .mol$ 3| F[ C.mol| G| mol.Og[ V.

Convetior{ mol. it .'31] :+u[ m.‘é] CA[ mol.hﬂ

Evidently, each of the transport components reguits own driving force: a
concentration gradient for diffusion, an electrigaitential gradient for migration and a
velocity field for convection. Usually, in electtoemical experiments, an electrolyte is
used, such that liquid phase electric potentiatligrats are negligible (Bard and Faulkner,
2001).

3.1.2.Kinetics in MET

With a realistic mass transfer environment in elaate equations for localized
substrate concentrations may be developed. In th& wf Picioreanu and co-workers, a
division is made between electrode kinetics andabial kinetics. Mediator cycling at the
electrode surface is implemented using the Butl@imér equation (Bard and Faulkner,
2001),

MRed gl@h‘ M Ox+n'e_

j =N.F.(K,Mgeg— kM) (3.1.2.-1)

k = k GX{‘FO’ {[¢electrode solutiol_ EOMQ%A }] (312_2)

kc k GX% {[¢electrode solutio;l - Eo Meg }] (3 12_3)

It has to be noted this reaction is heterogenauaaning the apparently imbalanced
electrons are donated/accepted by the electrodthefmore, it is also worth mentioning
the two distinct driving forces for this reactiacthemical potential — the difference in the
near-surface concentrations ofgd and Moy, and electrical potential — the difference

between the potential provided by the electrdag, e~ souio] - OF iN Other words, the
change in electron potential when traversing thasphboundary, and the electrical
potential required for mediator reduction when¢hemical potential is null, also known as

standard reduction potential. As such, equilibrioivelectrode processes is only observed
when both driving forces are null or cancel eadmeptout, i.e. the net electrochemical
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potential is null. Conversion of the heterogeneowsent density into homogeneous rates
of consumption/production is straightforward if th&face area of the electrode is known.

Hyperbolic kinetics can be used to express mictobr@wth, specifically an
extension of the single-limiting substrate Monodd®lo(Monod, 1949) to two substrates:
for anode, oxidized mediator as electron acceptm @ simultaneous organic electron
donor and carbon source,

S Mg,
Ks+S Ky + M,

U= (3.1.2.-4)

The conversion of growth rate into consumption/picichn of chemical species
requires knowledge of the respective biomass yiel@ikis is achieved using a
thermodynamics-based method introduced by Heijneth @o-workers (Heijnen et al.,
1992). Let us take methyl viologen as mediator acetate as carbon source and electron
donor. First, the net catabolic reaction is writterfollows,

Half- oxidation : CH,COQO (aq)+4H O(l)
00 2HCG, (aq) +9H (aq) +8¢

Half-reduction: MV~ (ag)+e0 3 MV (ag

Net- catabolisn: CH,COO (aq)+4H O(l)+8MV (aq)
0 0. 2HCQ; (ag) +9H (ag)+8MY (ac

From this chemical equation, the Gibbs energyattionA G_, is calculated. For

r —cat
anabolism, assuming ammonium is the nitrogen sotnmw® elemental balances to carbon,
hydrogen, oxygen and nitrogen, and a charge bal@ese7.1.Stoichiometry for a detailed
procedure),

Anabolism:0.525CK COO (aq)+0.2NH (aq) +0.295aq)
0 s CH, ;045N ,(s)+0.05HCQ, (aq)+0.4H QO

This result shows how the oxidation of acetatebiwarbonate is the source of
electrons for acetate reduction to biomass. Framattabolic chemical equation, the Gibbs

energy of reactiomd G, is calculated, using reported values/ofG, (Heijnen et al.,

1992). Furthermore, a third component is necessargflect the losses in the coupling of
catabolism and anabolism, designated dissipatioarggn For heterotrophic growth

(Heijnen et al., 1992),
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1.8

AG,, = -| 200+ 18( 6~ )

+exp{((3.8— yc)z)o'16 (3.6 0.4@)”

(3.1.2.-5)

where AG

carbon source ang is the average degree of reduction of those atd@g,, is always

negative since it represents energy dissipatectats ihe metabolic factdg,: can then be
calculated,

is in e.g. kJ.c-mdl, and#C is the number of carbon atoms in the

diss

foad Gen == (A,Gyy = AGyid) (3.1.2.-6)

This parameter represents the number of timeghidtasic catabolic reaction must
be repeated to sustain the biosynthesis of 1 Cahblomass. Once this factor is known,
calculation of all biomass vyields and thus conwersiof growth rate into
consumption/production of chemical species is gitrifdrward.

3.2DET Models

In MET, electrons are transported from electrazledll by soluble redox shuttles,
for which standard mass transfer equations applyDET however, since there is no
agreement on the mechanism of long-range trartsiemproblem of electron transport may
be formulated in different ways. In 2.3.Long-rariggT, two different formulations were
presented: first, Ohm’s law, thought to be the gowey equation for electron transport in
metal-like conduction; second, the equivalent etectdiffusion coefficient proposed for
superexchange, derived via the Laviron approactsp@ace distributed redox modified
electrodes, i.e. electrodes coated by a redox plyon several layers of an adsorbed
electroactive substance (Laviron, 1980; Laviromlet1980), or in this case, an EAB. The
more superexchange oriented formulation of trandpaompatible with the rate equations
used in MET, while conduction-based electron transilong the biofilm requires a
different type of rate law.

3.2.1.DET according to Superexchange

When applied to biofilms, the Laviron method fozgme electrochemistry may be
re-formulated as follows: consider a biofilm onuaface at position x=0, growing along the
x axis. In each infinitesimal layer there are oxédizand reduced redox moieties — e.g.
cytochromes — at concentratioi®, and C,.,, expressed in e.g. molinThe flux of

electrons at height x along theaxis may be expressed as,
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Jel, =Ko Cred - Cobt Ke C, 4o Crley (3.2.1.-1)

9|x
where ke is the heterogeneous bimolecular rate constaneledtron exchange
between C,, and C.., in adjacent layers, in e.g.*mol*.s’. This rate constant is
heterogeneous since, in pure electron hoppingtreteexchange reactions occur between
unmixable layers of redox moieties. Given this falanrefers to flux along, a negative

sign is assigned to the transfer of electrons tdwvdhe surface. If the concentration of
redox moieties is constant throughout the film,

CT x+dx = CR9d|>&dx+ CO)l % dx: CTI x: CReL ><+ C(JX x: C. (321—2)
= ‘]e|x = _ke'CT'( CReJx+dx_ CReLX) (321—3)

== ICreq 2.1.-4
= J,| =—k.C.dx o (3.2.1.-4)

This result is analogous to Fick’s first law offdsion, with diffusion coefficient
D, =k.C;.dx. The derivation procedure here presented is eiffefrom the one used by

Savéant (Savéant, 1986) as discusse?i3riong-range DET, but the result is the same:

electron transport by hopping is mathematicallyiesjent to diffusion. Equations such as
Butler-Volmer for electrode kinetics and Monod foicrobial kinetics can be used together
with this transport formalism: once electron tram$ps shown to be equivalent to redox
moiety diffusion, DET can be modelled in much tlzens way as MET (Richter et al.,

2009; Strycharz et al., 2011; Strycharz-Glaven.e2812). However, this approach fails to
produce insights into the mechanics of direct ebectransfer.

3.2.2.DET according to Metal-like Conduction

Two main approaches have been proposed so faNehest-Monod model and the
Butler-Volmer-Monod model. The equations presentethe following two chapters are
faithful reproductions of cited publications, indlng possible errors and inconsistencies.

3.2.2.1 Nernst-Monod Model

Should electron transport be modelled accordingh® metal-like conduction
hypothesis, that is using Ohm’s law, electrons i#aave the cell at a certain electrical
potential, which is thele factosubstrate for catabolism. Marcus and co-workeesdlily
implemented this concept in the development of Nleenst-Monod model for bioanodes
(Marcus et al., 2007; Torres et al., 2008; Led.e2809).
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The crux of the Nernst-Monod model is the relatimtween concentrations of a
redox pair and its reduction potential, expressethb Nernst equation,

. RT C
E =E ———.In| =R 3.2.2.1.-1
Re%x R%x n.F ( COX ] ( )

Let us consider an electron acceptorand define the respective microbial half-
saturation constant for the oxidized fork, . Further, let's define a half-saturation

reduction potentialE, . Marcus and co-workers write the Nernst equatising a

reference concentration instead of reduced acceptor

© o Abx
“r = Br, ThF '”(A)J

E. =E x
“oc — Rl MF ( Ky,

F
wener{ R e

n.F
~ o '{ RT [E - E%D

Now let’'s consider a Monod law for growth limitdy a reduced donor and an
oxidized acceptor,

(3.2.2.1.-2)

U=l Daes Ao (3.2.2.1.-3)
KDRed + DRed K Aoy + AOx

and define relations between the derived reducpiotentials and the respective
biofilm conductive matrix potentials — the authggecifically assume the half-saturation
potential is null,

Prnaix = Enn, (3.2.2.1.-4)

X

4 =E._ =0 (3.2.2.1.-5)

matrix on
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Substituting and rearranging yields the Nernst-Mbaquation,

DRed ] 1
Drea ¥ DRed 1+ eX%_n.F ¢matrixj
RT

Essentially, conversion of substrate concentratimo reduction potentials using
the Nernst equation is equivalent to convertingdngplic into sigmoid kinetics (Figure 6).
Using the derived microbial kinetics and furthernsidering electrons produced by
endogenous respiration, the rate at which electaoadransferred to the conductive matrix
may be expressed as follows,

U= " (3.2.2.1.-6)

—ii _ oxidized_ donor M. X
“total_ consumed donor,

matrix n Donor*
dx

Donor (3.2.2.1.-7)
Ny F.Opeay-X

where n is the number of electrons transferred per orulidonor molecule,

Donor

and n, is the number of electrons transferred per urotraiss oxidized in endogenous

respiration, e.g. mol of ¢ C-mol. The electron donor is assumed to be ocgamd since
some of it will be reduced for biosynthesis, orilg fraction of oxidized donor is accounted
for in electrons transferred to matrix — that mylombic efficiency must be accounted for.

This result may be further combined with Ohm’s |ayelding a differential
equation for simultaneous conduction and heteramyenht&ransfer of electrons,

o d? 6 =n oxidized_ donor U. X
matm gy T e boner “total  consumed  donor,

Donor (3.2.2.1.-8)

+n, .F .qdecay.x

a Poisson’s equation whose solution yields thetedal potential profile in the
biofilm matrix, and through Ohm'’s law the currerindity profile.
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Figure 6 - Standard Monod kinetics (top). its Nernst-Monod counterpart (bottom) for a
single substrate scenario. Conversion of substateentrations into reduction potentials
as performed by Marcus and co-workers effectivelgans converting hyperbolic into
sigmoid kinetics (Marcus et al., 2007).

3.2.2.2 Butler-Volmer-Monod Model

Although the Butler-Volmer-Monod model developegdHamelers and co-workers
(Hamelers et al., 2011; Stein et al., 2011) isexqgdlicitly a conduction-based model, it is
formulated for cells touching an electrode ¢}, ... Whereas in conduction based DET

cells are in contact with a matrix &, The same kinetics formalism applies to both

atrix *

cases. Additionally, at the electrode surfaa;ig,at,ix| = Poearoge Meaning the Butler-

x=0
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Volmer-Monod model can be applied to any point e tiofilm, since the electrode
surface is a specific location in that matrix.

The Butler-Volmer-Monod model exploits the conceyt biomass redox state
applied to anodic processes: upon contact with aade an unspecified biomass
component, previously reduced by a chemical eladdanor, transfers its valence electrons
to the anode, becoming oxidized in the process @fers et al., 2011). The oxidized
component is then free to interact with anotheradanolecule, resetting the cycle (Figure
7).

Anode

Figure 7 - Conceptual basis for the Butler-Volmeorddd model. A reduced electron donor
Sinteracts with an oxidized biomass redox interratX o4, becoming oxidized to product
P. The now reduced biomass intermedi¥tgq will then transfer the electrons it received
onto the anode.

The following chemical equations apply,
S+ XOx ggh‘ XC ggh‘ P+ XRed

X Red «D—Eh’x ot €

where the heterogeneous rate coefficientsakd k bare their usual meanings,
according to the Butler-Volmer equation. As forntathby the authors,

j =NF (K- Xgea = k- X o) (3.2.2.2.-1)
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ks = ke.eX{‘FO’a% '{¢electrode_ Ee&%( }j (3222_2)

. F .
kc =k 'ex%_acm {¢electrode_ E)&% }j (3222_3)

Hamelers and co-workers also assumed quasi-stath- meaning the
concentrations of intermediate biocatalyst formsndd change over time. The following
differential balances for g and >Xgeq are written, alongside a mass balance to the

biocatalyst

%XOX:O:—kl.S Xoxt B X%+ ( K X K %) (3.2.2.2.-4)
%xm 10= 4k X = Ky P Xpoq (K- Xpeq K- Xo) (3.2.2.2.-5)
X7 = Xoo+ Xpeat X (3.2.2.2.-6)

The method used by the authors requires substitati Xox and Xzeqin the Butler-
Volmer formula, and if possible elimination of thate constants;kthrough k. Using a
definition of half-saturation constant analogous that of Michaelis-Menten enzyme
kinetics (Johnson and Goody, 2011), substrateiffamd product inhibition are defined,

Kk =Ktk (3.2.2.2.-7)
k,

K, = kz: ks (3.2.2.2.-8)
4

Furthermore, by assuming microbial kinetics isitiing in the overall anode
performance, Hamelers and co-workers define a maxincurrent density when all

biomass is about to generate reduced intermediate,

=nF kX, (3.2.2.2.-9)

Jmax
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which in turn will transfer electrons to the anptleus producing maximal anodic
current. Also, the exchange current density is disiined, assuming the system will be at
equilibrium when the electrode potential equals teduction potential of the electron

donor pair,

at equilibrium: @00 = E/g (3.2.2.2.-10)
P

. n.F
=nFk’.X. . +a. —— ¢ -E 3.2.2.2-11
= j,=n . exp{ a, o T {E% gl }] ( )

Lastly, overpotential is defined as deviation frtma equilibrium condition,

n= ¢electrode_ E/E{) (3222—12)

Combining all definitions with the differential la&ces to biomass redox
intermediates yields the Butler-Volmer-Monod eqoafi

F
1_ eX%_RT [7)
' (3.2.2.2.-13)

j:jmax'
F = K
K.. —-a, —n|+K,.exp——n |+ —=+
lexp( “a RT”j 2 EX‘E RT") ( s }

with parameters Kand K defined as,

— jmax k3 F ©
K==/ |1+P—=+exp +—— -E 3.2.2.2-14
27, [ K, x{ RT {E% XR/x}B ( )
K, :ﬁ.(hﬁj (3.2.2.2.-15)
K, P

Figure 8 provides a kinetic outlook on the proigsrtof this result. Unlike the
Nernst-Monod model, where substrate dependencgpriolic and potential dependence
is sigmoidal, in the Butler-Volmer Monod model, tbpposite is observed. For electrical
potential, this could be because the model onlyliepgo overpotentials above zero:
extension into the negative range would reveal aemoyperbolic curvature. As for
substrate, this can assigned to the fact that patear includes the reduction potential of
the substrate/product pair, and thus substrateeotrations indirectly change one of the
parameters even if product concentrations are ¢@mtant.
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Figure 8 - Butler-Volmer-Monod model for¥K,=1 anda,=0.5. The model is sigmoidal
in substrate concentration and hyperbolic in ovespital, contrary to the Nernst-Monod
model (see Figure 6).

The Butler-Volmer-Monod model is exclusively catib and the authors do not
speculate about ways to incorporate growth intdrtheodel (Hamelers et al., 2011),
although they have attempted to extend the modehhdoition scenarios (Stein et al.,
2011).

3.3.Shortcomings of Existing Models

At the start of this state-of-the-art review, ttaek of thermodynamics based
approaches and reversible rate equations was medti@nd later verified in the review
itself. On the subject, it should be said the Butlelmer model of electrode kinetics is
both reversible and thermodynamics based, at liea#s basic one-step, one-electron
derivation (Bard and Faulkner, 2001). However, Maenod based approaches to microbial
kinetics, both in the work of Picioreanu and co-keys and the Nernst-Monod model are
intrinsically incompatible with reversible microbmaetabolic pathways and thus rates. One
could in fact say that thermodynamics and revdisildre complementary in the sense that
the concept of equilibrium is central to both.

But why are reversible microbial rates necessarthdy are only relevant in near
equilibrium conditionsertainly in nature life attempts to evolve towsathe exploitation
of far-from-equilibrium reactions, so that energyusces will last longer at high yields.
Also, in the fermentation industry, where the dssiproduct is often biomass or another
growth associated product, conditions are strorgilited away from equilibrium to
increase productivity. However, in bioelectrochemhisystems, it is advantageous to
operate close to equilibrium. In microbial fuellseif the anodic and cathodic biofilms are

F. Cruz State-of-the-Art: EAB Kinetic Models 24



at near equilibrium conditions, then the fractiohemergy they retain is minimal, thus
maximizing the energy available at the externaiwir Also, in microbial electrosynthesis
cells, if the biofilms are near equilibrium, thdretenergy retained by bacteria is minimal,
meaning the power supplied by the external souscalinost fully committed to the
synthesis itself. In BESs it is thus advantageauspend as little energy as possible on
bioelectrocatalyst sustenance.

Of course the same could be said of non-growtbcsted fermentation products.
However, such products are often highly valuablg, pharmaceuticals, meaning a tight
management of substrate allocation is not imporemd not necessary for industrial
applications. Also, considering the disproportibndligh costs of purification for such
products, substrate management becomes almost e@iyplrelevant from an economics
perspectiveWhat about BESsBioelectrochemical systems are often envisiondti wne
of two purposes in mind: 1. Microbial fuel cellspooduce electricity from wastewater; 2.
Microbial electrosynthesis cells to produce valdded compounds such as hydrogen from
e.g. renewable electricity. Unlike fine chemicatbese are the sort of mass energy
production applications that must operate with higifficiency, therefore the
thermodynamics of bioelectrocatalytic biofilms shibibe kept close to equilibrium.
Furthermore, this isn’'t the type of equilibrium wlegrowth is arrest due to lack of
substrate, but rather due to the low energy yi¢ldroabundant substrate, such that high
catabolic turnovers and near zero growth coexist.

Bioelectrochemical systems are not only uniquéhé+ dare | say — need to operate
the biological component at near equilibrium coiodis, but also on the ease with which
this might be achieved: simply poise electrode midés as needed. Tight control of
residence times, substrate or product concentsatravuld not be necessary, although of
course, backup control loops for those variablesikhbe in place.

The chemical equations proposed in the Butler-\éoliionod model are a good
way to approach the problem of reversibility in DENonetheless, when defining maximal
and exchange current densities, Hamelers and ckenso(Hamelers et al., 2011) opted for
an anodic viewpoint that compromises the reveigtbdf the final result, i.e. a minimal
(negative) cathodic current density might have aksen defined,

{anodic: = NF K. X (3.3.-1)

cathodic: j,,=—-nFk. X

and the exchange current density, according to thefinition (Hamelers et al.,
2011), could have also been written from a cathpdispective,
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n.F

dicc j=nFEK.X. — -
ot b= o exr{+aa RT { % Eaedxoxﬂ
cathodic. j = nFEK. X.ex —aE _%

b K. X =715 .

Thus, concerning direct electron transfer, theselitation will build on the approach
brought forth by Hamelers and co-workers, and gitetn, in the most rigorous way
possible, establish a truly reversible system ¢ eqguations. As for mediated electron
transfer, a completely new approach to the probiespired by Ping-Pong enzyme kinetics
for two substrates and two products (Cleland, 1968) be formulated.

(3.3.-2)

F. Cruz State-of-the-Art: EAB Kinetic Models 26



4. Conceptualization of Respiratory Reversibility

The problem of EAB reversibility is essentiallyreatter of respiratory reversibility,
since the cellular entry/exit points for electroms cathodic/anodic EET are outer-
membrane cytochromes, which communicate with cg@®pic membrane electron
transport chains (ETCs) via periplasmic intermexfige.g. the MtrABC-OmcA system in
Shewanella oneidensi&armona-Martinez et al., 2011; Richter et al.120 Thus, to
understand EET reversibility, there is a need twiston how ETCs behave near
equilibrium conditions.

4.1.The Meaning of Donor and Acceptor

Take for instance the omnipresent respiratorytedacacceptor oxygen. In today’s
atmosphere, oxygen partial pressures are suchirthaearly all redox reactions that it
participates, oxygen is the oxidant, or as a miciohist would put it, the terminal electron
acceptor. If we write its half-reduction reaction,

0,(g) +4.H (aq)+4.ég[§i?ﬁzﬁ> 2.H O(

And calculate its reduction potential in the cdimis most often found in nature,

pH=7

T=298.15K

pO, =0.21bar (atmospheric)

B0, =*+1.23V (Rabaey et al., 2010)
. R.T 1

H,0/0, = H0/0, 4.F n po [H+]4 =+0.81V
).

=E

The resulting reduction potential is high enougloxidize most organic compounds
used by microorganisms in nature, in all the usablecentration ranges. This is perhaps
why designations such @enorandacceptorare strongly associated with certain chemical
species in microbiology. However, thermodynamidts tes that reduction potentials are
relative measures of the tendency to undergo rexducive need only look at the Nernst
eqguation to conclude that,

poz -0

: EHZO/OZ -T®

F. Cruz Conceptualization of Respiratory Reversibility 27



meaning that, from a thermodynamics perspectivifieire is no oxygen available,
in theory water could be a perfectly viable electdonor. Even if there is oxygen at
atmospheric pressures, it is possible to use arredtenergy source to drive the otherwise
unspontaneous water oxidation, such as sunlighbh@tosynthesis (Nelson and Cox, 2009).

Biological systems can thus perform the exact shaftiereaction, in the exact same
environmental conditions, in both forward and reeedirections, with one of the redox
pairs that is normally farther away from equilibriuTherefore, the designatiodenorand
acceptor should perhaps be interpreted as relative to #&ioeacceptor and donor,
respectively. However, since sunlight is requiredohotosynthesis, one could argue that
unless there is a redox pair that can spontanetesipnor or acceptor then this is merely
a chemical concept with no biological relevancet lus consider the redox pair
succinate/fumarate,

Fumarat®& (aq)+2.H (aq)+2.@@?ﬁ?&» Succirfate

whose standard biochemical reduction potentiakis= +0.03V (Madigan et al.,
1999). For the model organisischerichia coli if oxygen is available, succinate is a
potential donor (Condon et al., 1985), as expetbednost organic compoundss. O,.
However, if favourable acceptors such as oxygemitate are absent, fumarate is a
potential acceptor (lverson et al., 1999). In fihet respiratory entry-point from succinate,
succinate dehydrogenase, and the respiratory ekit-jito fumarate, fumarate reductase,
are not only functionally but also structurally yesimilar (Cecchini et al., 2002). Of
course, succinate dehydrogenase has better affoitthe reduced species of the pair and
fumarate reductase for the oxidized chemical, Lt snacroscopically, affinities are
kinetic properties, and thus not relevant from therspective of thermodynamical
reversibility: whether inversion of catabolism &sf or slow is of no concern to the present
argument.

4.2 Respiratory Reversibility

Generalization of the succinate/fumarate case ymesl the conceptual model
depicted in Figure 9. Thermodynamically, which regir is the donor and which is the
acceptor will depend on their relative reductiontgmtials. Kinetically, the affinity of the
first ETC transporter — entry-point — for the reddcspecies of each pair and the affinity of
the last ETC transporter — exit-point — for thepextive oxidized species determines how
fast the forward and reverse reactions proceedurblft, combinations of affinity values
that would violate thermodynamic spontaneity arpassible, which immediately hints at a
relation between kinetics and thermodynamics: marinates must be thermodynamically
definable.
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Figure 9 - Conceptualization of respiratory revaisy. In Forward Respiration, a
reduced compound d2y acts as donor and an oxidized compoungl &cts as acceptor.
However, if the reduction potentials of the D anaeflox pairs change in such a way that
Ared In NOW able to donate electrons andyOs able to accept electronReverse
Respiration occurs. Thus, the designatiom®nor and acceptor are an indicator of
thermodynamic spontaneity and are not an intripgdperty of chemical species. Instead of
donor one could useeductantand instead ohcceptorone could usexidant Therefore,
given two redox pairs, which is the donor and whishthe acceptor depends on their
reduction potentials only. How fast electron trasrsghains can execute either forward or
reverse respiration depends on:ehtry-point affinities for the reduced species in each
redox pair; Z.exit-pointaffinities for the oxidized species in each regax; 3. how far is
the reaction from equilibrium.

Although thermodynamic reversibility is always ohetically possible, there are
instances where the gap in reduction potential @éetwdonor and acceptor is so large that,
in practice, catabolic inversion will never occilihis is the case for aerobic oxidation of
organics. However, in energy poor catabolic systesmsh as many instances of anaerobic
respiration, the gap in reduction potential is Isggificant. Bioelectrochemical systems,
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which energy-wise are similar to anaerobic envirenta — and being operated

anaerobically themselves, expect for ORR bioeleatalysis — are the sort of medium

where the difference in reduction potential betweenor/acceptor and anode/cathode is
manipulated to be as small as possible, therefarating the ideal context for practical

catabolic reversibility.

4.3 A Generalized Notation

Development of applicable general rate equati@rs e quite troublesome — and
potentially not useful for practical applicationswithout a method to quickly convert
abstract representations such agq@or reduced donor or & for oxidized acceptor, into
concentrations or partial pressures of real chdmsjpecies in real reactions. Let us consider
a general substragand its half-reduction reaction,

Soctne Bl S,

which would read as “idealized compou8&gk is reduced by a certain number of
electronn into its reduced counterpaBkeq’. Using the homogeneous rate constantsnk
k;, the rate equation reads as,

r= kf 'SOx - K %ed (43_1)
The chemical equilibrium for this (half-)reacti@an also be written in a similar
way,
Kk
Keg=—-= Sked (4.3.-2)
kr %X

To avoid clutter, when working with idealized sps¢ the concentration brackets
[A] are not utilized. Since the example is a redbalf-)reaction, we may also write the
respective Nernst equation,

E,_, =E; —ﬂ.ln(hJ (4.3-3)
eSO)( e//SDx n'F S)X

We could continue with other thermodynamic or kiméormula. This notation is
very powerful since it greatly simplifies a largember of procedures common in Physical
Chemistry. As for conversion of idealized into repécies, &q4should be the multiplicand
of concentrations or partial pressures of thosepaetively, solutes and gases that appear
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on the right-hand side of the half-reduction reactielevated to their stoichiometric
coefficients. x has equivalent meaning for the left-hand sidehefsame reaction, while
liquids and solids of constant activity are repréed byl in the multiplicands.

Furthermore, redox pairs may be designatedSkgr (external) substratéd for
acceptorD for donor oM for mediator, depending on the intended usage.

4.3.1.Example 1: Oxygen Reduction Reaction

For instance, consider the microbially catalys&ROJeaction,
0,(g)+4.H (ag) + 4.2 2.5 O

and write down the conversion rules for an idealiacceptoA, the usual role of
oxygen in biological systems,

A:(ed :1
s (4.3.1.-1)
{A)x =pQ,| H'|

Verifying the rate equation, equilibrium constantl Nernst equation,

r =KAoy =K A = 1=k pQ[ H] -k (4.3.1.-2)
Kp=tet o =1 (4.3.1-3)
Aoy pO,.[ H" |

E., =E _ -1 (_A%dJ
e e A)X

Aox Aox n. F

(4.3.1.-4)
RT 1

=B, ——.
% % 4F po,[H T

- E,

4.3.2.Example 2: The Succinate/Fumarate Pair

Another example would be the fumarate/succinate pa

Fumaraté (aq)+2.H (aq)+2.@f§h‘ Succirfate |
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which may either be a donor or an acceptdt.icoli (Condon et al., 1985; Iverson
et al., 1999), and is thus labelled as an ideakzdxbtrates,

Shes =| Succinate |

, (4.3.2.-1)
S =[ Fumaraté‘].[ H]

Again, verification of the rate equation, equiiibn constant and Nernst equation
yields,

r:kf-S)x_K.%ed (432 2)
= r =k [ Fumaraté™ ][ H*]Z_ k[ Succinate] 32—
Ke, :% K= [ Succinaté | ans

[Fumaraté‘].[ H*]2

. RT (s
E.  =E. , -~ |n| ke
S?eﬁéox Sre Sox nF ( %X ]
4.3.2-4
RT [ Succinaté | ( )
ESUy = EOSU}/ - .In >
Fum Fm 2F | [Fumaraté ][ H |

=3

4.3.3.Example 3: Flavin Mediators

A third example is the flavin-family compound rftavin,
RF(ag) +2.H (aq)+2.‘e§“[§ﬂj» RFH (a

which is an endogenous mediator producedShgwanella oneidens{®larsili et
al., 2008), and can thus be labelled as an idehlzediatoM,

M s =[ RFH,]

433-1
MOXZ[RF].[W]Z ( )

Writing down the rate equation, equilibrium cométand Nernst equation,
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F. Cruz

r =K Mo =K, Mpeg = 1=k JRF][ H'] = k[ RFH]

_Maey _ - [RFH]
" Moo T [RFL[HT

RT M
E,.,6 =E, , ———.In| "
MR%OX ENIR%OX n'F n( MOXJ

_ _.  _RT [RFH,]
ERFH%F ERF%F Z-F.In[[RF].[HﬂZ}

Conceptualization of Respiratory Reversibility

(4.3.3.-2)

(4.3.3.-3)

(4.3.3.-4)
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5. Catabolic Rate of Mediated Electron Transfer

Kinetically, and from a catabolic perspective, MHEST divided in two discrete
operations: electrode kinetics and microbial kicgeti The two components are
interconnected by an electron shuttle, termed radesliator or just mediator. Thus, and
taking the forward direction as cathodic, the segeeof events in MET may be
summarized as follows,

I\/IOx-i-n'e_ D—EE‘ MRed

Diffusion of Mgreqtowards cells.
M ot X+ 1. H* EL@@ X BET Mot XH

S, +XH, @g» X @g» Spugt X+ 1. H

The specificities of each chemical equation waldiscussed in subsequent sections.
Of course, the mediator may also diffuse back ®dlectrode once it has been oxidized,
and the external substrate also needs to reachkellse This derivation won't take into
account transport phenomena: all concentrationimemmplied are localized. For
information on how to deal with the mass transtdy-problem, refer t8.1.1.Transport in
MET, or directly to the papers by Picioreanu and cokers (Picioreanu et al., 2007,
Picioreanu et al., 2008; Picioreanu et al., 20Bdipreanu et al., 2010b).

5.1 Electrode Kinetics in MET
Following the approach of Picioreanu and co-waskiEr mediator regeneration
(Picioreanu et al., 2007; Picioreanu et al., 20®8joreanu et al., 2010a; Picioreanu et al.,

2010b), the heterogeneous reaction at the electsodiace is modelled using Butler-
Volmer kinetics,

j =NF.(K,Mgeg— kM) (5.1.-1)

wherej is heterogeneous current density, e.g. A.amdk, andk. are, respectively,
the anodic and cathodic heterogeneous rate caeftsi which according to the Butler-
Volmer model (Bard and Faulkner, 2001) are a fumctf electrode potential, such that,

k =K ex{*_a {[¢e|ectrode solutio;l - EUMedM }j (51_2)
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-__K —a MF _ _E° _
kc _W'ex% a. RT '{[¢e|ectrode ¢ solutiol E M%Ox }j (51 3)

wherem is the stoichiometry coefficient for protons iretlactual half-reduction
reaction — which is zero should there be no protomslved — and[H*]0 is a reference

hydronium concentration.
5.1.1.Reference Hydronium Concentration

Understanding the purpose of a reference hydrom@antentration in the formula
for the cathodic heterogeneous rate coefficientireg knowledge of the typical mediator
half-reduction reaction. Mediators are compoundst, thupon reduction/oxidation, only
accept/donate electrons and protons — most exoganediators are in fact members of the
quinone family of organic compounds (McNaught antkison, 1997). A few examples
of mediators include methyl viologen,

MV ?*(aq) + € D_Et—r MV (aq)
anthraquinone-2,6-disulfonate,

AQDS (aq) + 2.H (aq)+2.‘e§@j AQDSH (a
the endogenous mediator riboflavin,

RF(aq) +2.H (aq)+2.‘eD_@3» RFH (a

or even, should an hydrogenotrophic culture cdewish a cathode capable of
abiotic HER, hydrogen,

2.H" (aq) +2.e Q@j H (g

Despite the fact that protons are often involveguch reactions — methyl-viologen
Is a good exception — studies of electrode kinetresoften performed at constant pH, and
thus hydronium concentrations are ignored whemgtthe Butler-Volmer (BV) model to
results — here the HER is a good exception, sigeering the only substrate wouldn’t be
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logical. Let us focus on riboflavin for a momentdanrite the BV equation specifically for
this mediator,

j :n.F.(ka.[RFHZ]— k[RA[ H*]Z) (5.1.1-1)

We see that, for variable hydronium concentratidaswould be a third order
heterogeneous rate coefficient, with units e.gsfifm®mol*]?. Furthermore, since we
can expect literature values of the standard hgésreous rate constakft to be reported at
a certain reference pH, we must correct it whercutation k; in order to maintain
dimensional consistency. For clarity, let us substithe rate coefficient formulas into the
main BV equation, still with the example of ribofia,

_ o F
j=nFk {+[ RFH, | .exr{+aa .;7 {[¢e|em ~Poa]- EOW%OX}J

~[RF]. % Z.ex;{—ac .:;'—-I_:I_-{[%m _¢sol]_E")V|r<%ox}

Thus, sincek® is measured at a reference pH, we normalize hyamon
concentrations. Of coursk, is not affected, since protons are not a reagetttis anodic
process.

(5.1.1.-2)

5.1.2.Multi-proton | Multi-electron Mediators

On the topic of riboflavin as mediator, the fulbxidized RF and fully reduced
RFH, forms are not the only mediator states. Considetwe-proton, two-electron
mediator, e.g. riboflavin or AQDS. The net halfwetion reaction may be represented as
follows,

M(aq) +2.H (aq) +2.eD > My (ac

Theoretically (Jacq, 1971; Bard and Faulkner, 2001s net reaction is a sequence
of discrete one-proton and one-electron transfegpsstFurthermore, and due peorbital
delocalization, quinone radicals may be stable @Mat985). It is thus necessary to know
if the existence of stable reaction intermediateslidates the BV equations, originally
derived for one-electron, one-step reactions (Bard Faulkner, 2001). Specifically, it is
important to know if the electrochemical drivingde,
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{[ ¢electrode_ ¢ solutior] - EgmedM } (512—1)

is affected. Furthermore, since electrode potknage not a function of mediator
states, knowing if the electrochemical driving fois affected is a matter of understanding
how the standard reduction potential of the nettrea relates to the standard reduction
potentials and acid-base equilibrium constantshefihdividual one-proton, one-electron
transfer steps.

The properties of two-proton, two-electron redgstems have been previously
summarized as depicted in Figure 10 (Jacq, 197ichBlr-McAuley et al., 2010).
Consider for instance pathwayand write down the acid-base and redox equilibria

K H+l ([MHjJ (5.1.2.-2)
p a =p Oglo “Taal A.Z.—

1 [M]

K,, = pH+I [MH; 5.1.2.-3
p a, p oglo |:MH+:| ( L.Z2.— )
C_RT 1 [ MH;" ]

._RT 1 [MH,] B

E; = = WEQQGQJOQN{[MFB+]J (5.1.2.-5)

Summing and rearranging,

RT 1o, [LM]
2F'bQA®ng£[M]J1 (5.1.2.-6)

_E+E RT 1 [P *PK,
2 F "log,(e) 2
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M <L> M A M2~
pKa, pKa, pKas
MH™ ? MH’ L MH™
3
pKa, pKas pKag
MH3* <——> MH; <——> MH,
5 Eg
M M i M
| @ | ?) | ®
MH* MHY «—» MH MHY «——» MH <«—s MH~
M£§+ «—> MH;} «—> MH, MH;* «——> MH, MH,
M «——bs M~ M «——bs M~ M «—s M~ «—s M?%*
MIH' MH «— MH~ MH™
@ | ® | ®
MH;* «—> MH, MH, MH,

Figure 10 - Scheme of squares for two-proton, tlecteon mediatoM. Vertical steps
represent acid-base equilibria while horizontalpsteepresent redox equilibria. The
complete scheme is assumed to be in equilibriuncesits purpose is derivation of the net
standard reduction potential. Top: Complete mappifigthe redox system. Bottom:
Possible pathways connecting the fully oxidizearféA with the fully reduced fornviH ,.
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The same procedure also applies to all other matbwyielding equivalent results:
for each pathway, the respective one-step standaddction potentials and acidity
constants will be represented. A simple averaghestix pathways yields,

RT 1 -'0910[[MH2]J

RT o RT 1
2.F log,(e) [M]

m_ " F log,(e

(pK,, - pH) (5.1.2.—

7)

with mean one-step propertigs, andpK, . as follows,

e _3E+1E+2E+ 2E+ 1E+ 3E

5.1.2.-8
m 12 ( )

oK, = 3.pK, +2.pK, +1pK, + 1pK, + 2pK, + 3pK, (5.1.2.-9)
12

A simple average of pathways is thus equivalerd weeighted average of one-step
reactions, since some of those steps are shareduliiple paths. Also, no weighting is
necessary when calculating pathway averages, dimeeone-step standard reduction
potentials and acidity constants are intrinsicalighing factors. On the other hand, if we
write down the net redox equilibrium,

E;,,H% =2R|-:r.ln [MH2]+ 5
v 28\ [M][H] (5.1.2-10)
_RT 1 ([MH ]} RT 1
2F "log,(e)” | [M] F 'log, (€ P

and substitute the mean result obtained fromd¢herse of squares,

RT 1

E’ =FE + —_— = constan 5.1.2.-11
MH%{1 Em = |Oglo(e) pK% ( )

Thus, from a set of elementary one-step reactiwasjemonstrate that variations in
concentration of the seven intermediate forms War-proton, two-electron mediators do
not affect the electrochemical driving force in 8% model. Therefore, for computational

purposes, the mediator can be solely representdiaebiylly oxidizedM and fully reduced
MH , forms.
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5.2 Microbial Kinetics in MET

As described in section 4.Conceptualization offitatory Reversibility, the entry-
point and exit-point for electron transport chaare separate entities. Thus, and since
electrons must be transferred from entry to exifoilge acceptor reduction can occur,
respiratory chains oscillate between two stablestaxidized, after acceptor reduction but
before donor oxidation; reduced, after donor oxatabut before acceptor reduction. This
mechanism closely resembles Ping-Pong enzyme &smetthere the enzyme oscillates
between stable states (Cleland, 1963). Furthernresniratory ubi- and menaquinones
always take up electrons together with protons gdbleland Cox, 2009), to preserve their
hydrophobicity and thus remain embedded in theptgionic membrane. Also, it has been
recently demonstrated that théype cytochrome PpcA dBeobacter sulfurreduceraso
performs coordinated electron and proton transkorgado et al., 2012). Thus, any
representation of a biomass redox half-reactionldvbave to include an equal number of
protons and electrons,

x+n.e +n.H OEET xH < xH, OFEHE x+n.e +n.H

idati eduction

Brackets will not be used when dealing with theaamtration of biomass species,
since they aren’t actual chemical compounds. Tiushss redox component would be best
interpreted as an average representation of thegfacellular redox intermediates. This
pool includes, for instance, NADH/NADwhich is the prime internal donor/acceptor for
metabolism, but also refers to membrane anchoretbxreintermediates, such as
cytochromes and quinones, with their prominentgofecellular respiration (Nelson and
Cox, 2009). Although at first glance these areenttifferent entities, in truth all cellular
redox systems are interconnected and in relativdilegum, such that the cell can at any
time call upon the pool of valence electrons distied through all redox intermediates.
Qualitatively, biomass redox state is thus how meadgnce electrons are available in this
pool relative to its full capacity.

Let us also consider the half-oxidation of a mextil and the half-reduction of an
external substrat8,

M Red g&iﬁﬂc’% M Ox+ n.e

ction

S, +Nn.€ Q[EE?

idati

:& %ed
Combining biomass half-reduction with mediatorffedidation,
Meeit X+ 0. H B85 X, Bz Mo XH
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where X, is a transient complex of the two components. [&ihyi combining
biomass half-oxidation with external substrate ‘natfuction,

SOx-+->(Hn D—ﬁﬁ XS D—gﬁ SRed+X+n'|_r

where X is also a transient complex.
5.2.1.Quasi-steady-state

Approaching this set of chemical equations fromeazyme kinetics perspective
inevitably requires the classical quasi-steadyestesumption introduced by Briggs and

Haldane (Briggs and Haldane, 1925), which wouldobeulated as follows,

Assumption: Quasi-steady-state.

dy-d X, -d XH, 9% -0 (5.2.1.-1)
dt dt dt dt
d d d d d
=>—X; =00-——M, =— =——S,=— S 5.2.1.-2
d T d Red dt Ox dt Ox dt Rel ( )

meaning the concentrations of intermediate bidgsitdéorms don’t change over
time, which implies the preservation of overall datalyst concentration and equal
turnovers for all substrates and products. Fronraktigal perspective, this assumption
could best be stated as follows: variations indbecentrations of intermediate biocatalyst
forms are much slower than variations in subswatgroduct concentrations.

How can the application of this assumption to wholicroorganisms — not just
enzymes — be justified? Certainly for growing susfeel cultures this is not remotely true.
If growth means an increase in biomass conceniraiits impossible for all biomass
intermediates to remain at a constant level. Howelbmfilms grow in volume, while
preserving approximately the same density. Of @uitsere are occasional sudden
rearrangements of biofilm structure, e.g. sloughimigh concomitant changes in localized
biomass density. However, those phenomena are tmstiporary and only imply a
fluctuation of biofilm density around an optimal lwa. Thus, one could rewrite the
mathematical formulation of the quasi-steady-stesgumption to better express the role of
these fluctuations,

X, =— XH =— X, =0 (5.2.1.-3)
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d d d d d
- —X.=00-—M,,=—M_ =-——S_=—
dt ' dt 0 gt % dt & dt

Ske (5.2.1.-4)
which we may perhaps term aseak quasi-steady-state As for long-term
processes of biofilm restructuring — also knowrt@ssolidation (Alpkvist et al., 2006) — in
which thede factooptimal biomass density might change over a loagog of time, the
practical formulation of the quasi-steady-state uagstion applies: the localized
concentrations of substrates and products vary rfastar than local biomass density.
With the quasi-steady-state assumption, the foligwalances apply,

d

G0 0= Mg X H T+ K X+ k%= K, S f H] (5:21-5)

d

et 10=+k Megg. X[ H [ =k, X = k. X + k. My, XH (5.2.1.-6)

%XHn:o=+k2.xM ~ K, My . XH - k.S XH+ k. X (5.2.1.-7)

d

5 $o 107 Hhe S XH = s X k- Xt K- Sy X H' (5.2.1.-8)

X; = X+ X, + XH,+ X (5.2.1.-9)

Note this is a system of four equations, since ainthe differential balances can
always be written as linear combination of the riexing three. Resolution of this system of
equations would yield the concentrations of eachth&f four biomass intermediates.
However, a useful result should include measurphtameters instead of rate constants.

5.2.2.Definition of Half-saturation Constants

To illustrate how half-saturation constants — aks@wn as affinity constants —
might be used to substitute some of the rate cotssta.g. as input parameters, we should
first review the original derivation of enzyme kiiles by Menten and Michaelis, with the
modifications introduced by Briggs and Haldane (Menand Michaelis, 1913; Briggs and
Haldane, 1925). Consider an enzyidhat catalyses the conversion of substfiato
substrateP. Enzyme-substrate complexation is reversible, evbdnversion into product is
irreversible. The following chemical equation appli
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E+SQ§@ ESI'f. F

Writing the differential balance for the enzymdssuiate complex and applying the
quasi-steady-state assumption,

Sles=+k[8§- k[ Eb A gs0

EJ[S] Kotk _
[ES] k :

[ (5.2.2.-1)
—

Thus, the half-saturation constant for substfate the sum of rate constants of
reaction steps that directly contribute to reduwe ¢oncentration of complekS, divided
by the rate constant of the step that, using sates®, contributes to increase the
concentration oES. Should there be multiple substrates instead stf§uthis derivation
would yield a half-saturation constant for theirlipicand, and stoichiometric coefficients
would also appear as exponents. For instance,

E+a.A+b.BIJ> EA B D' F

eng]=rk[B] 4§~ bl EAH- K EAg=0

CLEHANE kot
[EAB] k e

(5.2.2.-2)

Such representations of half-saturation constavasild be little more than a
theoretical exercise without a method to convestithnto their standard, measurable form.
Two cases will be analysed: composite half-satomatconstants, e.g. affinity for
multiplicand (A).(B), and exponentiated half-satioa constants, e.qg. affinity for (5)

5.2.2.1.Composite Half-saturation Coefficients

Let’s consider an enzymatic reaction with subsgaf and B. Adapting the
Michaelis-Menten approach (Menten and Michaeli4,3tBriggs and Haldane, 1925),

E+A+BQ§D» EABO 3. P
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S lead]=+k[ 8] A §- k] Eab- K EAp-0

REICICIRT
[EAB] k (A)(B)

(5.2.2.1.-1)

,=[e]+[EAd - [ §= &-[ EAB
-[E~8).[A1H_, ) . (5.2.2.1.-2)
& [EAgs] o - [EABI= & ([f\”[i]][a

=

r :%[p] = +k, [ EAH
[A].[B] (5.2.2.1.-3)
Kne +[Al-[B]

=r =+k,.E,.

With this result, let us analyse scenarios where amdyas the substrates is relevant.
First, if there is an excess Bfor a limitation inA, only the concentration & is relevant
for kinetic purposes. Mathematically,

[B] > K, O[ A < K,

L A
:>k2-E0 Kon +[A] [B] B Ko +[ A (5.2.2.1.-4)
- :[B] K,

Conversely, if there is an excessfobr a limitation inB, only the concentration of
B is relevant,

[A]> K, O[B] < Kg

L E
:>k2-E0 Kon +[A][B] k2'E°'|<B+[|3] (5.2.2.1.-5)

- :[ A] K,
This approach covers the opposite extremes where amdyof the substrates is
kinetically relevant. Thus, to estimate the compadsék-saturation constant for any value

in between the two extremes, a simple approximasida sum the respective formula.

Kowe =[Al-Ks +[ B] K, (5.2.2.1.-6)
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Noteworthy, the composite half-saturation constamtot, in fact constant — Figure
11 — and should thus be termed coefficient.

21-6
K(A)(B) /N . I.
= 15-20
10-15 g
= 5-10 E
= 0-5

01 02 05 1 2 5 10
[A]l/Kq

Figure 11 - Composite half-saturation coefficiers a function of the normalized
concentrations o andB. Since the substrate concentration for such agne@system is
effectively [A].[B], simultaneous variations @& and B towards high (S>>K or low
(S<<Kg) concentration ranges will, due to multiplicatidrg overrepresented in the overall
rate equation. Hence why the composite half-saturatoefficient is also variable: to
preserve the relative quantitative meaning of S &rd K @) has units of squared
concentration, e.g. mnfoin®.

5.2.2.2 Exponentiated Half-saturation Coefficients

Let us consider substrafthat contributes to an enzymatic reaction with enbian
one molecule, and write down two hypothetical dtmmetries,

E+a.9§@g ESOf. P

E+b.5§§@ ESOT- P

Following the derivation procedure detailed in finevious sub-section,

= +k2,50,$ (5.2.2.2.-1)
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Ei

=+k,.E,,————
r.b + 20 K(S)b +[S]b

(5.2.2.2.-2)

The purpose of this derivation is to obtain ratesprving conversion rules for
exponentiated substrates. Mathematically, this e same as saying the rates for
stoichiometric coefficienta andb should be the same,

=1, = [S]" K =[5 Ky, (5.2.2.2.-3)
For b=1 and a=n,
Ko =[S K (5.2.2.2.-4)

Again, we realize the half-saturation constanhifact not constant — see Figure 12
— and should thus be termed coefficient.

|Og10(K(S)n /Nn.L-3n)

1
m2-3 )
o PN 4EN
m0-1

1 c
. | A
m-2--1

0.5
. -3“2 .-

0.25

0.1 0.2 0.5 1 2 5 10

[S1/Ks

Figure 12 - Exponentiated half-saturation coeffiti@as a function of the normalized
concentration of substrag and its stoichiometric coefficiem, for Ks = 1 N.L>. At high
concentrations and n>>1, exponentiatiofiQjfcauses an overrepresentatiorsah the rate
equation, thus the increase in magnitude of theomemptiated half-saturation coefficient
may be interpreted as a correction to this oveesgrtation. The opposite is also true for
low concentration at n>>1.
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Furthermore, it should be said this formulationtled half-saturation coefficient is
similar to the one used in the Hill equation, withbeing the Hill coefficient (Hill, 1910).
Interestingly, today’s knowledge of multi-ligandnding to macromolecules indicates the
coefficientn is not strictly a measure of stoichiometry, buheas of cooperativity: if n>1,
ligand affinity increases with every successivedbig event; if n<l, the opposite is
observed (Nelson and Cox, 2009). This may be sangetio keep in mind, since in this
dissertationn is used to describe the number of electrons/psoteimultaneously
transferred to or from electron transport chairfse €xistence of cooperative behaviour in
such a system would be highly relevant for BESeaesh, especially considering negative
cooperativity is an obvious control mechanism tevent respiratory overload, something
that might happen if electrode potentials are mbis@o high or too low. Alas, this
possibility won't be discussed any further.

5.2.2.3.Half-saturation Coefficients in MET
With the above derived conversion rules, we malfelgawrite half-saturation

coefficients for microbial kinetics, knowing therflocoming rate equation is still applicable
to real problems. Recalling the microbial portidMET,

Mot X+ 0 HT D8 X, O M o4 XH |

So + XH, 7 X BT Spegt X+ 0. H

straightforward application of the definition ddtahed in 5.2.2.Definition of Half-
saturation Constants yields,

Kk o o=katk oo Ktk (5.2.2.3.-1)
SR Kbl
K, =Xatk _ -Kirk (5.2.2.3.-2)
Ox k K
2 MOx
Ks, _Katk, K, _ Kotk (5.2.2.3.-3)
" ks K%X
kK o=ketke o o Ketk (5.2.2.3.-4)
st K, Kooy
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A total of eight rate constants must be substituteeaning four additional
definitions are necessary.

5.2.3.Definition of Maximum Rates

Maximum rates may also be defined by analogy eithyme kinetics. Considering
the basic Michaelis-Menten scheme,

E+ Sg@ﬁ ESI'f F

_ [S] _
r—+k2.EO.KS+[S] (5.2.3.-1)

The maximum rat® .« is defined as
V. =K. (5.2.3.-2)

This quantitative definition may be interpretedfadows: maximal reaction rates
are observed when the total amount of biocatalysinithe form of enzyme-substrate
complex. Of course, this occurs when substratetsrating, such that any free enzyme
molecules are immediately complexed. Consultinghtierobial section of MET,

Reaction 1: M, +X+n.HEfr X, Oz M, +XH,

Reaction 2: S, +XI;|Q§5* )gQ@Er S.q +X+n.H

the following maximum forward and reverse ratey in@ defined,

Reaction 1:V, =k, X, ;V =Kk, X (5.2.3.-3)
Reaction 2:V,; =k, X; ;V =k, X (5.2.3.-4)

Considering the maximum forward rate, evideMhcannot be the actual maximum
of both reactions combined, since the total amaditiocatalyst can’t be in two forms at
once. ThusY; andV, should be interpreted as the maximum rates ifti@ax 1 and 2 were
isolated. For the combined system of chemical egost and since the quasi-steady-state
assumption imposes equal turnover for both reactig can expect the net maximum
forward and reverse rates toBg'2 andV,./2, respectively.
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5.2.4.Biomass Distribution Equations

Substitution of the eight rate constants by théndd half-saturation coefficients
and maximum rates, followed by resolution of thetegn of differential balances and mass
balance to the biomass intermediate forms definesl2.1.Quasi-steady-state, yields a set
of biomass distribution equations,

M H T MW s, s,

Denominatof __ = V.

KMRed'(H+)n KM Reu‘(HJr)n KS}X K b
"y Srea H'] +2. Seeo H ] Mo,y Mo, (5.2.4.-1)
' K n K n KM KM
SRed-( H+) SRed( I—F) ox o
+(V +V) MREd[H+] Mo +SREG[H+] Sox
o K K K
Mrea(H")' Mox Seea{ H')" Sox
X 1 v, oy Mo (5.2.4.-2)
X;  Denominatof - K. Ko,
X, _ 1 Iy Mees[H'] (M, | s,
X;  Denominatof | ' }ﬁnm.(w)” Ko, K.
(5.2.4.-3)
v MOx_ MRed'I:H ] +SRed|:H }
KMm KMRed,(H+)” KsRed(H*)n
Mool H' ] Sel H'T
XH, _ 1 A Red[ } +V. R‘-“*[ ] (5.2.4.-4)
X;  Denominatof K () K (1]
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Xs_ 1 v, Do MRed'[H ] +SR9G[H}
X;  Denominatof _. f Ke, | K, (1) K, (W)
(5.2.4.-5)
+Vr.SRed'[ H ] ( M o + Sox ]
KSRed-( H* )” K Mox KSOX

These distribution equations are a relevant reswdnd of themselves. Namely, the
possibility of experimentally measuring biomass osedstates, or more specifically,
cytochrome redox states, for instance through Gmaf®aman Microscopy (Virdis et al.,
2012) or UV/Vis Spectroscopy (Liu and Bond, 201R)uld provide the necessary
experimental verification of the analysis hereinfpened. Although other types of data
can be used for fitting purposes, such as cycliamometry results, i.e. current densiy.
electrode potential curves, one may argue thatreagonably complex model with a large
number of parameters can be successfully fittednyp macroscopic result. However, a
model capable of accurately describing microscsfates is bound to provide mechanistic
insights: it is thus a theory.

Although the aforementioned spectroscopic techesgare able to distinguish the
reduced and oxidized forms oftype cytochromes, so far, to the best of my kndgée no
data has been reported for biomass redox statgseatfic heights within living biofilms.
Increased instrumentation resolution and more stiphted data processing algorithms,
especially ones capable of filtering out spectmase, would alleviate technical difficulties.

5.2.5.Net Reversible Rate Equation and Equilibrium Constat

Knowing the quasi-steady-state assumption impegaal turnovers on all chemical
species involved in catabolism, the differentialabae of any of those species is adequate
as a starting point for a rate equation, e.g.

rev d n
= Ses = X~ Ko Seo X[ H] (5.25-1)

Substitution of rate constants using the defingioin 5.2.2.3.Half-saturation
Coefficients in MET and 5.2.3.Definition of MaximuRates, and of Xand X by the
appropriate distribution equations yields the re\se catabolic rate equation for MET,

cr{:tv — 1 - sz.MRed-[H+]n . SOX _VZ.SRedI:H+]n - MOx (525_2)

Denominatof, __ KMRed-(H*)" K, KsRed.(H*)" o
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Derivation of the corresponding equilibrium comstérst requires specification of
single-step equilibrium constants. Recalling therohial portion of MET,

Met X+ H* B X, B M o4 XH |

Sor + XH, 7 Xs BT Spegt X+ 0. H

the following chemical equilibriums apply,

egl = +n (525—3)
1 Mgy X[ H'] ;
Kopp =2 = Moc XH, (5.2.5.-4)
k—z XM eq
Ky = o= %s (5.2.5.-5)
K SoeXH,|,
X[ HT
Keqs ki _ S ] (5.2.5.-6)
Tk, Xq

eq

Also, by writing the net chemical equation and tlespective homogeneous
equilibrium,

M Red+ SOx g aj?h‘ M Ox+ SRec

K homogeneous_ M Ox'SRed
eq, cat -

(5.2.5.-7)

M Red'SOx

eq
We observed the net equilibrium is the multiplidaof single-step equilibriums.

Thus, and using the definitions in 5.2.2.3.Halfusation Coefficients in MET and
5.2.3.Definition of Maximum Rates to substituteerabnstants,
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K, Ko
4 _V_f2 Mo SRed'(H+)
k, V2 K K

' MRed'(H+)n

K homogeneous_ kl

K,.
eq, cat k k

E (5.2.5.-8)

This result is exactly the same as the one oldaiyeCleland for Ping-Pong Bi-Bi
enzyme kinetics, using the schematic method of Kang Altman, thus validating the
deductive approach herein developed (King and Aitm&56; Cleland, 1963).

5.2.6.Maximum Rates as Thermodynamic Parameters

Besides the above derived formula for net chemieguilibrium, the same
parameters may also be defined using its thermadimiaentity (Atkins and Paula, 2006),

AG
— homogeneous_ r “ca
Arc;ca\t == R'T ln( eq cat) K eq cagt] - eX{ RT ! j (526—1)
Ky K
V2 MOx a +\"
exg ~8Ca | Vi T salv) (5.2.6.-2)
RT | V2K K

e

where the standard Gibbs energy of catabolismmgédethe net catabolic reaction,

M Red+ SOx ggh‘ M Ox+ SRe(

AG  =-nF. 5.2.6.-3
r —cat -n ( E;e% Ry/Moxj ( )

Furthermore, recalling the discussion in 5.2.3iebn of Maximum Rates, the
maximum forward and reverse rates for the net ciitabbeaction areVy/2 andV./2,
respectively. The difference between the two is eximum net catabolic turnover, a
measure of the capacity of electron transport chawth a proposed value of 3.0 (mol-of-e
).C-mol*.h* (Heijnen et al., 1992; Heijnen and Kleerebezenl,020The corresponding
mathematical formulation would be,

qe max V
——— X =|—
n T |2

(5.2.6.—4)

which, together with the two definitions for edoflum constant yields,
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v, =2 Jemax y 1 (5.2.6.-5)
n K K %
o Moy ny
1- ex;{+; ,Alf?ngatj < Ses{ )
' MRed-(H+)n ) KSOX
v, = Jemax 1 (5.2.6.-6)
n K K %
1 AGg, Maeo(H*)
P72 RT K, K B
l Ox ' SRed-( H+)n

thus highlighting the relation between maximumesatand thermodynamics,
hypothesized in 4.2.Respiratory Reversibility. Blesi the standard Gibbs energy of
reaction, the defined maximum rates are also atifummf half-saturation coefficients.
These coefficients may also be interpreted as théymamic parameters. One of the
purposes of homeostasis is to maintain cellulargate fluxes, such that growth can
proceed at a steady rate. Hypothetically, if thergy yield of a substrate decreases, e.g. the
catabolic system approaches equilibrium due togatieg substrate consumption, bacteria
have the ability to adjust the transcription levefsuptake system-encoding mRNA as a
function of e.g. intracellular cAMP levels (Nelsand Cox, 2009). This would increase net
metabolic molar turnovers in order to maintain ¢ansenergy yields, thus increasing the
microbial affinity for said substrate.

A good example of such behaviour is the operon — a set of genes encoding the
necessary enzymes for lactose metabolism, shaheagsame regulatory elements — in
Escherichia coli Expression of the operon is regulated by two mnnhechanisms: the
catabolite activator protein (CAP) (Busby and Ebtijg2001) and the lactose repressor
(Gilbert and Muller-Hill, 1966). CAP is an activatthat permitdac operon transcription
once it binds to cAMP, while the lac repressor preslac operon transcription unless it is
bound to lactose. Thus, only if lactose is presaak high intracellular levels of cyclic AMP
occur — a consequence of poor catabolic energgsielwill the expression of specialized
lactose uptake systems be allowed. Therefore, aiagsowth, e.g. first glucose, then
lactose, demonstrates the thermodynamic natureavbhial substrate affinities: at first the
affinity for lactose is negligible, but becomestkhigpon glucose exhaustion.

5.2.7.Irreversible Rate Equations

Clarification of the properties of the derived eesible rate equation is best
achieved by looking at the simplified irreversildase, observed when the reaction is far
from equilibrium. For instance, if the availabilitgf oxidized mediator and reduced
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substrate is negligible, the rate equation willnecroscopically irreversible in the forward
direction,

Mo, — 0
T -

. | +\" S)x
= et = Mowo) (5.2.7.-1)
‘- MRed.I:H :I +2.M Redl:H :| . %X + S)(
Kol Koy Ko Ko

which, rewritten in a familiar form, is equivaletat a Monod law for dual substrate
limitation with a correction factor,

pirev.f —y/ M Red'[H +:|n Sox
cat fe LN K. +S
KMM(W)” Mg HT ] Ks, S0
1 (5.2.7.-2)

Meo[H'] s,
Kooy Mecsl T e S

M Red'(H

This factor introduces corrections to both highd dow concentration ranges,
decreasing rates at the saturation limit and irstngathem for very low substrate
availabilities — see Figure 13 for an example asdnterpretation. While the correction at
high substrate concentrations is a direct consesuef the method used to define
maximum forward and reverse rates in 5.2.3.Debnitof Maximum Rates, the best way to
interpret the acceleration at low substrate comadahs, specifically when both substrates
are limiting, is the cumulative contribution of twsubstrates to drive the reaction,
something that is not intrinsically accounted far the dual substrate Monod model.
Nevertheless, when approaching the low substratgetainevitably we also approach
equilibrium conditions, meaning the applicationaofirreversible rate equation may in and
of itself be incorrect.
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Figure 13 - Comparison between dual substrate Mdkpdtics (op) and irreversible
microbial MET kinetics l§ottom) for substrate®\ andB. For microbial MET kinetics, the
maximal achievable rate is half of the maximum raiace this maximum was defined
separately for each of the two microbial MET reawsi the combination of both means the
biocatalyst will have to be — according to the dusdsady-state assumption — evenly
distributed among them. Also, at very low concdidres of both substrates, microbial
MET kinetics is faster than dual substrate Monadces dual limitation is alleviated, i.e. if
A andB limit kinetics by a similar factor, the overallteawon't just be the multiplicand of

factors, but will also take into account the fdtattthere are two substrates driving the
reaction instead of just one.

Conversely, if the availability of reduced subtgrand oxidized acceptor is
negligible, the reaction approaches the irreveesibVerse rate,
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_\/2 SRed-[H+]n Mo,
K - KMOX
S e (5.2.7.-3)
Vr- SRed'[ H+] +2 SReQ'l: H] . MOx + MOx
KSRed'(H+)n KsRed.( He)" Koo Kiig,

which is of course negative.

5.2.8.Example: Hydrogen Evolution using Methyl Viologen

To illustrate the application of the derived resiele rate equation and discuss some
issues that may arise from a practical perspectineewill use the example of cathodic
bioelectrocatalytic hydrogen evolution using metlwblogen as mediator, previously
reported in multiple instances (e.g.. Lojou et aD02; Aulenta et al., 2008). First we
should write down the half-oxidation and half-retioie reactions for methyl viologen and
hydrogen, respectively,

MV *(aq) EEE TR MV (ag) +e

ion

2.H' (aq) + 2. Q@jﬁﬁ H (g

and proceed to define the appropriate conversites rusing the general notation
defined in 4.3.A Generalized Notation, keeping imnadnthe half-oxidation of methyl
viologen would have to be multiplied by two to nfatbe number of electrons in the HER,

Mee =[ MV T
Mo, =[MVZ
SRed: pl_g

(5.2.8.-1)

Furthermore, we will assume two electrons paréitgpn biomass redox reactions.
Thus, the chemical equations for microbial MET raad
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Mot X+ n.H Bz X, B M o+ XH

S, +XH. Q@@ XSD_@EP Spegt X+ N.H

2.MV'+(aq)+x+2.H*(aqj;§g+ >¢;Q§@ 2.MV¥* (aq) + XH
N -1 -2

2.H' (aq) + xH, B X' Dffir H, (@) +X+2.H (aq)

From the second chemical equation, it is eviddwdt ttwo types of protons
participate in this reaction: protons that are gegad/released by biomass intermediate
X/XH, to counterbalance the acceptance/donation ofreles;tand protons that participate
as substrate for hydrogen evolution. A third tydepootons may be involved in the
mediator reaction, e.g. for riboflavin or AQDS. Hently, these protons are chemically
equivalent: the difference is in how biomass intesawith them, and thus there is the
possibility of different proton affinities for eactype of interaction. Half-saturation
constants/coefficients for biomas®untebalancing protons will be marked with the
superscriptcb to distinguish them from mediator- or substratecagted protons.
Furthermore, and to simplify the example, we willyolook into the irreversible forward
case. Recalling the conversion rules,

Composition Ko =[ A K+[ B K

Exponentiation K. =[ §7. K (5:28-2)
and applying them to this example,
KMRed.(H P K(MV-+)2.(H+)2
=[mv-T .K(°:+)2 +[HT L (5.2.8.-3)
=[v T LR T +[H T [Mve ]
K =Koy :[H+}.K(H+) (5.2.8.-4)

There is no particular order when applying coneersules. For instance, in the
half-saturation coefficient for reduced mediatdre tcomposition rule was applied first.
However, if priority is given to the exponentiatiarie, the final result is the same,
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el oy
(MY LLH ] Ky

v LR [mve Tt o[ WK
[

MV*] [H ]K(°|:’+)+[H+]Z.[MV'+].K(MV,+)

(5.2.8.-5)

Recalling the irreversible forward rate equation,

e’ = ' (5.2.8.-6)

application of all conversion rules and subsequsmplification yields the
following result,

irrev,f _
i o

(5.2.8.-8)

L[] [
[ MV ].K(H+)+[H ].K(MW) K

Further simplification is possible, namely by sltaneous elimination of protons
from numerator and denominator, which, althoughhmaiatically sound, would contradict
thea priori assigned meaning of those protons.

5.2.8.1.Influence of pH in Catabolism
The distinction between mediator protons, substrgrotons and biomass
counterbalancing protons may yet provide clues ow to include the effects of pH in

previously derived reversible rate equations. Micablife — and indeed all life as we know
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it — is inhibited by sufficiently acidic environmisn The threshold for inhibition varies

greatly. While most known bacteria grow well at pHacidophiles have optimal growth at
pH values somewhere between 1 and 6, and alkapbiktween 9 and 11 (Singleton and
Sainsbury, 2006).

On the other hand, and as we just saw, a universtiiod capable of accounting for
proton inhibition should not rely on mediator ombstrate protons: if e.g. the mediator is
methyl viologen and the external substrate i§/Fe**, neither of those types of protons
will be present. However, counterbalancing protares always present, and could thus be
an adequate pivot to express pH inhibition. Rigsrdarivation of the necessary formulae
would require the complete analysis of possiblee sidactions between biomass and
protons. However, a reasonable approximation nbghachieved through analogy with the
classical substrate inhibition case (Bommarius Riedbel-Bommarius, 2007). Consider the
formula for Michaelis-Menten kinetics with countaténcing protons as substrate, with and
without substrate inhibition. Respectively,

r =k,.E, LN (5.2.8.1.-1)

r =k,.E,. L (5.2.8.1.-2)

The intended result of this derivation is an appgrrate preserving, half-saturation
constant that implicitly represents both productwel inhibitory interactions, such that this
apparent constant could be used to express pHitiohitwithout having to re-derive the
rate equations for MET. A method to obtain thisstant is to equal the rates of the above
two equations,

H* H*
K,.E,. L = k,.E,. L (5.2.8.1.-3)

2
K® =K +[ ] (5.2.8.1.-4)
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which results in a variable, apparent half-satanatoefficient, including substrate
half-saturation and inhibition half-saturation ctamds, allowing for fine tuning of pH-
dependent kinetics — see Figure 14. This is edpecralevant in the field of
Bioelectrochemical Systems, since it has been shtvat excessive acidification of
bioanodes (Picioreanu et al., 2010a) and alkalioisaf cathodes (Popat et al., 2012) are
two of the main hindrances to continuous BESs dpmera This effect is caused by
migration of ions other than hydronium or hydroxitteough the compartment-separating
membrane. Recalling the discussion in 2.1.Bioebettemical Systems, the relative
abundance of ions such as sodium results in clostithe ionic circuit by those ions
instead of hydronium, thus causing a counterprodeigpH gradient between the two
compartments (Harnisch and Schréder, 2009).

1.00
0.80

0.60

r / Fmax

0.40

0.20

0.00
pH

Figure 14 - Michaelis-Menten kinetics with apparg@mbton half-saturation coefficient:
affinity constant at pH=8 and inhibition constabtp&i=4. Maximal rates are observed at
the pH average of the two constants. Also, if tifeince between the two constants is
larger, the bell shaped growth curve will also ealder. Thus, usage of the apparent
coefficient to express simultaneous productive iaheitory interactions makes it possible
to effectively manipulate rate equations into hgymaximum values at any pH, with any
desired sensitivity to hydronium concentration. Betails, see 5.2.8.1.Influence of pH in
Catabolism.

F. Cruz Catabolic Rate of Mediated Electron Transfer 61






6. Catabolic Rate of Direct Electron Transfer

For DET, as the name implies, there is no interatededox shuttle, meaning the
biomass redox intermediate directly interacts wlith electrode or, in long-range DET, the
biofilm matrix. Thus, e.g. for cathodic processfg, heterogeneous component of kinetics
is the conversion of oxidized biomaXsinto reduced biomassH,. Therefore, rates are
best expressed using heterogeneous current densiemeasure of how many electrons
are exchanged between electrode or matrix and theerlying liquid solution. The
following chemical equations apply,

Half- oxidation : XH, D_@'d@o@» X+n.H +n.ée

duction
3 . . — |:| d i0
Half- reduction : §, +n.e<_[?; 0@* 2

idati

Heterogeneous : X+n.H +n‘.@f§lj* XH
= a
Homogeneous ;S +XHQ§@ g@ﬁ@ S, +X+nt

As in 5.Catabolic Rate of Mediated Electron Transfchemical equations are
written such that the forward direction is cathoaid the reverse direction is anodic. This
formulation differs from the one proposed by Hamelend co-workers (Hamelers et al.,
2011), specifically in the implicit properties ofomass intermediates. Namely, in their
representation, oxidized biomass is depicted @s ahd reduced biomass ageX These
are not idealized species such ag &1d &eq but instead have the same meaning as X and
XH,, respectively. Since protons are not accountethftre Butler-Volmer-Monod model,
at least one of their stable biomass intermedibtes a net electrical charge, which, as
discussed in 5.2.Microbial Kinetics in MET, shoutbt happen, given that electron
transport chains always carry electrons accomparyjqaotons.

Many of the elements necessary to the derivatioa reversible rate equation for
DET are similar to their counterparts in MET, anoivt be discussed in great detail.

6.1 Heterogeneous Kinetics

The first necessary element is a method to descthe kinetics of the
heterogeneous cell-conductive matrix electron feanseaction. Here, the Butler-Volmer
model is applied in much the same formulation &.1InElectrode Kinetics in MET,

X+n.H' +n.€e Q@j XH,
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j :n.F.(ka.XHn ~k[HT .x) 6.1-1)

e n.F _ o B
ka - k 'ex%-'-aa ﬁ {[¢matrix ¢so|utior;,| EXI—,%(]J (61 2)

_ kK __nF ) . )
K_W'GX’{ TRT {[¢mamx b oo Ex%]j (6.1-3)

the only difference being substitution of electagbtential@ectroqe DY mMatrix
potential @,,4:rix,» SiNCe long-range DET can occur at any heightiwithe biofilm: the
apparently conductive matrix behaves as an extensfothe electrode. The standard
biomass reduction potential may be estimated frbendtandard reduction potentials of
abundant metabolic redox intermediates, such as WINBD" or OmcA in Shewanella
oneidensigCarmona-Martinez et al., 2012), although rigondedes its determination by
fitting of experimental data.

6.2 Differential and Mass Biomass Balances

Substitution of XH and X in the Butler-Volmer equation by their resipes
biomass distribution formula is the next obviowspstRecalling the chemical equations for
DET,

X+n.H +n.€ Q@j XH,

SOx-'-XHn gglj-) XS gﬁﬁ SRed+X+n'|_r

And applying the quasi-steady-state assumptiontensiely discussed in
5.2.1.Quasi-steady-state, and a mass balance biategalyst,

d ' .
X054 X ko S HT % i H] .xvﬁr+ k. XI—L% (6.2-1)
9 x 10=+k.So XH,— Ky %= k. Xt k. Sf H] . (6.2.-2)
X! S, XH. - K,. X+ k. S, o 2.

d .

SH 0=k S, X+ k. X+ K[ ] .xvﬁr— K. XH% (6.2-3)
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X; = X+ Xs+ XH, (6.2.-4)

As previously, it is always possible to write oofethe differential balances as a
linear combination of the remaining two, meaning tibove four expressions form a
system of three equations and three variables. vidothy, the homogeneous or
heterogeneous nature of each kinetic step is atedufor in the above expressions.
Namely, when dealing with heterogeneous stepsrétes of consumption/generation are
converted into equivalent homogeneous rates ugiegvblumetric surface areA,./V,,
something that was lacking in the Butler-Volmer-Mdnmodel (Hamelers et al., 2011).
For example,

K, xH, Ac| M mol mf __mol
V.| s m m nv.s

instead of

mmoI mol
R

Qualitatively, the substance that reacts or isdpced at surface Awill,
respectively, depopulate or populate the adjacehttisn volume V, hence the need to
convert turnovers per unit area into turnoversypet volume. The conversion could also
be performed the other way around, that is, homeges rates into heterogeneous rates,
resulting in differentials for surface concentrasoFor instance, for oxidized biomass,

d Y/

r n \/r n
arx:o=+k2.xs.X—k_z.sRed.[ H ] 'X'K_ k| H] . % k.XH  (6.2-5)

6.3 Half-saturation Coefficients and Peak Current Dendies
Concerning rate constants and coefficiektsand k. are defined by the Butler-
Volmer model, meaning only the homogeneous ratstaohpose a problem. Recalling the

homogeneous component of DET and following the galace discussed in 5.2.2.Definition
of Half-saturation Constants,

S, +XH, L@@ X @2@ Spugt X+ 1. H

K

Skt okt (6.3.-1)

Sox - k1 }‘<%X
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K=Ktk o Ktk (6.3-2)
SRed-( H+) k 2 K n
S?ed'( H+)

The concepts developed in 5.2.3.Definition of Maxim Rates also apply to DET,
albeit in a slightly different manner. Unlike in MEthe intended result of this derivation is
not a rate equatioper se but an expression for heterogeneous current tyerigius, and
considering chemical equations were written in ¢aghodic direction, the equivalent to
maximum forward rate is the peak cathodic curremisity, and the equivalent to maximum
reverse rate is the peak anodic current densitsth€mmore, and following the approach
proposed by Hamelers and co-workers (Hamelers .et28ll1) microbial kinetics is
assumed to be limiting, since — ignoring hypotledtiglectrode side reactions — electrode
potentials can be manipulated at will, such that(thck of) electrochemical driving force
is never an unavoidable restriction. If microbiadekics is limiting, the cathodic reaction
will be fastest when all biomass is being conventgal the cathodic substrake

|>

o v, . _(Cik) _
( Jpc)—n.F.kz.XT.Kc» k, = X (6.3.-3)

<

where the peak cathodic current density is accomgdaby a minus sign since
cathodic currents are negative by definition. Santyl, the anodic reaction will be fastest
when all biomass is being converted into the ansdistrate Xk

(+50) :n.F.k_l.xT.% - k,= S:"Xz % (6.3.-4)

Experimentally, peak cathodic and anodic curreats be measured using different

voltammetric techniques, the most popular beindicywoltammetry (CV) (Logan, 2012;
Harnisch and Rabaey, 2012) — see (Harnisch andiiee2012) for a tutorial on CV.

6.4 Biomass Distribution Equations
Using the rate constant definitions establishetthéprevious chapter, the system of

equation derived in 6.2.Differential and Mass BiesiéBalances yields the following
biomass distribution equations,
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Denominatof,

K(sRed)l(H+)n+5Red-[ H' ] [(—jpc) S 41

DET ~ K " nEX: Kg, 2
(SRed)'( H+) (6.4-1)
e[ ST g
Koo | NFXTK
L 1 I (_jpc) SOx +k (6 4_2)
X;  Denominatof . | nF X K o
X _ 1 S H ] () 850,
X;  Denominatof . |§R oy TnEx K ©
- (6.4.-3)
+ S)x ) (+Jpa) SREd[ } +kc.[H+]n
Ko, | MFXTK
oz 2 (i) S W] [(HT]  c4a-9
X, Denominatof_ | nF X’ K (] ° o

The discussion in 5.2.4.Biomass Distribution Equet also applies to this set of
biomass distribution equations: they allow verifica of localized redox states within
EABs, thus potentially endowing the mathematicahstnuct herein developed with the
status of theory.

6.5 Heterogeneous Current Density and Equilibrium Consant

Direct substitution of the biomass distributionuatjons forX and XH, into the
main Butler-Volmer equation,

i =n.F.(ka.XHn— k[ H] .x) (6.5.-1)

yields the reversible heterogeneous current deagiiation,
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j = 1 i SRed": H+]n ——i SOx +"
| = Denominatok . (+J pa)-K—+n ka ( J pc) . |go k C-[H ] (6.5.-2)
PET (Sreal( H") :

Furthermore, following a procedure similar to tbee employed in 5.2.5.Net
Reversible Rate Equation and Equilibrium Constatgrivation of the heterogeneous
equilibrium constant for DET vyields,

K heterogeneous kcklkz :(_jpc)_KSRed'(w)n i (6.5.-3)
U kek, (+) Ky Tk

6.6.Peak Current Densities as Thermodynamic Parameters

The procedure described in 5.2.6.Maximum Rate¥hesmodynamic Parameters
may also be applied to DET. The thermodynamic dedim of equilibrium constant is valid
as always,

eterogeneou AFG(:B
Kegear s exp(——R'T‘j (6.6.-1)
o VKO
= exp(—Achatj: ( J_"C) . Sres{ W) ﬁ (6.6.-2)
RT (+Jpa) K%x K,

The standard Gibbs energy of reaction refers to ceabolism, that is,
reduction/oxidation of an external substrate byedgctrode or conductive matrix at a
certain potentiakp. Thus, representing the net heterogeneous reaaiuh applying the
approach used to derive the fundamental one-stepelectron Butler-Volmer law (Bard
and Faulkner, 2001).

SOX+n'e_ gﬁth I% %ed

nodic

Achoat =-n F( E‘)&,%O - [¢matrix_ ¢ solutior]j (66_3)

By definition, [@matrix — Psotution] 1S the reduction potential of the interacting
solid: the lower (more cathodic) this potentiak tiigher is the solid’s tendency to reduce
the external substrag& Writing down the actual Gibbs energy of reaction,
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r —cat r ~cat

AG,_ =AG,, + RTIn(SRedj

X

ArG'cat — _E h ~
-n.F ( SRed [¢matnx solutior]j n-F-ln( %Xj (6.6.-4)

< Ecat S:zed [¢ matrix solutior]

On the other hand, as was the case for maximwwvafdrand reverse rates in MET,
the maximum DET rate is the difference between mn@hd cathodic peak current
densities. Since reactions were written in the adithdirection, cathodic peaks correspond
to forward maxima and anodic peaks to reverse mxiihus, with the appropriate
heterogeneous-homogeneous conversions,

Coma y _ 1 L
X = O J=ine) = (+i50)

(6.6.-5)

which, combining with the two definitions of egbiium constant, yields,

ERE qe'r:““.n.F.xT.%. 1 (6.6.-6)
1_ eX AI'GCﬁt - ( ) kc
RT KSO Kk,
(+ jpa) = qeg“ﬁ*.n.F .xTi. ! (6.6.—7)
AG, K
exp(_ |r?._lc_at j . < Sox 'ké_

SRed-( H* )”

These results may be further simplified usingdgnitions fork. andk,. Recalling
the Butler-Volmer formula described in 6.1.Hetenogeus Kinetics, and taking into
account that, by definition,

a,+a.=1 (6.6.-8)
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= W.exp{—% {[¢matrix = Bsouion] on% ]j

Kk e\ .F o
- k_iz([H } ) .eX{"'rl;._T {[¢matrix_¢solution]_EX"%(]J

Substituting also the formula for standard Gibhsrgy of reaction,

(6.6.~9)

; qe max Vr 1
(—jpc): n .n.F.XT.X. p
1 '{ n.F { . 0 SeeaH')'
1- exp ——=sE
" RT | 5 e }J K,
) s
(6.6.—10)
(+,) = qe'r:‘aX.n.F.xTi. 1
FETAY n.F . 0 KSOx
([H ]) .exy{+RT {ESR%O —EXH%(H 'K()_
) Srea{ H')'
(6.6.~11)

Besides the fundamental relevance of discussiegthiermodynamic nature of
maximum rates in 5.2.6.Maximum Rates as ThermodymaParameters, this result
provides a simple method to determine the subsaféitaties of EABs from voltammetric
data. The only problematic parameter is the stahdaduction potential of biomass. As
discussed in 5.2.Microbial Kinetics in MET, onetbé metabolic intermediates that best
represents the abstract concept of biomass redts ist the pair NADH/NAD:. thus, its
standard reduction potential, -0.113V (Rabaey .et2810), could be used as a reasonable
approximation. Furthermore, and according to theuption that microbial kinetics is
limiting in 6.3.Half-saturation Coefficients and dke Current Densities, peak current
densities are ultimately not a function of elect@itentials.

6.7 Irreversible Kinetics

Irreversible DET kinetics is observed if eithgg$or Sx is absent or present in
negligible amounts. If there is no reduced substrBET will be purely cathodic (Figure
15),

S?ed_’o
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Sox (6.7.-1)

0.5 050

Sox/Kso, 0.1 030 010
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Figure 15 - Irreversible cathodic EET observedhia absence of reduced substratg; 3f

the electrode or matrix potential is too high (&wodic), the reaction is halted: the nearly
infinite chemical (concentration) potential causgdhe absence ofrgis counterbalanced
by the nearly infinite electrochemical potentiatdang anodic processes, thus highlighting
the interaction of the two types of driving forces bioelectrochemical systems, as
discussed in 3.1.2.Kinetics in MET. Parameters: pifizerence=7; N=2; F=96485 C.mdt
R=8.3145 J.K.mol'; T=298.15 K: ¢souior=0 V; X7=4000 C-mol.n¥, equivalent to
roughly 100g.L'; k°=10°m.s", calculated from (Tatsumi et al., 1998)7a.=0.5; E,, =

—0.113 V, based on the standard reduction potesitidADH/NAD™ (Rabaey et al., 2010).

Noteworthy, even though the microbial reactionirigversible due to lack of
reduced substrate, the equilibrium of anodic artbathc processes at the matrix-biomass
intermediate interface is still relevant, giventthka is still present in the denominator.
Thus, when EET is predominantly cathodic and toe@hmbiomass is reduced, some of the
electrons may flow back into the electrode withos&ching the external substrate, as
expected from Butler-Volmer kinetics: microbial &iics doesn’'t seem to affect
electrochemical reversibility. This rational mays@lbe adapted to the predominantly

anodic case,

S)x_’o

F. Cruz Catabolic Rate of Direct Electron Transfer 71



F. Cruz

Catabolic Rate of Direct Electron Transfer

(6.7.-2)

72



7. Anabolic Rates

Derivation of an expression for growth rate fisjuires an anabolic stoichiometry
that is compatible with both mediated and diredcebn transfer, and also remains
unchanged upon catabolic inversion, e.g. from aydarto a cathode. Let us consider the
case of organo-hetero-trophic metabolism with deeda substrate (Nelson and Cox, 2009).
Acetate is both the source of energy, reducing vedemts and carbon, albeit through
separate pathways. As an energy source, acetataedized intracellularly to bicarbonate,
with concomitant reduction of NADto NADH. NADH then donates electrons to an
electron transport chain, which then generatesotoprmotive force convertible into ADP
phosphorylation, thus completing the catabolic wath of oxidative phosphorylation.
However, NADH may also be used as source of redueiquivalents for biosynthetic
purposes, meaning acetate is ultimately the saefrceducing equivalents. Furthermore, in
organo-hetero-trophic growth, the source of enengy carbon is usually the same, with a
small fraction of metabolized acetate receivingctetsns from NADH to promote its
reduction to ultimately biomass (Nelson and Cox090 From an electrochemical
perspective, this is but a dismutation of the pobhcetate: spontaneous oxidation into
bicarbonate is coupled to unspontaneous reduatiorbiomass. The redox broker coupling
both reactions is NADH/NAD which as discussed multiple times in previousptéss, is
one of the prime contributors to the overall biomeeiox state.

Catabolic inversion in organo-hetero-trophic griowd unlikely, especially if also
aerobic. However, lithotrophy helps solidify thencept of mandatory redox intermediates.
For instance, in litho-hetero-trophic growth, orgacompounds are used solely as sources
of carbon. As for energy, electron donors are esfeinorganics. The source of reducing
equivalents is also the same donor. If the redacpiotential of said donor is too high,
reversed electron transport is necessary: elet¢temsport chains (ETCs) consume proton
motive force (PMF) in order to momentarily operaiigh reversed electron flux (Singleton
and Sainsbury, 2006). This decreases the redupbtitential of electrons provided by the
donor, such that reduction of NAD+ becomes possidbiel as usual, the resulting NADH
is then the intermediate electron donor for anabali

Thus, in all cases, electrons provided by a dgwthrough a redox intermediate
before reaching anabolism. Even if the externabda@hanges, e.g. in the event of catabolic
inversion, the redox intermediate remains the sanis, thede factoreductant for
anabolism is XH/X.

7.1.Stoichiometry of Growth
Let’'s consider the model organic substrate acetatewrite a tentative chemical

scheme, including also ammonium as nitrogen soubc@nass as synthesis product,
protons for charge balancing purposes and watealence oxygen and hydrogen,
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aCH,COO+bNH + cH+ d XH- J+1.CH Q N+ eH ©C (7.1-1)

Hydroxide could have been used instead of hydmnigince the intracellular
medium is kept roughly at neutral pH (Nelson an&k,C2009). The five stoichiometric
coefficients may be calculated using elementalrizada to carbon, nitrogen, oxygen and
hydrogen, and a charge balance. Briefly,

C:2a+1=0 a=-0.5
N:b+0.2=0 b=-0.2
O0:2a+0.5te=0 < <+c=-0.3 (7.1.-2)
H:3a+4b+c+ nd+ 1.8+ 2e= 0 d= _0.2_:
Charge—a+ bt =0 n
e=+0.5

Thus, the following chemical equation appliesnalzolic consumption of acetate,

0.5CH,COOC (aq)+0.2 NH (aq)El- 043 0%2 jn*H (aq)+%.2Hg

OB CH..00Nos) + 05,000 +0.2 % 02 nH (aq)

Some protons are also represented into right-hsidé of the equation, to
distinguish the protons released by the half-oxathabf XH,, from those consumed in the
half-reduction of acetate. Evidently, this reactismeversible, the opposite of growth being
endogenous respiration, which generates reducedas® intermediates capable of acting
as donors for respiration, thus providing mainteeaenergy in the absence of an external
electron donor (Heijnen et al., 1992; Heijnen aheeikebezem, 2010).

7.2 Thermodynamics of Growth

According to Heijnen and co-workers (Heijnen et, a992; Heijnen and
Kleerebezem, 2010), there are four main thermodymamub-units in microbial growth
systems: catabolism, anabolism, dissipation andhteraance. Of the four processes, only
catabolism is spontaneous, meaning growth is oodgiple if catabolism generates enough
energy to compensate for dissipation and sustaimtemance. If catabolism produces
insufficient energy, anabolism will be reversedstestain maintenance: the cell oxidises
non-essential biomolecules in order to generateetiergy necessary to compensate for
membrane leakage and spontaneous denaturatiorseireatprocess known as endogenous
respiration (Heijnen et al., 1992; Heijnen and Kédezem, 2010). Evidently, since
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biomass is oxidizing itself in order to stay aliemdogenous respiration eventually leads to
cellular death: otherwise the cycle of carbon-sednto-biomass followed by biomass-
into-carbon-source would correspond to a perpetudion machine, violating the first and
second laws of thermodynamics.

7.2.1.Catabolism

The thermodynamics of catabolism is representedsb§ibbs energy of reaction.
For MET, and considering the net catabolic readtatie cathodic direction,

hedi
M Red+ SOx E ﬁﬁ% M Ox+ SRe(

AN ! F.( E;%O - E;W/MJ (7.2.1.-1)
o Mo,See

Arc;(:at||\/||g-|- :Achat MET + RTln(O—Rdj (721—2)
Red"~"Ox

For DET, as discussed in 6.6.Peak Current Demsiais Thermodynamic
Parameters, the net catabolic reaction — in theodat direction — and the respective Gibbs
energy of reaction read as,

Sotn.e IFER S,

nodic

0G|, =-n F.( E. o -[¢mamx-¢so|unon (7.2.1.-3)
B G| per =0, G| ., + R'I'.In[%]
x (7.2.1.-4)

hnd Ecat|DET = EE‘R%O - [¢ matrix ¢ solutior]
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7.2.2.Anabolism

As for anabolism, again with acetate as an exangid recalling the previously
derived stoichiometry,

0.5CH,COO (ag)+0.2NH (aq)(+ 013 o%z ]n*H (aq)+%.2H;

Q@Eﬁ:ﬁs@» CHlBOO'SNO.Z(S)+O.5H20(I)+0.% % o.’% nH (aq)

AG;, =[AG +0.54 (G, 5 |

H1 800 5No.2

{o.safef’ +o.mfc;°w+(o.3+ o.z% aAfG’H} (7.2.2.-1)

CH,COO"

1
-0.2—| -nF E;

02t
A G, =AG,+RTIn [CI-; COoT"S [ Nbﬂ—o,z'[ H]_0'3-([XHn]] n

[X]

(7.2.2.-2)

The Gibbs energy of formation for biomass is eated at —67 kJ.C-mdl(Heijnen
et al.,, 1992; Heijnen and Kleerebezem, 2010). Rigarthe standard Gibbs energy of
anabolism, inevitably the biomass redox intermedmtist be accounted for via its standard
reduction potential, since it's not explicitly deéid and thus it is not possible to assign a
value to the Gibbs energy of formation of eitherdmed or reduced form. Furthermore,
this reduction potential implicitly accounts foroge protons released upon biomass redox
intermediate half-oxidation, thus requiring theixphcit representation in the net
stoichiometry to avoid potential miscalculations.

Concerning the actual Gibbs energy of reactioomiaiss and water, being solid and
liquid respectively, are not represented in thetiea quotient. The physical state of the
biomass redox intermediates XHnd X is not clearly defined. If we consider thembe
NADH/NAD", then they are solutes and should be includelamgaction quotient. If they
were to be a certain cytochrome, they could eileesolutes or membrane anchored, which
doesn’t mean they should be regard as inert sdfiden an electrochemical perspective,
membrane anchored cytochromes are part of circltithately connecting both aqueous
interfaces of the membrane — these circuits aelkalewn as electron transport chains. As
discussed in 6.6.Peak Current Densities as Themawdiz Parameters, the Gibbs energy
of electrons present in such circuits, e.g. theermat circuit of a BES and respective
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electrodes, can be accounted for via their eledtpotential, whose meaning is equivalent
to reduction potential. If this is the case, andoading to the Nernst equation, such a
potential is a function of the reduced/oxidizedaatf the carrier. For a metal, this would
correspond to the density of electrorss electron-holes (Atkins et al., 2009), whilst for a
membrane anchored cytochromee£ox Would suffice. Therefore, the inclusion of XH
and X in the reaction quotient would justified eviérthey were explicitty membrane
anchored cytochromes.

7.2.3.Dissipation

Coupling of catabolism and anabolism is not diréatfact, the main purpose of
electron transport chains is to generate protonv@dorce, which is then converted into
ADP phosphorylation. Even considering the simpfesisible coupling, energy would be
lost as heat upon: donor oxidation; electron tensflong the ETC; PMF generation;
acceptor reduction; PMF conversion into ADP phosplation; NAD" reduction by a
donor; and finally NADH oxidation by the carbon soelicoupled with ATP hydrolysis. If
metabolism is organo-hetero-trophic, then the matimumber of individual reactions is
larger, since organic donors such as acetate ase diidized by NAD, and then
separately, the co-enzyme reduces an intermedéateptor in the ETC. The number of
individual reactions and potential energy dissqatevents will chiefly depend on the
reduction potential of the carbon source. Spedlficlhow far this potential is from the
reduction potential of biomass will determine howaim energy must be invested to bring
the potential of the carbon source to the righeleBased on experimental data, Heijnen
and co-workers (Heijnen et al., 1992) proposed raetaiion to calculate the dissipation
energy for a given carbon source,

without RET:AGdiSS:—[ZO& 19 6 €)°+ e>{;€( 38y.)") " (. 3 0.4>§H

with RET :AG, =—-3500

diss —

(7.2.3.-1)

with dissipation energy in kJ.C-niobf newly synthesized biomass, whet@ is
the number of carbon atoms per source moleculeygns the degree of reduction in
number of electrons per carbon atoAG, . is negative since it represents energy lost as

heat, mainly. A thorough explanation of this caatieln and concepts such as degree of
reduction is provided in (Heijnen and Kleerebez@®]0), suffice to say the degree of
reduction of acetate is +4 mol of e- / C-mol. Wleetbr not reversed electron transport
(RET) is needed, as discussed in 7.Anabolic Ragépemds on whether the reduction
potential of the electron donor is sufficiently lowo reduce the carbon source
spontaneously. As a rule of thumb, Heijnen and ookers (Heijnen et al., 1992) state RET

diss
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is only relevant for autotrophic growth, since {b&ir acetate/bicarbonate has a standard
biochemical reduction potential of —0.278 V, lowttan most microbiological electron
donors (Rabaey et al., 2010).

However, with the structure developed in this nipdeis possible to refine the
criteria for RET. Firstly, by virtue of reversilyi the reduction potential of the biomass
redox intermediate XHX is always between that of the electron donor #relelectron
acceptor. Mathematically,

MET :
- Cathodic E >E = E > E > E
S?e‘j/ij MR%AOX SR/e{%x XH/(X M?@é%x
- Anodic:E (7.2.3.-2)

o e, S A,
X Ox X X

- Equilibrium:E =E E =k, =E
T S

DET:
-~ Cathodic E > i , E > E > — _
athodic SR%OX [¢matr|x ¢so|ut|or] = %%Ox X% [¢ matrix ¢ SOWUC]"

- AnOdiC : ESR%O < [¢matrix_ ¢so|utior;| = E §e7é3 < E x% < [¢ matrix_¢ solutic]'u

- EqU|I|br|um :ESR%)X = [¢matrix_¢solutior] =>E §%}X =E X% = [¢ ma _¢solution]
(7.2.3.-3)

Thus, if the actual reduction potential of therbass intermediate is equal or higher
than that of the electron donor, and if the redurciotential of said donor is higher than
that of the carbon source, naturally the reducpotential of the biomass intermediate is
also higher than that of the carbon source. Matheaily,

E >E. OE > E = E > E,
DR%OX EB|omas XI—,%( QE/DOX X% Biomags

Carbon Source Carbon Sourc¢

(7.2.3.-4)

Thus, for any donor and any carbon source, resleetectron transport is needed
when the biomass intermediate can’t spontaneoeslyae the carbon source into biomass,
that is, when the Gibbs energy of reaction for afiaim, as defined in this dissertation, is
positive,

A .G, <0= without RET
(7.2.3.-5)

AG, >0= with RET
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with dissipation energy in kJ.C-mbbf newly synthesized biomass. Noteworthy,
this conclusion highlights a sort of self-regulatiof anabolism: if RET is required,
dissipation increases and anabolism slows downyltieg in accumulation of reduced
biomass redox intermediate, which in turn lowersréduction potential of the pair XEX,
returning A .G,, to zero. If RET is not required, the opposite Wikhppen, ultimately

r=—an

restoring A,G,, to zero as well. Thus, the anabolic reacten seshould always have a

near neutral energy balance, and most catabolicgerne consumed by dissipation and
maintenance. Thus, from a thermodynamics perspgcpigrhaps the difference between
autotrophy and heterotrophy is simply how manyrimediate steps are required to couple
catabolism and anabolism.

However, the argument herein develop transcends stope of the Heijnen
correlation. If we want to be sure that dissipatiemergy estimations are reasonably
accurate, we should abide by the conditional foatioh described by the authors (Heijnen
et al., 1992). Thus,

C... is organicAGdiSS=—[ 200 14. 6 @)"°+ e>{(1( 39.)) " (. 36 o.@)ﬂ

C is inorganic AG,  =—- 3500

source diss

(7.2.3.-6)
7.2.4.Maintenance

Maintenance energy is chiefly required for two gmses: recycling denatured
biomolecules and correcting membrane leakage. Deatadn of biomolecules, namely
proteins, is a probabilistic event: even in inttadar conditions it will occasionally happen
(Buxbaum, 2007). Likewise, membrane leakage is alsmntinuous process of gradient
dissipation by diffusion across the cytoplasmic raheane, and must be correct by the cell
to maintain homeostasis (Nelson and Cox, 2009¥iceufo say that at 25°C, maintenance
energy is estimated amn,= 4.5 kJ.C-mof.h"* (Heijnen et al., 1992), relative to total

existing biomass.

7.3 Localized Specific Growth Rate

The specific growth ratge may be obtained by equating the rate of energy
generation by catabolism to the sum of energy copsion rates, that is, by a power
balance. The energy generated by catabolism isitmg multiplicand of reaction rate and
Gibbs energy of reaction,
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. ~Generate - rev
MET : qG TMET -XT - rcat A cha'f|MET
. 7.3.-1)
. ~qGenerate _ (
DET :qg™ ™| __ X, = — % A, Coylogr

r

No minus sign is necessary in the DET generataig since, in this work, the
forward direction in catabolic kinetics is cathqdmeaning] and A G_, have the same

r cat
sign. If inversion occurs, the signs in rates aitoh& energies change, which simply means
the dominant reaction direction is the oppositewdfat was expected. As for energy
consumption, dissipation is expressed in energyQerol of newly synthesized biomass.
Thus,

qgonsumequ = /1. XT.(A G -A Gdiss)+ m. XT (73—2)

r —an

with m, positive andAG,, negative. Since consumption and generation must be

diss

equal,
qgenerated. XT - qGConsume.de (73—3)
- r;(at 'Achat - ”l;
MET: y=—-"1
ArGan _AGdiss
N (7.3.-4)
FJXO Achat - m;
DET:y=—-1—-
ArGan _AGdiss

Together with the concept of reversibility, thesult highlights why life, if possible,
evolves to exploit redox systems far from equilibni Although energy can theoretically
be obtained from forward or reverse reactions, rezpuilibrium there is a band where

Generatec

Oe is not sufficient to offset maintenance: the eraays respiration band (Figure
16).
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Figure 16 - Endogenous respiration band. If thealmaic reaction is too close to
equilibrium, the energy generated is not enougbiffiset maintenance, thus forcing the cell
to oxidize some of its components to remain aliWence the negative specific growth rate,

representative of decay or endogenous respiraBarametersm, = 4.5 kJ.C-mot.h?,
A.G,, = 0kJ.C-mof, AG,_, =—-1000 kJ.C-mdl.

diss

7.4 Net Biofilm Growth Rate

Derivation of a net biofilm growth rate requiresapplication of the principle used
to justify the quasi-steady-state assumption: lmafigrow in volume without major rapid
changes in localized density. Thus, the net biofijiowth rate is the velocity at which the
biofilm boundary moves, as a result of growth amdagenous respiration. Firstly, we
should convert the rate at which biomass conceotravould vary into a formula that
represents volume variation. The growth rate appleto suspended cultures,

re =X, [C- mol.m* .s‘l] (7.4.-1)
may be converted into a molar turnover using #@ngetry in Figure 17,
Xy Adx [ C-mol.s" ] (7.4.-2)

which may in turn be converted into volume turrousing mass per C-mol and
biomass density,

,u.XT.AdeI>< [m3 .3'1] (7.4.-3)

X
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However, by definition,

= Px _
X; = M, (7.4.-4)
= U.X; -Ajiofnm-dx% =H. '%ioﬁlm-dx[ mt -S_l} (7.4.-5)
Surface
l Infinitesimal Layer
A ™
i
A
A
s
? i : « Biofilm
1 1
/0
A
g b
/
b —>
0 L

Figure 17 - Framework for derivation of the netfibmo growth rate: idealized smooth
biofilm growing perpendicular to its substratum.

Since the biofilm is assumed to be growing unedionally, the change in
thickness of the infinitesimal layer is simply theevious formula divided by the section
area,

L.dx [m.s*] (7.4.-6)

and naturally the change in thickness of the whadélm is the sum of changes in
infinitesimal layers,

L

Viiofilm = I,U.dX [m.S_l} (7.4.-7)

0
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This result is literally the velocity at which tihéofilm expands or contracts, and is
applicable to all types of biofilms, so long asrthés a method to calculate localized
specific growth rates. Interestingly, the revemsilbhte equation described in 5.2.5.Net
Reversible Rate Equation and Equilibrium Constantapplicable to any biofilm: the
mediator is equivalent to a donor and the extesnbttrate to an acceptor: determination of
localized concentrations becomes a simple simuliasdiffusion and reaction problem.

This formula also highlights how the thicknessaokteady-state biofilm is self-
regulated. In a non-electrochemically active biofifeed with an endless supply of
substrate, e.g. continuous culture, the thin layetop of the biofilm will grow relatively
quickly, while the deeper layers will be nutrienarsed and thus undergo endogenous
respiration. According to the integral for biofilgrowth velocity, a top thin layer with a
large specific growth rate can be balanced out leeper thicker layer undergoing slow
decay. Thus, the biofilm will either growth or dgcalepending on conditions, until a
steady-state is reached. Of course, external fadoch as shear stress will also affect
biofilm dynamics and contribute to a steady-statekness. However, such factors do not
appear to be strictly necessary.

Furthermore, the formula for biofilm growth veltcipredicts average behaviour
over long periods of time. First, we should keepmind the products of endogenous
respiration are soluble, such that dying cells lgidive behind empty space, including their
own former volume and also that of oxidized EPSe Hiofilm may then re-arrange,
causing a steady collapse in volume, or not, triggean increase in porosity near the
substratum, which eventually leads to sloughintpfeéd by regrowth. In both cases, and
provided the supply of substrate is constant, éwmeg periods of time and on average, the
biofilm thickness fluctuates around a steady-statae.
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8. Electron Transport

Electron transport is rather different in MET a@DHT. In MET, since electrons are
carried by soluble mediators, electron transposingply a problem of diffusion, migration
and convection of the mediator. As discussed irlL3tansport in MET, the Nernst-Planck
equation applies,

J, =-D, 0C, - zm.% F.G, 0¢+ uG, (8.-1)

whereM refers to mediator, either the oxidized or reduceth. In DET, and given
the approach in this dissertation is conductioretaglectron transport across the biofilm
matrix is modelled through Ohm’s law,

ima\trix = _a-matrix'l:| [¢ matrix ¢ solutior] (8_2)

According to Ohm’s law, the driving force for elem transport is electrical
potential, here specifically the difference betwesatrix potential and solution potential at
each point in the biofilm. Since matrix-solutiore&iron transfer is spread along the height
of conductive biofilms, one can expect the homogeasecurrent densitinarix to decrease
as the distance to the electrode surface increasibinatix=0 at the biofilm edge. lfhatix
is not constant, and according to Ohm’s law, onmeexgect the matrix potential gradient to
be non-linear. The conceptual basis of the apprgaebented below is not too different
from the one proposed by Marcus and co-workers ¢iaet al., 2007).

8.1 Poisson’s Equation for Matrix Potential

Figure 18 and Figure 19 provide the geometricaisoamecessary to derive the
matrix potential profile, based on the cathodicecd&aom Figure 19, and assuming both
biofilm porosity and matrix conductivity are constawe may write an infinitesimal
current balance,

Input — Output = Transfer + Growth
< Imatix (X) 'Ly'Lz'(l_ gbiofilm) l matrix(x + dX) L y'L z‘( e biofiln)

_ _ _ (8.1.-1)
=+ Jtransfer'L y'dX + J growth‘H (_J transferlu) L }jx

meaning electrons removed from the conductive imnate either transferred to the
liquid phase as a part of catabolism or retainedjfowth at the matrix-solution interface.
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Figure 18 - Schematics for electron transport imduwtion-based long-range direct
electron transfer. Here, the cathodic process pectirl: the anodic process is similar, only
reversed. Electrons exiting the cathode are coeduy the EPS matrix — homogeneous
currenti — which for long-range DET is proposed to havedtmtive properties, see
3.2.DET Models. Cells growing at the interface bstw conductive EPS and solution
contained in biofilm pores will utilize those elems for catabolic purposes, thus
transferring them to an acceptor located in theidigphase — heterogeneous currgnt
Noteworthy, cells performing DET must, without egtien, be located at the matrix-
solution interface, such that e.g. in cathodic DETectrons can be retrieved from the
matrix into an electron transport chain, and evalhturansferred to a soluble acceptor.
Furthermore, a fraction of electrons is retainedhatinterface for anabolic purposes (not
shown).
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Figure 19 - Infinitesimal cut in a long-range DEIDbfdm (complementary information in
Figure 18). In infinitesimal thicknesdx, the variation in homogeneous current density
will be equal to the sum of localized heterogenenusent densities, both transferred to the
liquid and retained at the interface for biosynthptirposes.

Re-arranging the infinitesimal balance,

_i- = jtransfer J rowth o _
dXImatrix LZ.(l—E )+ Lz(lig )H ( Jtransfer'lu) (81 2)

biofilm biofilm

Each of the three terms — homogeneous curremtsfeaed current and growth
current — will be discussed separately.
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8.1.1.Homogeneous Current Density

The homogeneous component in the differentialezurbalance may be substituted
using Ohm’s law. For the uni-dimensional case, amsbuming constant matrix
conductivity, Ohm’s law reads as,

. d
Imatrix = _Jmatrix'& [¢ matrix ¢ solutior]

d2
matrix* & [¢ matrix ¢ solutioJ

(8.1.1.-1)
=g

- -

& I matrix

Substituting,

d2 _ _ jtransfer J rowth i
Jmatrix'W[¢matrix ¢so|utior] - LZ.(l_ gbiof”m) + I—Z( 1i£bioﬁlm)'H ( Jtransfer"u)

(8.1.1.-2)
This type of partial differential equation is knows Poisson’s equation (Polyanin,
2002), whose general formulation in Euclidean spaith dependent variable and source
termf, reads as,

D°gp = f (8.1.1.-3)
8.1.2.Heterogeneous Current Density
The heterogeneous current densjtynsier IS calculated as derived in 6.5.

Heterogeneous Current Density and Equilibrium Camtstand is simply the result of DET
catabolism. Recalling the general result,

L 1 O\ Sed H s, -
) = Juanster = DenominatOhDET. (+J pa)'mka ( JPC)' lg)x kCI:H }
(8.1.2.-1)
K o+ Sl H T T
Denominatof = (S HK) d[ J {r(] FJ p;() : EOX tk,
(S (1) FX K, 6122
e[ Sl Ty g
Koo | NFX Ky
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Noteworthy, the spatial organization in Figureid8nerely for derivation purposes.
Specifically, the heterogeneous reaction surfaceskectron transfer is the entire internal
biofilm area. From Figure 18,

Biofim = T = (8.1.2.-3)

1
Ldxl, L,

whereapioiim IS the internal biofilm surface area per unit voki Substituting in the
differential current balance,

d? J ransfer J ro :
Jmatrix'd_xz [¢matrix - ¢ solutior] =a biofilmm ta biofilmﬁ' H (_ J t“’mee"'u)
(8.1.2.-4)

8.1.3.Growth

The growth-related term on the right-hand sidehef differential current balance
encompasses both growth and endogenous respiratidris valid for anodic and cathodic
processes. The fate of growth-related electronewvavith each specific set of conditions.
Firstly, let us write down the mathematical corah8 that distinguish anodes from
cathodes and growth from decay,

AnOdeQ ti'ansfer > O
_ (8.1.3.-1)
Cathode< |, o <O
Growth = >0
H (8.1.3-2)
Decay- u<0

Recalling chapter 7.3.Localized Specific GrowthteRdhe specific growth rate
may be slightly negative if catabolism operates ¢lmse to equilibrium, corresponding to
endogenous respiration. Furthermore, let us analaeh specific combination of
conditions, regarding the fate of growth-relatesctbns,

1.Anode+Growth: Electrons are provided by a chemical donor andtdeach the
conductive matrix=> No need to account for them in the matrix curteiance

2.Anode+Decay: Electrons are released onto the conductive matipon
endogenous respiratio® They must be added in the matrix current balance.

3.Cathode+Growth: Electrons for growth are provided by the condwectmatrix.
= They must be subtracted in the matrix currentriazda
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4.Cathode+Decay:Electrons produced by endogenous respiration anatdd to
soluble, chemical accepte® No influence in the matrix current balance.

Thus, anabolism-related electrons should only feduded in the matrix current
balance in cases 2 and 3. Furthermore, cases M4lsmbe classified using the sign of the
product]iansfer-,

1.Anodet+ Growth= | . 4> 0
2.Anodet Decay> foceid <0
3Cathodet Growth> o/ <0
4 Cathodetr Decay> ,j,getd>0

(8.1.3.-3)

Thus, if the produckranster# 1S Negative, the matrix current balance must agtou
for growth-related electrons. jfansrer# IS poOsitive, this is not necessary. And of couifse,
the product is null, there is no growth or decalyisTproperty may be used together with
the Heaviside step function, providing a growttatet! term applicable to all cases,

jgrowth i
L,(1- Erim) H (st o434

Regardindgrowth Specifically, is simply the growth rate multipliéy the number of
electrons exchange per newly formed C-mol. Reaaltile anabolic stoichiometry with
acetate as carbon source,

0.5CH,COOC (aq)+0.2 NH (aq)El- 043 0%2 jn*H (aq)+%.2Hg

OB CH..00Nos) +05H,00)+0.2 % 02 nH (aq)

And applying the necessary conversion,

H —  yAnabolism I‘y'Lz'dX__ |
growtn =V N2, F 1. X e 0.2Fu X, L, (8.1.3.-5)

yv*

where v{"™"*" is the stoichiometric coefficient &f and z is the electronic charge

number, -1, included in the equation to compensate forpibstive convention used to
express current directions. Substitution in théedential current balance yields,
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Anabolism

d2 jtransfer Vx N Ze F,U XT .
O atrix' 5 X~ ol = @ piofi + Hi{- :
matrix dxz [¢matr|x ¢so|ut|or] biofilm 1- gbiof”m 1- gbiof”m ( Jtransfer ,U)
(8.1.3.-6)

where bothjyanster and g are a function of local matrix potential and cheahi
species concentrations, meaning they are alsceiettira function of positior.

8.2 Boundary Conditions

Two boundary conditions are required to solve $wmi%s equation. Firstly, at the
electrode surface, the matrix potential must beaktuthe electrode potential, such that the
Dirichlet boundary condition (Polyanin, 2002) aggli

DiriChIet Boundary Condition ﬂmatrix _¢solution u:O = ¢ electrode ¢ solution

(8.2.-1)
Secondly, at the biofilm boundary, the homogenenusent density must be zero,
simply because the conductive matrix doesn’'t extang further. From Ohm’s law, we
may define a Neumann boundary (Polyanin, 2002) itiomnd

. d
lmatlri><|>(:l_x =0= & [¢matrix - ¢ solutior] =0 (82_2)

However, applying the principal of electric poiahtcontinuity, a Dirichlet
boundary condition may also be defined at the Saon,

[¢matrix - ¢so|utior;||xz|_x = ¢ solutior (82_3)

Thus, the second boundary condition is of the @ptigpe (Polyanin, 2002),

d
&[¢matrix - ¢so|ution] =0
Cauchy Boundary Condition: (8.2.-4)
[¢matrix - ¢so|ution] |X:|-x = ¢ solution

With these conditions, Poisson’s equation may dreputationally solved and the
resulting matrix potential profile may be used &icalate the homogeneous current density
through Ohm’s law. Interestingly, the matrix potehis thede factosubstrate for DET
catabolism, meaning the two equations must be ddiraultaneously.

F. Cruz Electron Transport 91






9. Final Remarks

The initial objective proposed in 1.Motivation ertving reversible rate equations
capable of explaining the results report by Rozkadd co-workers (Rozendal et al., 2008)
— has been achieved and greatly surpassed. Rata$ fteasurable macroscopic process in
EABs are provided: current generation, microbiatekics and biofilm growth. These
results are based on clearly identified assumptioamely, quasi-steady-state: biofilms
have approximately constant localized densitiesthéamore, predictions of biomass redox
states — a concept that in and of itself is disedissd applied with unprecedented detail —
are also made, thus providing a zooming tool iday’s black box EAB, potentially
granting the model herein developed with the statukeory.

Other results are also extremely useful from atpral perspective. For instance,
the relation between peak current densities andtsatb affinities for biofilms performing
DET, if proven correct, would render the quantifica of EAB substrate affinities almost
trivial, and certainly much simpler and accuratntin regular biofilms. Not to mention the
results derived for the microbial portion of METeaapplicable to all biofilms growing on
soluble electron donors and acceptors, ultimateulting in a mechanistic equation for
biofilm growth velocity.

These results weren’t just derived from a theoattperspective. The development
of a universal notation, easily converted into angicrete example, was a primary concern.
The same concern also propelled the derivationooiversion rules for composite and
exponentiated half-saturation coefficients intartiséandard counterparts, a result which in
and of itself allows the extension of classical eledsuch as Michaelis-Menten/Monod in
previously unforeseen ways.

Last but not least, and because equations arapaher way to express ideas, this
report is not just about Mathematics or Physicaé@istry: whenever necessary, concepts
where discussed at length to ensure the equatiansatise from them are accessible to the
largest possible variety of specialists. The prgiahintroduction provided by chapters 2, 3
and 4 serves this purpose. Also, the biological biedhemical component of arguments
was never forgotten.

The experimental work that should follow is lengdnd complex, since this is the
type of modelling that requires dedicated experitséor validation purposes. Such details,
| admit, are not fully within my grasp, for | hawkedicated most of my time to theory
building. However, there is one derivation | hatequite managed to finish: full
unification of MET and DET. The reason for thignediator affinity: so far | haven’t been
able to identify a parameter in DET that is conaefly equivalent. This | believe is the
next key theoretical goal, and would enable dicechparison of MET and DET.
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