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Abstract Microbial fuel cell (MFC) is a novel bio-elec-
trochemical system that can use various organic substances
as energy source. Computational models of MFC are nee-
ded for prediction and optimization of the MFC perfor-
mance. A comprehensive computational modeling of a
membraneless single-chamber MFC, in which bacteria
consumed molasses as a substrate, is reported here. The
simulated cathode had a layer of polytetrafluoroethylene,
which allowed oxygen molecules to diffuse through to take
part in the reduction reaction. The substrate molecules
diffused through the biofilm, which deposited on the anode
surface, and were oxidized by the bacteria localized within
the film. The simulation program accepted inputs such as
the initial amount of molasses, thickness of the biofilm
layer, and dimensions of the MFC chamber. Some outputs
of the program include concentration profiles of molasses
and oxygen as functions of time and location, and the open-
circuit voltage of the MFC as a function of time. As the
cathode thickness decreased or the biofilm increased, the
voltage increased. To obtain a higher voltage, increasing
the biofilm thickness was more effective than decreasing
the cathode thickness when the initial COD levels were
>5,000 mg/L.
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Introduction

An electrochemical cell that employs bacteria as biocata-
lyst is called microbial fuel cell (MFC) [1]. An MFC can
treat wastewater containing organic matters, which bacteria
can consume, while simultaneously generating electricity.
Molasses, as a by-product of cane sugar production pro-
cess, has extensively been used to produce renewable
energy such as ethanol and biogas. Wastewater from
molasses-based distilleries can potentially be a substrate
for MFCs [2].

Microbial fuel cells typically appear in two configura-
tions: two chambers separated by a proton exchange
membrane (PEM) or a single chamber. The focus here is in
a membraneless single-chamber MFC [3]. The MFC has a
cathode electrode with one side in contact with the liquid,
while the other side is directly exposed to air. Oxygen in
the air can passively diffuse through the cathode and
involve in the reaction of oxygen reduction. This process
requires no liquid aeration, which is energy intensive, thus
saving cost and energy. A study [3] showed that the air—
cathode MFC produced higher power output in the absence
of PEM, which can obstruct the flow of protons. PEMs are
also generally quite expensive. As a result, a membraneless
single-chamber MFC is simple and inexpensive to build.
Figure 1 shows a conceptual diagram of the MFC having
molasses, of which primary sugar is sucrose (C;,H>,0;1)
[4], as a main source of energy.

Computational simulation of an MFC requires a math-
ematical model that can predict the output and performance
of the MFC. Knowledge in electrochemistry, reaction
kinetics, and mass transport is required to derive the model.
Various attempts to develop simulation models of biofilm
on anode and two-chambered MFCs have been discussed
[5-8]. The biofilm model only explained a portion of the
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Fig. 1 A conceptual diagram of a membraneless single-chamber
MFC

MEC process, while this paper presents a model describing
the entire process of a single-chambered MFC. This type of
modeling has never been reported in any literature. Here
the results from a computational simulation based on the
model are reported, in contribution to an ongoing study on
the kinetic nature of the MFC process.

Methods

For the MFC simulation of interest, the cathodic reaction
was the reduction of oxygen [1] as follows:

0, +4H" +4e~ — 2H,0 (1)

Sucrose was assumed to be the main substrate for the
MFC, and made up about 50 % by weight of molasses [9].
With a similar stoichiometric approach as the oxidation of
acetate [1], the equation for the oxidation of sucrose was
derived. The anodic reaction is then given as follows:

Ci2HyOy) +25H,0 — 12HCO; + 60HY 4+ 48¢~  (2)

The simulation was developed using Visual Basic pro-
gram. The simulation program was mainly divided into two
sequential segments; cathode and biofilm/anode. Each seg-
ment has a number of equations to be solved. The calculated
outputs of the former segment were used by the latter.

Cathode
The cathode was assumed to have a layer of polytetra-

fluoroethylene (PTFE), which is permeable to oxygen but
not water. The concentration profile of oxygen in the layer,

* @ Springer

which was a function of both time and location, was cal-
culated using Fick’s second law of diffusion [10] as
follows:

d GR

o [O2]prpg = DOzJ’TFEa—yg (O2]prre (3)

where

[O2)prrr concentration of oxygen in the PTFE layer,
mmol dm~>

Do, pree  diffusivity of oxygen in PTFE, um? min~"!

y location in the PTFE layer, pm

Presumably, only oxygen molecules that completely
diffused through the PTFE layer and became dissolved in
water could be reduced to yield water molecules. The
reduction reaction thus occurred only at the cathode/liquid
interface. The rate of oxygen reduction was speculated to
follow the Monod equation and the Butler—Volmer equa-
tion [7, 11]. The two equations were thus combined into the
following equation.

(0]

at/li F
ro, = ko, — =M expl(1 -« 10, == (Ecat — E2,
0> 02 KOz + [Oz]cat/liq P ( Ca[)ye /e RT ( “ Ldt)
(4)

where

ro, rate of oxygen reduction per area, mmol dm >
min ™"

ko, rate constant of oxygen reduction per area,
mmol dm~? min~'

[02]cuiq concentration of oxygen at cathode/liquid
interface, mmol dm~3

Ko, half velocity constant for oxygen, mmol dm™>

Oeat electron-transfer coefficient of cathode

Ve /0, electron equivalence of oxygen, mmol-electron
mmol-oxygen ™'

F Faraday’s constant, C mol ™!

R gas constant, J mol ™! K~!

T temperature, K

E.. cathode voltage, V

EZ, standard cathode voltage, V

The cathode voltage was calculated using the Nernst
equation as follows [1]:

RT 1
Eca = ::)at - F1n< +14 > (5)
ye*/OZ [Oz]cat/liq[H ]cat/liq
where
[O2]caiq  concentration of oxygen at cathode/liquid
interface, mol dm™3
H]_,, Jliq concentration of hydrogen ion at cathode/

liquid interface, mol dm™3
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Biofilm/anode

Sucrose was assumed to be the main substrate consumed
by the bacteria, which were localized and dispersed
throughout the biofilm. The biofilm was assumed to con-
duct electrons and considered to be part of the anode [5, 8,
11]. The rate of sucrose consumption was the same as the
rate of exogenous respiration by the bacteria. The rate was
described by the Nernst-Monod equation [5, 8] shown
below. The active biomass referred to the live bacteria.

- PolpXp  [Sucly, 1
exo —
Ypycop/sue Ksue + [Suclyio 1 + exp(—R—FTn)
(6)

where

Texo rate of exogenous respiration in biofilm,
mmol dm > min~!

Op density of active biomass, mg-VS dm ™ (VS,
volatile solids, a measure of biomass)

Uy specific growth rate of active biomass, min~'

X volume fraction of active biomass

: _ volume of active biomass

(unitless) = bulk volume

Y, active biomass growth yield, mg-VS mg-
CcoD™!

Ycop/suc  COD equivalence of sucrose, mg-COD mmol-
sucrose !

[Suc],,,  concentration of sucrose in biofilm, mmol dm >

Ksuc half velocity constant for sucrose, mmol dm~3

n local potential in biofilm, V

Along with the exogenous respiration, from which the
bacteria obtained most energy, the endogenous respiration,
by which the bacteria oxidized their own cellular mass,
provided additional energy. The rate of endogenous res-
piration was described as follows [5, 8]:

1

1—|—exp(—R—FT11)

(7)

Tendo = bendophXb

where

Fendo Tate of endogenous respiration in biofilm, mg-VS
dm > min™!
endogenous decay coefficient of active biomass,

min~!

bendo

Based on the steady-state electron balance and Ohm’s
law, the local potential, which was the driving force for
electron movement in the biofilm, was calculated using the
balance equation as follows [5, 8]:

* F
Kbio @_12;7 — (ye*/SuchXO + Ve*/brend()) =0 (8)

where

Kbio biofilm conductivity, mS pmfl

z location in biofilm, pm

T time conversion = 60 s min~"'

v volume conversion = 10" pm?® dm ™

Ye-/suc  €lectron equivalence of sucrose, mmol-electron
mmol-sucrose

Ve /b electron equivalence of active biomass, mmol-

electron mg—VS_1 (assuming CsH;O,N for VS
[5D

The local voltage in the biofilm was related to the local
potential and described by the following equation [5]. The
local voltage at the biofilm/anode interface would be the
anode voltage E,yo.

E =n+ Ex,, )
where

E local voltage in biofilm, V
Ex,, Half-max-rate anode voltage, V

The half-max-rate anode voltage was defined as the
voltage that occurred when the rate of sucrose consumption
was half the maximum rate [5]. The voltage could be
described as follows:

RT, /[[EAJS
Ex,, = Egno - ? In ( KEAan (10)
E7 standard anode voltage, V

standard anodic concentration of biofilm as
electron acceptor = 1 mol dm™?

Kga half velocity constant for biofilm as electron
acceptor, mol dm™3

[EAT;

ano

The open-circuit voltage of the MFC was determined as
follows [1]:

EOC = Ecat - Eano (1 1)
where
Eoc open-circuit voltage of MFC, V

In the biofilm, the concentration of sucrose was a
function of both time and location. The mass balance
of sucrose, as shown in Eq. 12, complied with both
the anodic reaction and the diffusion of sucrose from
the bulk liquid through the biofilm. In a similar
fashion, the mass balances of hydrogen ion and
bicarbonate ion were obtained, as shown in Egs. 13
and 14, respectively.

2

o [Sucly;o= Dsuc bio o2 [Suc],;, —Texo (12)

o
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Table 1 Parameters in the simulation of the MFC

Symbol Description Value Unit Reference

Oeat Electron-transfer coefficient of cathode 1.083 Unitless Calculated [7]

YCOD/Suc COD equivalence of sucrose 384 mg-COD mmol-sucrose ™ Calculated

Ve~ /b Electron equivalence of active biomass 0.177 mmol-electron mg-VS™ [5]

Ve~ /Suc Electron equivalence of sucrose 48 mmol-electron mmol-sucrose ' Calculated

Ve~ /0, Electron equivalence of oxygen 4 mmol-electron mmol-oxygen™'  Calculated

Kbio Biofilm conductivity 5% 1073 mS umfl [8]

W, Specific growth rate of active biomass 4792 x 107*  min~" [8]

b Density of active biomass 5 x 10* mg-VS dm™? [8]

bendo Endogenous decay coefficient of active biomass 5.556 x 107> min~" [8]

Duco; pio  Diffusivity of bicarbonate ion in biofilm 496 x 10* umz min~' [12]

Dsuc bio Diffusivity of sucrose in biofilm 6.24 x 10° um2 min~! [12]

Dy+ Diffusivity of hydrogen ion in water 5.58 x 10° me min~" [13]

Do, prrE Diffusivity of oxygen in PTFE 1.01 x 10° umz min~! [14]

E7 Standard anode voltage 0.095 \Y Calculated [1, 15]

EZ, Standard cathode voltage 1.229 v [1]

F Faraday’s constant 96,485 C mol™! [5]

ko, Rate constant of oxygen reduction per area 5.48 x 1076 mmol dm~? min~" Calculated [7]

Kga Half velocity constant for biofilm as electron acceptor  2.33 x 107 mmol dm ™3 Calculated [5, 8]

Ksye Half velocity constant for sucrose 2.09 mmol dm™> Assumed [16]

Ko, Half velocity constant for oxygen 4x107° mmol dm > [7]

R Gas constant 8.3145 Jmol™" K™ (5]

X, Volume fraction of active biomass 0.5 Unitless Assumed

Y, Active biomass growth yield 0.049 mg-VS mg-COD™! [81

where Some assumptions were made, since not all aspects of

Dgycpio  diffusivity of sucrose in biofilm, pmz min~" MFC have been thoroughly studied yet.

5 2 Numerical approximation

+1 +

ot [ Juio= D o2 I o 607 (13) A numerical approximation technique was required to

where solve the above differential equations. The selected tech-
nique was the implicit finite difference method [10]. For

[Hf],, concentration of hydrogen ion in biofilm,  jngance, Eq.3 was transformed into the following

mmol dm ™ equation.

Dy+ diffusivity of hydrogen ion in water, pm? min~'
[02]1‘,/‘_[02}1',,‘—1 [02]i+1,j_2[02]zlj+[o2}i—11j
——————= Do, pTFE 5

d 2 =1t (Zi - Zi—l)

5, [HCO3 ] ;= Diico; bio oz [HCO3 ] ;o +127exo (14) (15)

where where

[HCO; ]bio concentration of bicarbonate ion in biofilm,
mmol dm~>
diffusivity of bicarbonate ion in biofilm, pm?

min~!

Drcos pio

All the parameters applied in the above equations were
obtained from various literatures, as shown in Table 1.

o
% @ Springer

i index indicating location i
Jj index indicating time j

Equation 15 was rewritten into an equation of vectors
and matrices that contained the values of the concentration
of oxygen at every location in the PTFE layer. For exam-
ple, if the layer is partitioned to consist of four locations
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Fig. 2 Examples of screen a
captures of the MFC simulation
program: the main window (a),

the input window of the bulk

liquid (b), and the result

window (c)
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inside, Eq. 15 then becomes the following equation. The
subscript ¢ indicates that all the concentrations in the vector
are at time ¢.

[02]1 [02}1
1[0y ]| | [O2]y
At | | [0a]5 [02]5
[02]4 t [02]4 t—At
-2 1 0 0 (0],
Do, prre 1 -2 1 0 (0],
|| 0 1 =2 1 ||
0 0 1 -2 (0], ,
[02]0
0
0
[02]5
(16)
where
At tj —tj_y = time interval
Az z; — z;—1 = distance interval

Equation 16 could be rewritten into an abbreviated
general form as follows:

i (@t - @pm) - % (A@t - Q)

Equation 17 was then rearranged into the form of
Bx = b. Since the matrix B was a tridiagonal matrix, an
algorithm for solving a tridiagonal system by elimination
[17] was applied to solve for the vector x, which was [O;]

(17)

—t

in this case, as shown in the following equation.

AtD, AtD,
(H _ 0,,PTFE A) @; _ [02] + 0,,PTFE a (18)

(4z2)° — (4z2)°
where

I identity matrix

Results and discussion

The MFC simulation program accepted inputs including
the initial amount of sucrose, pH, operation time, temper-
ature, and biofilm thickness. The program allowed the user
to modify values of some parameters, if more accurate
values were acquired. Figure 2 shows some screen captures
of the program. The program displayed the results in two
formats; tables and plots. The results included, for exam-
ple, the concentration of sucrose in the bulk liquid, the
concentration of oxygen in the PTFE layer, the

o
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Fig. 3 Plots of sucrose concentration in the bulk liquid over time at
different initial concentrations of molasses
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Fig. 4 Plots of oxygen concentration in the PTFE layer (100 pm
thick) at different times

concentration of sucrose in the biofilm layer, the cathode
and anode voltages, and the MFC open-circuit voltage.

Plots of sucrose concentration in the bulk liquid at
various initial levels of chemical oxygen demand (COD) of
molasses are shown in Fig. 3. The higher initial COD level
of molasses resulted in the higher initial rates of diffusion
into the biofilm and bacterial consumption of sucrose. The
sucrose concentration quickly decreased in the first 50 min,
slowly decreased at later time, and almost became steady
eventually.

The concentration profiles of oxygen in the PTFE layer at
different times are shown in Fig. 4. Thickness of the layer
was assumed to be 100 pm. Oxygen concentration in the air
was assumed to be in excess and thus constant. The bulk
liquid was depleted of oxygen since it was completely con-
sumed in the reduction reaction. As shown in the plots, the
concentration almost quickly reached the linear saturation
line in the first few minutes. The oxygen profile in the PTFE
layer remained unchanged and unaffected by the changing
sucrose concentration throughout the MFC operation.

The concentration profiles of sucrose in the biofilm layer
are shown in Fig. 5. The biofilm thickness was assumed to
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be 60 um [18] and the initial COD level of molasses in the
bulk liquid to be 10,000 mg/L. The sucrose concentration
quickly increased in the early period due to the diffusion of
sucrose from the bulk liquid into the biofilm layer. The
concentration eventually remained almost constant, since it
was not different from the sucrose concentration in the bulk
liquid, and thus it reached saturation. The rate of sucrose
consumption by the bacteria was not as fast as the diffusion
rate of sucrose.

The local voltage profiles in the biofilm layer are shown
in Fig. 6. The local voltages gradually decreased, becom-
ing more negative over time, as the rate of electron gen-
eration by the respirations increased due to more sucrose
molecules diffused into the biofilm. Although the plots did
not show it clearly, the voltages close to the anode were
slightly higher than those close to the bulk liquid. As a
result, the generated electrons flowed toward the anode
with the higher voltage, and the electric current flowed in
the opposite direction. The local voltage became more
negative when increasing the initial COD level of molas-
ses, but the difference in the magnitudes was very small.

The effects of cathode thickness and biofilm thickness
on the open-circuit voltage of the MFC are presented by
plots in Fig. 7. The voltage values were obtained at 60 min.
For the results in Fig. 7a, the biofilm thickness was kept at
60 um, and the thickness of the PTFE layer was varied

between 50 and 300 um. As the thickness increased, the
concentration of oxygen molecules that diffused through
the cathode and participated in the reduction reaction
decreased. This led to the lower cathode voltage, and thus
the lower open-circuit voltage. The higher COD level of
molasses resulted in the higher voltage, since more
hydrogen ions were produced from the oxidation of sucrose
and participated in the reduction.

For the results in Fig. 7b, thickness of the PTFE layer
was kept at 100 um, and the biofilm thickness was
varied between 10 and 260 pm. As the thickness
increased, more bacteria were available to oxidize
sucrose, which resulted in more produced electrons, the
lower anode voltage, and the higher open-circuit volt-
age. The higher COD level of molasses resulted in the
higher voltage, since more sucrose molecules were
oxidized. The difference in the biofilm thickness had a
greater effect on the voltage at the higher COD levels.
Perhaps at the low amount of sucrose molecules, they
were mostly consumed by the bacteria near the bulk
liquid. As a result, the thicker biofilm with more bac-
teria did not result in a significant difference. In addi-
tion, if the biofilm were too thin, the bacteria in small
numbers could not keep up with the high amount of
sucrose. The voltage thus hardly increased with the
increasing amount of sucrose.

o
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Fig. 7 Plots of the open-circuit voltages as a function of thickness of
the PTFE layer (a) and thickness of the biofilm (b) at different initial
COD levels of molasses

When comparing between the effects of the PTFE layer
and the biofilm on the voltage, at the COD levels
>5,000 mg/L changing thickness of the biofilm resulted in
a more significant effect on the voltage than changing
thickness of the PTFE layer. The biofilm involved both the
diffusion and bacterial oxidation of sucrose, while the
PTFE layer only involved the diffusion of oxygen. The
reduction of oxygen should only occur at the cathode/liquid
interface.

Sevda et al. [19] studied air—cathode MFCs operating on
molasses mixed sewage wastewater. Modeling after the
reported MFC, several simulation parameters were adjus-
ted. A few assumptions, however, had to be made, since
certain parameters of the MFC system were not reported.
With the COD Ilevel of 9,968 + 32 mg/L, the reported
MFC could yield an open-circuit voltage of 750-771 mV.
At the same COD level, these numbers were lower than the
voltage estimated by the simulation program, which could
only go down to about 1,000 mV. Model validation with
more experimental data and more accurate model param-
eters are needed, before the program can be used in pre-
diction and optimization of the MFC performance in
practice. Nevertheless, the simulation results regarding the

o
% @ Springer

kinetics of the MFC seemed to agree with the theories and
provided better understanding of the process.

Conclusions

The simulation program was able to compute and provide
the concentration profiles of sucrose (the main component
of molasses) and an open-circuit voltage of the MFC. As
the cathode thickness decreased or the biofilm increased,
the voltage increased. The biofilm thickness had a greater
effect on the voltage than the cathode thickness when the
initial COD levels were >5,000 mg/L.
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