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ABSTRACT

This study describes and evaluates a computational model for microbial fuel cells (MFCs)
based on redox mediators with several populations of suspended and attached biofilm
microorganisms, and multiple dissolved chemical species. A number of biological,
chemical and electrochemical reactions can occur in the bulk liquid, in the biofilm and
at the electrode surface. The evolution in time of important MFC parameters (current,
charge, voltage and power production, consumption of substrates, suspended and attached
biomass growth) has been simulated under several operational conditions. Model
calculations evaluated the effect of different substrate utilization yields, standard potential
of the redox mediator, ratio of suspended to biofilm cells, initial substrate and mediator
concentrations, mediator diffusivity, mass transfer boundary layer, external load resis-
tance, endogenous metabolism, repeated substrate additions and competition between
different microbial groups in the biofilm. Two- and three-dimensional model simulations
revealed the heterogeneous current distribution over the planar anode surface for younger
and patchy biofilms, but becoming uniform in older and more homogeneous biofilms. For
uniformly flat biofilms one-dimensional models should give sufficiently accurate descrip-
tions of produced currents. Voltage- and power-current characteristics can also be
calculated at different moments in time to evaluate the limiting regime in which the
MFC operates. Finally, the model predictions are tested with previously reported
experimental data obtained in a batch MFC with a Geobacter biofilm fed with acetate. The
potential of the general modeling framework presented here is in the understanding and
design of more complex cases of wastewater-fed microbial fuel cells.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

directly convert a large diversity of organic compounds into
electricity (see several recent reviews by Shukla et al., 2004;

Research on microbial fuel cells (MFCs) is at present receiving Chang et al., 2006; Lovley, 2006; Katz et al., 2003; Bullen et al.,
a striking increase in interest because these devices can 2005; Rabaey et al., 2005a; Rabaey and Verstraete, 2005; Logan
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Nomenclature

A area, L2

b Tafel coefficient, LZMT 31! (e.g,, V)

d density, ML™3

D diffusion coefficient, L2T~!

E equilibrium potential, L’MT 31" (e.g., V)

F Faraday’s constant (96,480 C/mole™)

AG Gibbs energy, LM T2 (e.g., kJ)

i current density, 1L™2

I total current through the MFC, I

K half-saturation coefficient, NL™2 or ML ™3

K, acidity constant

L dimension in biofilm domain, L

m mass of biomass particles, M

n number of moles, N

P microbial fuel cell power, LM T3 (e.g., W)

Q total charge produced, TI (e.g., C)

q specific rate, MM~ T~

r net reaction rate at electrode, ML™2T"! or
NL2T! or in bulk or biofilm, ML3T ! or
NL3T!

R electrical resistance, L>MT 2172 (e.g., Q)

S dissolved chemical component (solute) concen-
tration, NL™2 or ML ™3

t time, T

\4 voltage (for the MFC) or potential (for the electro-
des), L2MT°17? (e.g., V)

v volume, L3

X biomass component (particulate) concentration,
ML™3

X, V¥, Z coordinates in the biofilm (z perpendicular to the
electrode surface), L

Y yield, N/N or M/M

Y degree of reduction for a dissolved or biomass
compound (e”/C-mol)

() volumetric flowrate, L3T~*

n overpotential  (or  polarization  potential),
L>MT317? (e.g., V)

P absolute reaction rate, ML™3T~!

Subscripts

0 initial

A anode

Ac acetate

ata attachment

B bulk liquid

C cathode

CAT  catabolic reaction

Car carbonate
cell microbial fuel cell

COnc concentration

det detachment

e calculated per mol electron

E electrode

ext external electrical circuit of MFC

F biofilm

G Gibbs energy

H hydrogen ion (H")

1 index of a solute or biomass component

int internal electrical circuit of MFC

j index of a reaction

L boundary layer

M mediator (general form)

Met  methanogen

Mox  oxidized mediator (M)

Mred reduced mediator (MH,)

ohm ohmic

Q coulombic (charge)

ref reference

S soluble component

X biomass

Superscripts

01 biochemical reference conditions, but with pH 7

0 standard reference conditions (1mol/L, latm,
298K)

[B] reference to concentrations in bulk liquid

max maximum

Note:

L, M, T, I and N are the dimensions of the quantities
length, mass, time, electric current, and amount
of substance, respectively. The units of all model
variables are in Tables 1-3.

et al, 2006). However, multiple physical, chemical and
biological factors interact and play a role in determining final
MFC performance. This complicates the analysis of a MFC
system, which requires an inherently multidisciplinary ap-
proach if in-depth understanding of how they function is to
be achieved. Although in the field of chemical fuel cells
mathematical models are highly developed and widely used
(e.g., Fuel Cell Handbook, 2004), to date work on MFC has been
mainly experimental. Current research (Schubert, 2006) is
oriented either towards understanding the microbiology of
electrochemically active microorganisms (Stams et al., 2006)

or to the engineering and design of ever more efficient and
versatile MFCs (for example, Rabaey et al., 2003; Liu and
Logan, 2004). It is our conviction however that, if rationally
constructed and used, mathematical models can be useful to
both microbiologists and engineers. This is because almost all
aspects of the MFC operation can be regarded as sub-optimal
at this point, including the anode, the cathode, the mem-
brane, and MFC design (Chang et al., 2006). For engineers,
mathematical models can help to detect rate-limiting steps
and to allow the development of strategies to improve the
MFC’s design and power output. Biologists on the other hand
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can use computational models to test hypotheses about
microbial community composition, size, activity and modes
of electron transfer in MFCs or to design new experiments.
Moreover, the computational models help by pointing to the
most important MFC parameters that should be experimen-
tally measured and reported.

The information available at present is restricted to simple
calculations of overall coulombic end energy efficiency, over-
all growth yield, maximum attainable power and open circuit
potential (Rabaey et al., 2005b; Logan et al., 2006; Menicucci
et al.,, 2006). An isolated exception is a preliminary model for
MFC with suspended cells and added redox mediator (Zhang
and Halme, 1995). Surprisingly, this line of research has not
been pursued further, and the evolution in time of MFC
parameters (current, voltage and power production, con-
sumption of substrates, suspended and attached biomass
growth) in a biofilm-based MFC has not been previously
described by any reported model.

This report therefore has the main goal of laying the basis
of a general model describing MFC behavior with both
suspended and attached cells in the form of biofilms. Since
this is the first attempt of its kind, we shall focus here only on
electron transfer from microbial cells to the anode via an
added diffusible mediator. Including other electron transfer
mechanisms such as by an endogenously generated media-
tor, by direct contact (Chang et al., 2006), or connection to the
anode via proposed conducting structures termed “nano-
wires” (Reguera et al, 2005) in the model framework is
possible, and shall be presented in further studies. In this
model, we aim to describe in detail only the dynamic behavior
of the anodic compartment, having in mind that a description
of the cathodic chamber can follow the same approach. This
study also evaluates the model performance in several
scenarios involving both cells in suspension and cells in
biofilms developed on the anode of a MFC.

2. Model description

A goal of any mathematical model of a microbial fuel cell is
to, at least, calculate the electrical current and voltage
generated. The electrical current occurs when certain dis-
solved chemical species are oxidized on the anode and others
are reduced on the cathode. A first task consists of defining an
electrochemical model for the electrode reactions, which
depend on the electrode potential and on concentrations of
reactants/products at the electrode surface. Secondly, be-
cause the concentrations of chemical and biomass compo-
nents are determined by the mass transport and reactions in
the biofilm and bulk liquid, a previously described biofilm
model using mass balances is incorporated in a slightly
adapted form (Picioreanu et al., 2004; Xavier et al., 2005).
The general model is implemented in computer software
written in C/C++. An easy to use text-based input file provides
a modeling framework in which any number of soluble
components and biomass types together with their relevant
physical, chemical and biological attributes can be defined.
Electrochemical and (bio)chemical reactions can also be
defined based on their stoichiometry and rate parameters.
One-, two- or three-dimensional descriptions of the biofilm

system can be alternatively chosen. A model scheme (Fig. S1)
and solution algorithm (Fig. S2) are presented in the
Supplementary Material. For the standard case reported in
this article (case no. 1), a simulation of 15 days MFC operation
with time steps of 0.5h takes ~6min (one-dimensional, 1d),
~30min (two-dimensional, 2d) or ~14h (three-dimensional,
3d) on a PC (2.6 GHz processor).

The model is applied here for the particular case of a MFC
fed with acetate, operated in batch mode. Acetate is chosen in
the examples as substrate because its complete degradation
to CO, follows a simpler pathway than substrates with higher
numbers of carbons (e.g., glucose, butyrate, etc.). It is also
assumed that a certain concentration of redox mediator
exists from the beginning in the bulk liquid.

2.1. Electrochemical model

2.1.1. Electrode rates
The rate for the electrochemical oxidation of a reduced
mediator at the anode surface
Myeq = Moy + 2H" + 2e™ (1)
is expressed as a function of current density as

i i
ered,E = - ﬁ ,  T'MoxE = ﬁ . (2)

The current density produced in the electrochemical med-
iator oxidation is represented by the Butler-Volmer equation
(see, for example, Newman, 1991, pp. 188-190)

-1 -2
- f( SEMred > ( Sk Mox ) ( Sen )
— lo,re
Sref,Mred Sref‘Mox Sref,H

2.303 2.303
X |€xp T"act — €xp 7T’7act . (3)

All concentrations Sg in Eq. (3) are at the electrode surface.
These concentrations are also used to calculate the activation
overpotential 5.

2.1.2.  Current and charge

The current I collected at an electrode is obtained by
integration of all possible local current densities i; over the
electrode surface (as in the biofilm-induced biocorrosion
model of Picioreanu and Van Loosdrecht, 2002)

I=[ Y idA. @
Arp j

The problem is however complicated by the fact that Eq. (4) is
implicit in I: the activation overpotential, which is the driving
force for the current density i;, depends in turn on the current
1. A potential balance over the MFC permits calculation of the
activation overpotential as is explained in Section 2.1.3 (see
also the solution method in Supplementary Material). The
charge (Coulombs) produced is calculated from the integra-
tion of cell current over time

Q:/:Idt. 5)

The coulombic yield (Yq) is the ratio between the actual
charge produced Q and the maximum theoretical one, Qmax,
which is the number of electrons (y) available for a redox
reaction in all oxidizable substrates (n; moles) fed to
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the fuel cell

Q Q
Yo = = . 6
e Qmax Z}'ini ( )
2.1.3. Voltage and overpotential

When the (microbial) fuel cell is connected with an external
resistance Rex: (also called “load”), Ohm’s law Vcen = IRext
gives the microbial fuel cell voltage, Vcen. Furthermore, the
cell power is P =Vl The actual fuel cell voltage is
decreased from the equilibrium potential, E . (the maximum
imposed by thermodynamics), by a series of irreversible
losses Vien = Ecen—Losses. The equilibrium cell potential E.ep
is expressed by the difference between the ideal equilibrium
potentials of the cathode and anode, E®) and E, respectively.
The E®) and E®) at a moment in time are calculated as a
function of the concentrations of reacting chemical species in
the bulk liquid, Sg, at that moment.

The losses, called overpotential or polarization, originate
primarily from three sources: (1) activation overpotential (1act,
related to the rates of electrode reactions), (2) ohmic over-
potential (7onm, related to the resistance to the flow of ions in
the electrolyte and to flow of electrons through the electrode
materials), and (3) concentration overpotential (/conc, related
to mass transfer limitations of chemical species transported
to or from the electrode). All these overpotentials are by
convention here positive values.

By summation of all polarization losses, the cell voltage is
written as

B B
Vcell = (EA(:) - Ei’-\)> - ("act + Nohm + "conc)' (7)

The activation and concentration overpotentials occur sepa-
rately both at cathode and anode, so that one obtains

Veen = (E& — lgact = Mccone ) = (X + laact + facone ) — Nlohm:

®)
Concentration overpotentials will correct the ideal equili-
brium electrode potentials taking into account that the actual
concentrations at the electrochemical reaction site are the
concentrations Sg at the electrode surface. Concentrations Sg
are determined by mass transport and reaction and are
variable in time (and for 2d or 3d models also in space). If, for
a reactant, the difference in concentration between bulk and
electrode surface creates the concentration polarization
flcone = RT/(nF)In(Sg/Sg) (Fuel Cell Handbook, 2004), then we
can define new equilibrium potentials for the cathode and
anode, Ec and E,, as a function of Sg. If both the electrolyte
and fuel cell electrodes obey Ohm’s law, then 5onm = IRint. One
can therefore write Eq. (8) as

Vel = (EC - "C,act) - (EA + "IA,act) — IRipt. (9)

For simplification, because the model focuses on the behavior
of the anodic chamber, a constant value for the cathode
potential, V¢ = Ec—#jcact, is assumed. Values for the equili-
brium potentials of all anodic reactions are needed, as
functions of the standard redox potential, amended for the
actual concentrations calculated at the electrode surface. For
example, the mediator oxidation reaction (1) has

RT, SmoxSh+

Moxdmt (10)

Em=EY +-51
M=t o TS e

Finally, at 25°C, with the internal and external resistances
known, with the standard reduction potential EY for the
mediator couple, and with Ve = [Reyt, the activation over-
potential is

0.059, S
fact = Ve — I(Rint + Rext) — (Eg,[ —0.059pH + —"1log ﬂ)
2 SE,Mred

(11)

Consequently, it is necessary to know the concentrations Sg of
electroactive species at the electrode surface. These concen-
trations are determined by the rates of diffusion through a
mass transfer boundary layer and through the biofilm
growing on the electrode, in combination with all reactions
occurring in the biofilm and on the electrode. The rigorous
way to find these concentrations is by solving a set of mass
balances in the biofilm and bulk liquid domains, which will be
explained in the following sections.

2.2.  Biofilm/bulk liquid model

2.2.1. Microbial reaction stoichiometry

In general, the reaction stoichiometry of microbial growth
relates the amounts of different substrates consumed to the
amounts of metabolic products and biomass formed during a
certain microbial conversion. In order to construct a realistic
model for the biotransformations occurring in the MFC, it is
essential to have the reaction stoichiometry based not only on
correct elemental and charge balances, but also on the second
law of thermodynamics.

Microorganisms from MFC extract the large quantities of
Gibbs free energy needed to build biomass (the anabolic
process) from redox reactions (catabolism) involving an
electron donor/electron acceptor couple. We shall assume
for the purposes of this example that the MFC bacteria grow
anaerobically on acetate as electron donor and carbon source,
with oxidized mediator as electron acceptor, and with NHj as
N source. The growth system contains acetate, biomass (with
a typical elemental formula CH; gOgsNo ., cf. Heijnen, 1999),
oxidized mediator (Mox =M), reduced mediator (Myeq=MH),),
HCO3, NHj, H* and H,0 as the eight relevant components.
The general macro-chemical reaction equation for the
production of 1C-mol biomass can be written as

aCyH305 +fM—fMH; + bNH‘J}r +cH"
+dH,0+e HCO; + 1CH;8005Ng.5.

The six stoichiometric coefficients (a—f) can be calculated
from the conservation equations for C, H, O, N, electric
charge, and the Gibbs energy balance. Because we may not
always know the Gibbs energy of formation for the mediator
species, we adopt the approach of Heijnen (1999), based on
the Gibbs energy per electron present in the redox couple,
AGQ'. This has the advantage of being directly related (by
AGY* = —FE”) to the conventional redox potential of redox
half reactions, E°!, which is normally known for a given
mediator. AGS is calculated at biochemical standard condi-
tions (pH 7, 298K, 1mol/L, 1bar), using HCO3, the most
abundant form of carbon dioxide at this pH.
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First, the Gibbs energy of the catabolic reaction AGcar is
calculated from the Gibbs energies of half-reactions

—AGcaT = Yac (AGg,lAc - AG(e)_lM>' (12)

For the acetate/HCO3 couple (electron donor), AGYL, . = 26.8KJ/
e-mol (Table 3 from Heijnen, 1999). For the mediator couple
(electron acceptor), AGY}, = —FEJ;. Taking thionine as med-
iator in this example, the reduction potential at biochemical
standard is Ef = 0.064 V (Roller et al., 1984) (that is, EY; = 0.477 V
in standard conditions, vs. standard hydrogen electrode, SHE),
thus AGY}, = —6.175kJ/e-mol. The reduction degree for acet-
ate is yac = 4e/C-mol, thus —AGcar = 131.9kJ/C-molAc.

Second, the dissipated Gibbs energy can be estimated from
a correlation function of the number of carbon atoms in the
electron donor and its degree of reduction (Heijnen, 1999). If
maintenance is neglected, the estimated maximum energy
dissipation yield is 1/Y¢x* = 432 kJ/C-mol biomass.

Finally, from a balance of degree of reduction (conservation
of electrons) and the Gibbs energy balance, and with a degree
of reduction for biomass yx =4.2, the maximum yield of
C-mol biomass/C-mol acetate, Y32, is (Heijnen, 1999)

Yieg = _(AGean)  _ 0.231 C-mol biomass/C-mol acetate,

Ygl)?x + %(—AGCAT)

(13)

which means a stoichiometric coefficient a = —2.163mol
acetate/C-mol biomass. In a similar manner, the yield of
biomass from mediator (with yy = —2 because two electrons
are involved per mol thionine) can be calculated as (Heijnen,
1999)

max %(_AGCAT) : 3
Yux = ¢—5——=0.153 C-mol biomass/mol mediator,
ymax
GX

(14)

which gives the stoichiometric coefficient f= —6.553mol
mediator/C-mol biomass. The rest of four stoichiometric
coefficients follow from the elemental and charge balances.
The calculated molar stoichiometry of microbial growth on
acetate with thionine as electron acceptor is

2.163C,H30; + 6.553M + 0.2NH] + 6.153H,0
— 1CH15005Np2 + 6.553MH, + 3.326 HCO; + 1.363H*. (15)

In wastewater treatment, the biomass yield is calculated on
chemical oxygen demand (COD) basis. In terms of COD, the
maximum biomass yield is

Yx = X Y% — 0.243gCOD biomass/gCOD acetate.

YAc

The reaction stoichiometry per gCOD acetate is therefore

Acetate + YyoxM + YNNH] + YwH,0
— Yx Biomass + Ycar HCO3 + Yyrea MH + YyHT,

1gCOD acetate + 0.0473mol thionine + ...
— 0.243 gCOD biomass + ... (16)

Yy and Yy are neglected. The remaining calculated yields per
gCOD acetate consumed are listed in Table 1.

A hypothetical mediator with a lower reduction potential
would theoretically give a higher coulombic yield. However,

for microbial growth this is energetically less favorable and
less biomass would be produced. For example, one can
calculate that for E{f =—0.200V (that is, EYy=0.210V in
standard conditions, vs. SHE), the Gibbs energy produced in
catabolism is only —AGcar = 30kJ/C-mol Ac. With this value,
one obtains only 0.068 gCOD biomass/gCOD acetate

1gCOD acetate + 0.0583mol mediator +...
— 0.068gCOD biomass +... (17)

As it will be shown by model simulations, although in a pure
culture, the lower-potential mediator produces more elec-
trons per substrate (has a higher coulombic yield), in a mixed
culture this too slow-growing microorganism can potentially
not compete with others having a higher growth rate.

2.2.2. Microbial reaction kinetics

The absolute rate of acetate conversion with oxidized
mediator leading to microbial growth can be expressed as a
double Monod limitation kinetic equation (standard para-
meters in Table 1)

SAC SMox

= X . 18
# = Qacmax Kac + Sac Kmox + Smox (18)
The net rates for acetate, biomass, the two mediator forms,
bicarbonate and protons are expressed using rate Eq. (18) and
the stoichiometric Eq. (16) as

vired = YMP,
ra = Yaup. (19)

Tac = —p, Tx=Yxp,

'Mox = —YMpP, Tcar = Ycarp,

The rates (19) are applied in mass balances for components in
biofilm (with Sgac, SeMox, SEMred, SEcar Seu and Xg all variable
in time and space) as well as in the bulk liquid (with Sg A,
SBMox, SBMred, Sp,can Sp,u and Xg, all variable in time).

2.2.3. Mass balances in bulk liquid

The bulk liquid in the anodic compartment of a MFC will be
considered completely mixed so that solute and biomass
concentrations, Sz and X, (and accordingly their local
reaction rates) can be assumed uniform in the whole bulk
liquid.

Soluble components: A system of ng ordinary differential
equations representing mass balances of each soluble com-
ponent (chemical species) in the bulk liquid will be solved
%:%(Sin —Sp)+TsB +%/UP TSk dV+%/AF TSE dA (20)
with a set of specified initial conditions Sg(t = 0) = S for all
soluble components. Mass balances (20) take into account
rates of exchange with the exterior and the rates of reactions
in the bulk, in the biofilm and on the electrode. In the model
case study chosen as an example, batch operation is assumed
(@ = 0), but continuous operation can also be simulated. The
net rates of reaction in the bulk (rsg) and in the biofilm (rs )
are made up of contributions from rates p; of all individual
reactions i multiplied by the corresponding stoichiometric
coefficients (or ‘yields’ in biotechnological applications).
These rates are given by Eq. (19). The rate of exchange
between the biofilm and bulk liquid can be expressed in one
of two ways: (1) as the product between an average mass flux
of component to/from the biofilm, js (kg/m?®s or kmol/m?s),
and the surface area of the biofilm Ar (m? or (2) an average
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Table 1 - Model parameters for the standard case simulation with biofilm developing on the anode of a batch MFG fed with

acetate

Parameter Description Value Units
Dissolved components
So,Ac Initial concentration substrate (acetate) 100 gCODm™
So,Mred Initial concentration reduced mediator 1073 mM
So,Mox Initial concentration oxidized mediator 1 mM
So,car Initial concentration bicarbonate 20 mM
So.Na Initial concentration cations (Na*)? 17.8 mM
Dac Diffusion coefficient substrate (acetate)® 6.5x107° m?day*
Dytred, DMox Diffusion coefficient mediator 2x10°° m? day’1
Dcar Diffusion coefficient bicarbonate® 1.7x10°° m?day*
Dna Diffusion coefficient cations (Na*)° 1.16x10°° m?day "
Ko ac Acidity constant acetate® fUG=277
Kacar Acidity constant bicarbonate® 106352
Ly Mass transfer boundary layer thickness 10 pm
Biomass components
Xo Initial biomass concentration in bulk liquid 0.01 gCODm 2
Npo Initial number of biomass particles 5 (2d case) Particles
165 (3d case)
dx Density of biomass particles® 300000 gCODm ™
mo Initial mass of biomass particles® 10~ gCoD
Mx max Critical biomass for biomass particle division® 2x10712 gCOD
System dimensions
Vg Bulk liquid volume 2.5x107* m?
Ar Anode surface area 1073 m?
Lx x Ly x Lz Size of biofilm computational domain 66 x 66( x 66) pm x pm( x pm)
NxMxL Number of grid nodes in x, y (and z) for biofilm space discretization in 2d and 3d 33 x 33(x 33) Nodes
Electrical parameters
Ve Cathode potential 0.68 V (SHE)
Rint+Rext Total cell resistance 100 Q
Electrochemical rate parameters
lo,ref Exchange current density for mediator oxidation in reference conditions 2x107* Am?
(Sref,Mred = Sref,Mox =1l mMy Sref,H+ = 1077 M)
E%r Standard reduction potential for the mediator couple (vs. SHE)? 0.477 V (SHE)
b Tafel coefficient for mediator oxidation® 0.120 \Y%
Microbial rate parameters
qAc.max Maximum specific rate constant for microbial consumption of acetatef 10 (gCOD acetate)
(gCOD
biomass) *day*
Kac Monod half-saturation coefficient for substrate acetatef 100 gCODm™
Kintox Monod half-saturation coefficient for oxidized mediator 0.1 mM
Yx Yield biomass on substrate® 0.243 (gCOD biomass)
(gCOD acetate) *
Ynroxs Ynred Yield mediator vs. substrate® 0.0473 (mol mediator) (gCOD
acetate)
Ycar Yield bicarbonate from substrate® 0.024 (mol HCO3) (gCOD
acetate) ?
Yu Yield protons from substrate® 0.0098 (mol HY) (gCOD
acetate)

Values for the other model parameters were assumed based on common practical experience.
# Calculated from charge balance to yield pH~7.

b As in Batstone et al. (2004).

¢ Similar to Picioreanu et al. (2004) and Xavier et al. (2005).

4 From Roller et al. (1984), at pH 0.

€ Assumed for a two-electron reaction.

From Batstone et al. (2002).

& Calculated from a thermodynamic approach based on Heijnen (1999).
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rate of reaction in the biofilm fsr (kg/m>s or kmol/m?s) times
the biofilm volume, V¢ (m?)

)TS’FAF = fs’FUF = / TsF dv. (21)
Vp

The second option was preferred, because the change in the
volumetric rates of solute components can be easily calcu-
lated. A second reason is that in a 2d or 3d model case the
biofilm surface is actually not the same as the electrode area
on which the biofilm is supported and therefore not easily
known. Similarly, the electrochemical rates of solute compo-
nent change on the electrode surface, rs g (given by Eq. (2)) can
be integrated over the electrode surface to give the contribu-
tion of the surface reactions to solute accumulation. The
solution of Egs. (20) is a set of bulk liquid concentrations
needed at each moment in time as boundary conditions for
solute mass balances in the biofilm.

Biomass components: Similar to the solute balances, mass
balances are also written for all nx relevant biomass types
included in the model

dXg @
K:
Initial concentrations of all biomass types suspended in the
bulk liquid, Xo, need to be assumed in accordance with those
used in the experiments. In the batch case exemplified here,
& = 0. Moreover, for simplicity, the biomass exchange be-
tween bulk and biofilm (the surface-based rates of biomass
detachment and attachment) has been ignored in the case
studies presented here although the general model imple-
mentation offers this possibility.

A A
(Xin — XB) + TxB + Tdet — — Tata — - (22)
UB Us

2.2.4. Mass balances in biofilm

Unlike the bulk liquid, the biofilm sub-domain is character-
ized by spatial concentration gradients both for solutes and
for biomass components, Sg(x,y,z) and Xg(x,y,z). Moreover,
these concentrations are also time dependent as the biofilm
continuously develops over time. Biofilm model equations are
presented in detail in other publications (Picioreanu et al.,
2004; Xavier et al., 2005) therefore only the essential model
modifications will be explained here.

Solute components: For any soluble component, a mass
balance can be set up by assuming that the transport is only
by molecular diffusion and that dissolved components can be
produced or consumed in several biotic or abiotic transforma-
tion processes with net rate g

oSp 0 OSg 0 OSg 0 0Sg

§:&<D67>+@<DW>+672<D67>+YS’F' (23)
Migration of ions in an electrical potential field is here
neglected by assuming that the high medium conductivity
will make potential gradients insignificant. Eq. (23) is applied
on a rectangular computational domain partially filled with
biofilm and partially with a mass transfer boundary layer
without biofilm. Simplifications are made in 1d and 2d model
reductions (0/0x and/or 9/dy =0). The boundary conditions
needed to solve the mass balance Eq. (23) reflect the particular
setting of the modeled biofilm system. At z =Ly (top of the
biofilm computational domain) bulk concentrations of all
soluble components are assumed, Sg=Sp. The electrode
surface on which the biofilm develops (at z=0) is now

electrochemically active for certain chemical species (e.g.,
mediators, protons with rgg+0), but inert and impermeable
for others (rsg = 0). In general, the boundary condition at the
electrode surface expresses the fact that the rate of superficial
production of a species on the electrode surface must equal
the flux out by diffusion

D% +1sg =0. (24)
The remaining lateral system boundaries are connected and
form a so-called “periodic” boundary type (Picioreanu et al.,
2004). The bulk/boundary layer and the boundary layer/
biofilm interfaces are considered internal boundaries, where
conditions of concentration continuity apply. For the initial
state at t=0, a uniform distribution of concentrations
throughout the whole domain is assumed, with Sg = Sp. The
solution of solute mass balances in the biofilm, Sg(x,y,z), at a
given moment in time is used to calculate:(i) the overall
biofilm reaction rates needed in bulk liquid mass balances
(20); (ii) electrode reaction rates and currents because
Se = Se(x,y,0); (iii) biomass growth rates in the biofilm.

Biomass balances: The model for biomass production/con-
sumption and transport within the biofilm closely follows the
individual-based modeling approach (IbM) described and
applied in Picioreanu et al. (2004) and Xavier et al. (2005).
The relevant parameters are: npp, initial number of biomass
particles, dx, density of biomass particles, mo, initial mass of
biomass particles and mxmax, critical biomass for biomass
particle division (Table 1).

2.2.5. pH calculation

The electrochemical mediator oxidation rate depends on pH,
which is in turn altered by both electrode and microbial
reactions. The H* concentration is calculated from a local
charge balance (electroneutrality condition) applied at every
location in the biofilm and bulk liquid (Batstone et al., 2002):

K.S SuS
i)t (5%)
anions from weak acids \°H T %a cations from weak bases \>H T %a

Ky
Sl Y

anions from strong acids cations from strong bases

Su —

Sc=0. (25)

The concentrations of anionic species from weak acids, Sa_,
are expressed from the acidity constant K, combined with the
total concentration of that acid, Sa. A similar treatment is
applied for cations from weak bases. Cations from strong
bases (e.g., Na*) or anions from strong acids (e.g., Cl7) are
usually also present. OH™ concentration results from the ionic
product of water Ky,

3. Model evaluation: MFC with biofilm and
added redox mediator

Several simulations were performed in the standard case
conditions (Table 1) and in conditions in which some of the
parameters and model assumptions were changed (Table 2).
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Table 2 - Summary of model parameters changed in respect to the standard case (Table 1), in all simulated cases

Parameter Simulation case nos. Units
2 3-5 6-8 9 10 11 12,13 14 15 16 17
Figure
1D- 6A 6B 7A,B 7C,D 7C,D 7E 7F 8A,B 8A,B,C 8A,B,D
F
Sos 100 100 100 gCODm™
day days days
10 10, 15 10, 15
SO,Mred 1 mM
SoMox 103 mM
Dwred, Dmox 6x107° 6x10°° m?day*
Ly 32 pm
Xo 10 0.25, 0.25, 0.25 0.25 0.25 gCOD m—3
2.5, 2.5,
25 25
Npo 0 0 0 0 0 Particles
Rexe 400, Q
1600
E 0.210 0.210 V (SHE)
Yx 0.068 0.068 (gCOD
biomass) (gCOD
acetate) *
Ytoxs Yared 0.058 0.058 (mol
mediator) (gCOD
acetate)
ch.max,XMet 10 10 (gCOD
acetate) (gCOD
biomass) *day*
KacMet 100 100 gCODm 3
Yxnmet 0.05 0.05 (gcoD
biomass) (gCOD
acetate) *
Rendo 0.125 day*
KMox,endo 0.1 mM
Yitox.endo 0.0623 (mol
mediator) (gCOD
biomass)~*
3.1. Standard case and general characteristics substrate consumption is maximum, i.e., the slope of Sp s over

The main goal for the mathematical model describing the
behavior of the microbial fuel cell is to calculate the current
produced, as a function of time. Besides, integration of
current over time gives the total charge produced. These
two characteristics, calculated for the standard case are
shown in Fig. 1A. The current increases over a couple of
days, in parallel with biomass accumulation both attached on
the anode as biofilm and suspended in the liquid phase
(Fig. 1B). After about 8 days, the substrate is depleted (Fig. 1C)
and, naturally, the total biomass and the biofilm thickness
reach a maximum plateau phase (biomass decay has been
neglected). The current produced depends on the availability
of reduced mediator. When the substrate is depleted, the
biomass cannot reduce the oxidized mediator and its
concentration in the bulk liquid will gradually decrease
(Fig. 1C) due to the fact that Mgeq is continuously oxidized
at the anode. The current reaches its peak when the rate of

time is the steepest. This peak is determined by the balance
between all reaction and diffusion rates in the biofilm.

The concentrations Sg at the anode surface can be very
different from those in the bulk liquid (Sg). This is due to
diffusion limitations, both in the boundary layer and in the
biofilm. Because M,y is formed at the anode surface,
SeMox>SeMmox (Fig. 2A) and correspondingly there is less
reduced mediator at the electrode than in the bulk (Fig. 2B).
The faster the electrochemical conversion of mediator the
steeper its concentration profile at the electrode surface. The
maximum electrochemical rate (i.e., the maximum current
produced) is after about 4 days, when enough biomass has
accumulated in the biofilm. However, after day 4 the thicker
biofilm causes greater resistance to the mediator and
substrate diffusion. Slower diffusion corroborated with lower
microbial conversion rates (because substrate concentration
decreases, as shown in Fig. 2C) will lead to the gradual fall in
current produced. It can be observed from concentration
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Fig. 1 — Simulated time progress of several MFC process variables: (A-C) in the standard case (parameters in Table 1); (D-F)
when starting with much higher concentration of suspended biomass (10 gCOD/m?, Table 2, case no. 2). (A and D) electrical
parameters (thick line: current in a 2d simulation; thin line: current in a 3d simulation; dashed line: cumulative produced
charge); (B and E) biomass-related measures (thick line: concentration of total biofilm biomass per reactor volume; thin line:
concentration of suspended biomass per reactor volume; dashed line: maximum biofilm thickness); (C and F) soluble
chemical species in bulk liquid (thick line: substrate acetate; thin line: oxidized mediator; dashed line: reduced mediator).

profiles (Figs. 2A and B) that a minimum M,y is correlated
with a maximum in M,q produced. This is due to the
countercurrent diffusion of the electron acceptor (Mox) and
donor (acetate) in the biofilm depth. The MFC biofilm system
is in this respect similar to the membrane-aerated biofilm
used in wastewater treatment, where the electron acceptor
(oxygen) diffuses from the membrane side (biofilm support)
and the donor (COD or NHi) from the bulk liquid side
(Pankhania et al., 1994; Hibiya et al., 2003; Okabe et al., 2004;

Satoh et al., 2004). When the substrate is almost exhausted
(for example at day 8), very little microbial conversion occurs
in the biofilm but the mediator continues to be oxidized at the
anode surface. The absence of microbial conversions corre-
lated with the sink for M,.q (source for M) still present leads
to linear concentration profiles, determined only by the rate
of diffusion (Fig. 2A and B). Of course, this analysis is valid
only in the case where mediator exists in the bulk liquid from
the beginning of the MFC run. In the current system the total
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Fig. 2 — Average concentration profiles along the biofilm depth after 1-5 and 8 days, for the MFC biofilm grown in standard
conditions: (A) oxidized mediator, S mox (mM); (B) reduced mediator, Sgyeq (MM); (C) substrate, Sgac (2COD/m?).

amount of mediator is conserved (Mox and M,eq are merely profiles and consequently the current generation may be
recycled). If the mediator is produced in-situ by bacteria quite different. This interesting aspect should be examined by
(Rabaey et al., 2004; Rabaey et al., 2005b) the concentration further modeling studies.
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A multidimensional (2d or 3d) model can describe
heterogeneous biofilm formation on the anode surface.
The effect of a non-uniform biomass distribution on the
electrode, calculated by the 2d MFC model, on the
current produced can be seen in Fig. 3. The local current
density is more intense at places where the electrochemically
active bacteria are present (days 1-3 on Fig. 3). In addition,
from the distribution of M,y concentration at day 3, radial
concentration gradients within a bacterial colony can be seen.
This is because M,y is more rapidly consumed at places
within colonies where enough substrate is available; this
creates a sink towards which the M,y existing in the bulk
liquid or formed at the anode will diffuse. If in time the
biofilm will cover the whole electrode surface by a homo-
geneous microbial layer, then uniform current distribution
over the electrode is expected (day 6). Moreover, the

concentration gradients will be largely 1d for a flat and
homogeneous biofilm, the dominant gradients arising
normal to the electrode surface. In this case, while a 2d or
3d model would be needed for young biofilms, a 1d
description of the MFC biofilm would be sufficient for
the older ones. Formation of biofilm heterogeneity is the
concerted action of biomass growth and detachment
(Van Loosdrecht et al., 1997), and it has been investigated by
several experimental and modeling studies (Kwok et al., 1998;
Picioreanu et al., 2004).

The 3d MFC biofilm model produced very similar results
(Fig. 4). As in the 2d case, the current distribution over the
anode was heterogeneous for younger and patchy biofilms,
becoming uniform in older and more homogeneous biofilms.
The total current produced in the 3d case was compared with
the one in the 2d case (Fig. 1A). The effect of 3d gradients

Day 1.00 Day 2.08
0.8 T 0.8 T
06F 06
E E
a 04 a 04+
”M gl
0 . v v L 0

Mox Mox
30 30
E 20 g 20
= =
10
+*
0 .’% *5 w
0 10 20 30 40 50 60
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Day 3.00 Day 6.00
0.8 ok Ko 0.8 o
06}t 06F
~ o~
E Eoal
= 0.4 s 0.4
0.2 o2t
0 0

0 10 20 30 40 50 60
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Fig. 3 - Current density i (A/m?) and cells distribution on the anode surface after 1-3 and 6 days, as resulted from a 2d
simulation in the standard operation conditions (parameters in Table 1). 2d concentration distributions for the oxidized
mediator are shown on the cell distribution plots as gray-scale contour levels. The gray scale used is on the graph at day 3, for
concentrations between 0 (minimum, dark gray) and 0.001 M (maximum, white).
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Fig. 4 - Left: current density i (A/m?); right: cells distribution on the anode surface (view from top) after 1-3 days from a 3d
simulation in standard conditions (parameters in Table 1). 2d distributions of current density are shown as gray-scale
contour levels. The gray scale used is on the graph at day 3, with i between 0 (minimum, dark gray) and 0.8 A/m? (maximum,
white).

seems to be marginal in this case. This again suggests that for MFCs it is likely that more heterogeneous distribution of the
rather uniform biofilms 1d or 2d models should give accurate electroactive bacteria will occur. 2d and 3d time-dependent
enough descriptions of produced currents. However, for models will be invaluable in exploring the effect of such
multispecies anode biofilms developing in wastewater fed biofilm heterogeneity on MFC performance.



WATER RESEARCH 41 (2007) 2921-2940

2933

0.6

0.5 1

Vcell (V)
o
w

0.1 1

0 0.1 0.2

0.3 0.4 0.5 0.6

0.1
0.09
0.08
0.07
0.06
0.05

P (mW)

0.04
0.03
0.02
0.01

I (mA)

Fig. 5 - Voltage—current (A) and power—current (B) behavior of the MFC simulated in the standard case operation (2d model,
parameters in Table 1). The V-1 and P-I curves are calculated at 1 (black circles), 2 (open circles), 3 (black triangles), 4 (open
triangles) and 6 days (open squares) after the start of the MFC run. Each curve is calculated by solving the mass balances for
solutes and the total current equation at different resistances Rex, varied from high to low values.

Voltage-current (Fig. 5A) and power-current (Fig. 5B)
characteristics can be calculated at different moments in
time with the 2d model. From the voltage-current curves, it is
clear that the MFC operated with the chosen standard set of
parameters functions in a mass-transfer-limited regime (the
part of the curves at high currents, Fig. 5A). Diffusion
limitations increase by the day, as biofilms get thicker. These
outputs of the model are very similar to the characteristic
voltage—current and voltage-power relationships observed in
real MFC (Logan et al., 2006).

3.2. Competition between suspended and biofilm cells

Suspended and attached growing cells (case no. 2): Starting the
system with higher concentrations of suspended cells (e.g.,

10 gCOD/m®) will obviously give those an advantage in a batch
system. Given the same amount of substrate initially added
to the MFC, a thinner biofilm with less biomass will develop
(Fig. 1E). However, the current produced will quickly increase
from the beginning because sufficient initial biomass exists to
quickly reduce the mediator (Fig. 1D), until a quasi steady
state in the two mediator concentrations is reached (Fig. 1F).
This steady state is the result of a balance between the rates
of microbial and electrochemical processes.

Growing suspended cells only: When hypothetically no biofilm
is allowed to form on the electrode, the diffusion resistance is
very much diminished. This results in faster system dy-
namics: on one hand the steady-state current is quickly
reached, on the other hand the current falls more steeply
after substrate depletion (see currents in Fig. 6 in comparison
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Fig. 6 - Simulated current production in time when only suspended cells are growing in the bulk liquid and no biofilm
formation possible. (A) initial biomass concentration X, = 0.25, 2.5 and 25 gCOD/m?>, mediator initially in oxidized form
(So,mrea = 1 1M, Sg mox = 1 mM); (B) initial biomass concentration X, = 0.25, 2.5 and 25 gCOD/m?, mediator initially in the
reduced form (Somrea = 1 MM, Sg mox = 1 pM). Parameters for these simulations are listed in Tables 1 and 2 (A—case nos. 3-5;

B—case nos. 6-8).

with those in Fig. 1). The more concentrated the suspended
biomass, the faster the system dynamics (Fig. 6A—case nos.
3-5, mediator initially oxidized). If the mediator is initially
added in a reduced form (Fig. 6B, case nos. 6-8), the current is
already high from the beginning. In the case of low initial
biomass concentrations (e.g., 0.25 gCOD/m?), the current falls
until enough biomass is being formed to support the rate of
microbial reduction of Myx. Obviously, because no hetero-
geneous biofilm exists on the planar electrode, a 1d model for
mediator diffusion is sufficient in these cases.

Growing suspended cells and repeated additions of substrate:
When a new pulse of fresh substrate is added to the MFC after
its depletion (case no. 9) the current will very quickly recover
to its maximum value and remain constant as long as
sufficient substrate is present (Fig. 7A). Due to microbial
growth, the biomass concentration increases and the second
pulse of substrate is consumed faster than the initial load
(Fig. 7B). However, the diffusion of mediator is limiting the
current production, and regardless the biomass concentra-
tion, the maximum current obtained at the second pulse is
still the same as the initial one.

Mediator diffusivity: A higher diffusivity of mediator species
(e.g., 6x10"°m?day in case nos. 10 and 11) means faster
mass transfer through the boundary layer, which will speed
up the electrochemical reactions. Thus, a higher peak current
(0.8 vs. 0.5mA) can be obtained in this case and the substrate
is consumed quicker (compare Fig. 7C with 7A for currents,
and Fig. 7D with 7B for substrate). Also, after the first acetate
pulse the current attains higher values (~1.1mA) because
there is more biomass. However, after the second acetate
pulse, even with an increased biomass concentration, the
peak current does not increase further because mediator
transport again becomes limiting.

Endogenous metabolism: Many experimental studies report
non-zero currents after the main substrate is exhausted. The
straightforward way to represent these observations is by
assuming an endogenous metabolism by which the microbial
population continues to reduce mediator based on internal
biomass reserves of substrate (case no. 11 in Fig. 7C). If
endogenous metabolism runs in parallel with the biomass
growth supported by substrate availability, then when
substrate is finished (between the pulses), the biomass
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(Xo = 0.25 gCOD/m?) are growing in the bulk liquid and no biofilm formation is possible. (A and B) standard conditions and
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concentrations in the bulk liquid. (C and D) higher diffusivity of mediator (Dyyed = Dymox = 6 X 10~ m?/day), and endogenous
metabolism, with 100 gCOD/m> acetate added at days 10 and 15: (C) current produced (thick line—standard; dashed

line—with endogenous metabolism), (D) acetate (thick line) and biomass (thin line—standard; dashed line—with endogenous
metabolism) concentrations in the bulk liquid. (E) Current production in time when the MFC is operated at different external
resistor load (Rex: = 100, 400 and 1600 Q). (F) Influence of external mass transfer resistance (L, = 10 and 32 pm) on the current
production. Parameters for these simulations are listed in Tables 1 and 2 (A and B—case no. 9; C and D—case nos. 10 and 11;
E—case nos.1, 12 and 13; F—case nos. 1 and 14).

concentration will decrease (Fig. 7D). In consequence,
the current peaks are smaller (Fig. 7C) but the overall
charge produced is larger because also the internally stored
reduced material (from before the experiment initiation) is

available.

3.

3.

Electrical resistance and mass transfer resistance

Both increasing the MFC resistance (internal/external from
100 to 400 and 1600Q—case nos. 12 and 13) and the mass
transfer resistance (diffusion boundary layer from 10 to
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32pm—case no. 14) have the same effect. The current will
decrease at higher resistances, but it will be sustained over
longer time periods (Fig. 7E and F) because also the substrate
will be consumed more slowly.

3.4.  Microbial competition in the biofilm and mediator
standard potential

All cases evaluated so far contained a single-species biofilm.
However, in all natural environments and in particular in a
MFC fed with wastewater mixed microbial populations will
cohabit the biofilm. The process of selection of electroactive
bacteria on the anodic biofilm would be especially interesting
to study. The computational framework presented here is
very flexible, so that a model with any number of different
microbial metabolic types can be immediately constructed.
To keep the analysis relatively simple, and for illustration of
model capabilities only, we assume that acetate can feed two
competing microbial populations independently. The first
relies for growth on the energy gained by acetate oxidation
with mediator. These will be termed electroactive bacteria
(EAB) and their growth parameters are given in Table 1.
The second is a methanogenic community, which transforms

acetate into methane according to the stoichiometric
equation:

Acetate + YnmetNHat + YwmetH2O — YxmerBiomass
+ YemetHCO3™ + YenaCHy + Yamed H'

and with a rate assumed here to depend only on the acetate
concentration

SAc

Pmet = 4 Xt m—————=—-
e Ac,max,Met KAC,Met + SAC

The parameters for the methanogen community are given in
Table 2, case nos. 16 and 17. The contributions of ammonium
and water are, like in the case of EAB, neglected.

Results of the model simulations are presented in Fig. 8.
When the standard potential of the redox mediator is 0.477V
(SHE), the EAB have a higher growth rate and out compete the
methanogens in the biofilm (case no. 16, Fig. 8A and C). Less
current and charge will be produced because little part of
the acetate is also converted into methane. Because we are
interested in the Coulombic yield of acetate conversion, we
need to correct the total amount of charge produced by
subtracting the contribution due to mediator (which is 48.2C
for the 1 mM mediator initially added). The final Y, calculated
in this way is 52% compared to 59% in case no. 1.
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Fig. 8 — (A) Current production in time for the standard case (thick solid line) compared with cases when methanogenic
bacteria are competing with the electroactive bacteria, EAB (thin solid line), and when EAB use mediator with a lower
standard redox potential, 0.210 V (SHE) (thick dashed line—standard case; thin dashed line—with methanogens). (B) Integral
charge produced in time for the four cases in (A). The final coulombic yields in each case are indicated in percentages.
Example of 2d distribution of bacteria after 15 days, using mediator with: (C) Ef; = 0.477 V and (D) EYy = 0.210 V. The black
circles are the electroactive bacteria and the gray circles the methanogens. Parameters are from Table 1 and 2 (A and B—case

nos. 1, 15-17; G—case no. 16; D—case no. 17).
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A mediator with lower redox potential, 0.210V (SHE) in this
case, will yield less EAB biomass, as described in the
stoichiometry paragraph (Eq. (17)). If less of the available
electrons in acetate are used for biomass production, more
can be transformed into current. In the absence of methano-
gens, a higher Coulombic yield (77%) can also be obtained
since none of the electrons from acetate oxidation are
converted to methane, as in case no. 15 (Table 2 and Fig. 8A
and B). However, with methanogens competing for substrate
(case no. 17), less current and charge are produced (Yq = 35%,
Fig. 8A and B). The biofilm is thinner because the overall
microbial growth rate is slower, but now it contains a
significant fraction of methanogens (Fig. 8D).

4, Model application: comparison model
results vs. experimental data

4.1. Case definition

Several types of MFC based on the ability of attached cells
within biofilms to transfer electrons to the anode are
described in literature. However, the mechanisms of electron
transfer to electrodes are not completely elucidated. There
are reports of MFC with electron transfer mediated by redox
compounds, either artificially added (e.g., Roller et al., 1984) or
produced in-situ by bacteria (e.g., Rabaey et al., 2004, 20053, b)
and with electron transfer in the absence of any detected
redox mediator (e.g., Bond and Lovley, 2003). Much of this
valuable experimental work though does not report essential

data or operational conditions needed as input in a rigorously
mechanistic computational model. We have chosen to inter-
pret the MFC system reported by Bond and Lovley (2003)
because of its accurate experimental description and avail-
ability of essential model parameters. The work was per-
formed with Geobacter sulfurreducens and experiments
convincingly show that electron-mediating compounds are
not likely to play a role in this system. However, some of the
conclusions from Bond and Lovley (2003) can be evaluated in
the framework of our mathematical model.

Biofilm growth and the associated current production were
studied under well-defined conditions in which the effects of
electron transfer reactions at the cathode were removed by
using a potentiostat to fix the anode at a constant potential
(+200mV versus an Ag/AgCl reference electrode). The model
structure is largely the same as in the standard case
presented in Section 3. Some model parameters however
had to be adapted to reflect the particular system used in
Bond and Lovley (2003). These modified parameters and their
justification are listed in Table 3.

4.2. Case results and discussion

Acetate (1mM) was provided with the initial inoculum, and
two pulses of 1mM acetate were given after 4 and 5 days to
demonstrate the acetate-dependent growth. When current
data extracted from Fig. 3 in Bond and Lovley (2003) are
compared with simulation results, a good description of the
current produced from the initial acetate medium is apparent

Table 3 - Model parameters changed in respect to the standard case simulation (Table 1) for simulations of biofilm

developing on the poised anode of a MFC, according to Bond and Lovley (2003)

Parameter Description Value Units
So,Ac Initial concentration substrate (acetate)® 64 gCODm™>
(=1mM)

Dured, Dmox Diffusion coefficient mediator® 5x10°° m?day*

Ly Mass transfer boundary layer thickness 5 pm

Npo Initial number of biomass particles 8 Particles

Vg Bulk liquid volume? 2.25%x107* m?

Ap Anode surface area? 61.2x 107 m?

Ve Cathode potential® 0.4 V (SHE)

Rint+Rext Total cell resistance® 0 Q

To,ref Exchange current density for mediator oxidation in reference conditions 0.4 Am2

(sref,Mred = Sref,Mox =1mM, Sref,H+ = 1077 M)

E Standard reduction potential for the mediator couple (vs. SHE)¢ 0.21 V (SHE)

Kac Monod half-saturation coefficient for substrate acetate® 1 gCODm™>

Kinox Monod half-saturation coefficient for oxidized mediator 0.2 mM

Yx Yield biomass on substratef 0.068 (gCOD biomass) (gCOD
acetate)

YnMox, YMred Yield mediator vs. substrate’ 0.058 (mol mediator) (gCOD
acetate)

& From Bond and Lovley (2003).
b

Increased to enhance the mediator oxidation rate through thicker biofilms.

¢ Adapted to work at poised potential of anode (200mV vs. Ag/AgCl = ~400mV vs. SHE).

d

Calculated from a thermodynamic approach based on Heijnen (1999).

Adapted to produce the lower biomass yield needed for reaching a smaller biofilm thickness.
Decreased to account for the observed higher affinity of Geobacter for acetate.
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Fig. 9 - Simulation results of a MFC with Geobacter sulfurreducens biofilm fed initially with 1mM acetate and with two
subsequent acetate growth medium additions (each of 1 mM). (A) Modeled current production (solid line) and experimental
data (black circles) extracted from Fig. 3 from Bond and Lovley (2003). (B) Modeled charge production (solid line) and charge
obtained by integration of the current experimentally measured (open circles). (C) Simulated time evolution of bulk substrate
concentration (thick solid line), total biofilm biomass (thin line) and biofilm thickness (dashed line). All simulation results are

obtained with parameters from Table 3.

(Fig. 9A). The current after the first acetate pulse (4 days) is
also correctly described by the model. At the same time, the
total amount of charge generated in the experimental setup
was calculated by integrating the current produced. Again,
the model suitably reproduces the charge produced (Fig. 9B).
However, at the second acetate pulse (5 days) the model

predictions begin to deviate from the data obtained experi-
mentally. The simulated current does not reach the peak
experimentally observed and starts decreasing sooner than
acetate is depleted. This current trend can be easily explained
in view of an increased diffusion limitation induced by a
thicker biofilm. As the biofilm thickness increases with each
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Fig. 10 - Current production in a MFC with Geobacter
sulfurreducens biofilm, fed initially with acetate (2mM) and
with two medium replacements (acetate 0.5 and 1 mM, no
growth factors) at times indicated by the arrows.
Experimental data (black circles) were extracted from Fig. 4
from Bond and Lovley (2003). Simulation results are with
unchanged parameters from Table 3 (dashed line) and with
the mediator potential altered to 0.260V (solid line).

pulse of acetate (Fig. 9C), the reduced mediator will have
increasing difficulty to reach the electrode (and the oxidized
mediator to diffuse out of the biofilm). Consequently, the
smaller Sg amred/SeMox Tatio at the anode will have the effect of
decreasing the rate of current production (cf. Eq. (3)).
Although the same total amount of charge is produced after
all acetate additions (Q, Q, and Qs on Fig. 9B), the final value
(Qs) is reached more slowly.

An attempt to reproduce by simulations a second set of
results (data from Fig. 4 in Bond and Lovley (2003)) is
presented in Fig. 10. In this case, the initial acetate concen-
tration was 2mM and two pulses of acetate (0.5 and 1 mM)
were added after removing the growth medium and replacing
it with an anaerobic buffer. Because of the non-growth nature
of the replaced medium, the instantaneous current does not
increase (Fig. 10). Replacing the medium will have the effect
of removing the mediator from the bulk liquid. Even with the
model assumption that mediator is either still present in
the bulk, or produced by cells or present in the biofilm matrix,
the experimental data is not well described by the present
model. The discrepancy is that, shortly after the current
increase following the subsequent acetate additions, the
model predicts a decreasing current, in contrast with experi-
ments showing rather constant current levels. Moreover,
according to the experiments, after acetate depletion the
current should immediately fall to almost zero. The model
predicts that the current should only slowly fall to zero as a
result of limitations to mediator diffusion in thicker biofilms.
Therefore, to explain the experimental data within the
framework of the present model one would require either:
(i) a thinner biofilm, but this is not consistent with the
amount of biomass reported in Bond and Lovley (2003); (ii)
larger diffusion coefficients for mediator species, but this

would be unrealistic given the rather large size of the
mediator molecules; (iii) a dominant contribution of sus-
pended cells to the current produced (e.g., like in Fig. 7C). This
last possibility is ruled out because the medium was replaced
with buffer in the experiments. The discrepancy between the
experimental results and the output from the simulations
might however be explained by differences in the assumed
electron transfer mechanism in the model (redox mediator)
compared with that operating in the Geobacter fuel cell (direct
transfer to the anode).

When the parameter set used in this simulation was
exactly the same as in Table 3, the current produced was
too low (dashed line in Fig. 10) and the coulombic yield
different from the experimental one. A better (but still not
perfect) fit between the model and the energetic yield data
could be obtained increasing EY; from 0.210 to 0.260V (SHE),
which gives Yxs = 0.107 gCOD biomass/gCOD acetate. It has to
be noted here that the stoichiometry calculations presented
in the model description are just an estimation of real yields,
based on empirical correlations for the Gibbs energy dissipa-
tion (Heijnen, 1999). Moreover, the energy that bacteria need
for maintenance has been neglected, which means that the
maximum biomass yields were calculated. Finally,
standard biochemical conditions were assumed. The envir-
onment in a biofilm is not homogeneous, and large
concentration gradients can exist. Variable stoichiometry,
calculated with Gibbs energies at the local conditions may
offer more accurate results, but at increased computational
expenses.

In conclusion, it seems reasonable to assume that the
electron transfer to the anode in the Geobacter-based MFC is
less likely to occur by dissolved redox mediators. Further
model extensions will have to take into account the
possibility of direct electron transfer.

5. Conclusions

The MFC model based on soluble redox mediators and
biofilms attached on the anode can realistically describe a
series of experimental observations. In order to truly check
the plausibility of different computational models for MFC,
there is still a need for experiments under more defined
conditions. Essential MFC parameters such as internal cell
resistances, membrane permeability to different ions or
cathodic rates must also be measured and reported. At the
same time however, to be of practical use, the general
modeling framework presented here must be applied to a
more complex case of MFC fed with wastewater containing a
mixture of substrates. In this case, the biofilm consists of a
complex microbial community, performing a complex net-
work of biochemical transformations. Whereas the global
mass balancing and physics equations are known and well-
developed components of the model, the bottlenecks are now
in: (i) the metabolic description of microbial processes, (ii) the
mechanisms of electron transfer to electrode and (iii)
differences in electron transfer efficiency in different organ-
isms and consequently the effect of anode microbial com-
munity composition. These are areas where further research
should be oriented.
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Appendix A. Supporting Material

The online version of this article contains additional supple-
mentary material on model solution and algorithms. Additional
data obtained from model runs and animations of simulated
biofilm development over time can be obtained from: http://
www.biofilms.bt.tudelft.nl/MFCmodel/index.html.
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