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Abstract

A bio-electrochemical system of microbial fuel cell (MFC) can operate on wastewater
and various organic substances. One possible energy source is crude glycerin waste
from biodiesel production.  Similar to any process, MFC needs accurate
computational models for prediction and optimization of the cell performance. We
proposed a comprehensive computational modeling of a membrane-less single-
chamber MFC, in which bacteria consumed glycerin as a primary nutrient. The
simulated cathode was a layer of silicone, which prevented water leakage, but allowed
oxygen molecules to diffuse through to take part in the reduction reaction. Bulk
liquid in the chamber contained glycerin being consumed during the operation.
Glycerin molecules diffused through the biofilm, which deposited on the anode
surface, and were oxidized by the bacteria dispersive within the film. The biofilm
was assumed to be conductive; therefore electrons generated from the oxidation
reaction within the film could migrate toward the anode surface. We developed the
simulation program to accept inputs such as initial amount of glycerin, thickness of
the biofilm layer, and dimensions of the MFC chamber. Some outputs of the program
include profiles of concentrations of glycerin and oxygen as a function of time and
location, and the MFC output voltage as a function of time.
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Introduction

A properly designed system of electrochemical cell can operate using a liquid culture of
bacteria. Such system is called microbial fuel cell (MFC) (Logan et al., 2006). An MFC can
treat wastewater containing organic matters, which bacteria can consume as a mean of
wastewater treatment, while simultaneously producing electricity. Crude glycerin as a by-
product of biodiesel production process has a potential to be used by an MFC without
glycerin purification process (Feng et al., 2011). Utilization of crude glycerin by large-scale
MFCs can synergistically boost the biodiesel production industry.

MFCs typically come with two chambers of anode and cathode, separated by a proton
exchange membrane (PEM). Our interest is, however, a membrane-less single-chamber MFC
(Liu and Logan, 2004). One side of a cathode electrode of the MFC is in contact with the
liquid, while the other side is directly exposed to air. In this manner, oxygen in the air can
passively diffuse through the cathode and involve in the reaction of oxygen reduction. An
intensive energy task of liquid aeration is not required, thus saving cost and energy. A PEM
can obstruct the flow of the protons from the anode chamber to the cathode. A study (Liu
and Logan, 2004) showed that an air-cathode MFC produced higher power output in absence
of the membrane. PEMs are also generally quite expensive; therefore we are interested in an
MFC without a PEM. A membrane-less single-chamber MFC has a simple configuration and
is inexpensive to build. Figure 1 shows a conceptual diagram of the MFC having glycerin
(CsHg0s) as a primary source of energy.
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Figure 1. A conceptual diagram of membrane-less single-chamber MFC.

As in any simulation, the aim is to have a mathematical model that can predict the output and
performance of the MFC for future modifications and optimization of the system. The model
requires knowledge in electrochemistry, reaction kinetics, and mass balances. It also includes
diffusion of oxygen across the cathode, and diffusion of chemical species across the diffusion
layers and the biofilm that deposits on the anode. Some attempts have been done to develop
simulation models of biofilm on anode (Merkey and Chopp, 2012) and two-chambered MFCs
(Zeng et al., 2010). No work for a comprehensive simulation of single-chambered MFCs has
been published. To develop a computational program for such simulation is our goal.
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Methods

For our MFC, the cathodic reaction was the reduction of oxygen (Logan et al., 2006), as
shown in Equation 1, and the anodic reaction was the oxidation of glycerin (Selembo et al.,
2009), as shown in Equation 2. The two equations were considered when deriving the
equations for the rates of consumption or production of the chemical species in our system.

0, + 4H* + 4e~ > 2H,0 (1)
C3HgOs3 + 3H,0 — 3C0, + 14H* + 14e~ )

Our program was roughly divided into two sequential segments; cathode and biofilm/anode.
Each segment has a number of equations to be solved and their calculated outputs will be
used by the subsequent segment. The program was developed using Visual Basic.

Cathode

The concentration of oxygen in the silicone layer, assumed to be the main component of the
cathode, was calculated using Fick’s second law of diffusion (Zielke, 2006), as shown in
Equation 3. The concentration was a function of both time and location in the silicone layer.

a 02
a [Oz]cat = DOZ,sil a_yz [02]cat (3)

where

[0,]... = concentration of oxygen in cathode, mmol dm™
Dy, i1 = diffusivity of oxygen in silicone, um? min™

y = location in silicone, um

The cathode voltage was then calculated using the cathodic reaction and the Nernst equation,
as shown in Equation 4 (Logan et al., 2006). Only oxygen molecules that diffused through
the silicone layer could be reduced to yield water molecules. The reaction was assumed to
occur only at the cathode/liquid interface and oxygen was assumed to be ideal gas.

Bear = Bear = yech;ZF In ((R><1o—2)T[ozl]cwnq[Hﬂ?at/ﬁq) )
where
E o = cathode voltage, V
o = standard cathode voltage, V
R = gas constant, J mol” K!
T = temperature, K
Ye-/o, = electron equivalence of oxygen, mmol-electron mmol-oxygen™
F = Faraday’s constant, C mol

[02]caniq = concentration of oxygen at cathode/liquid interface, mol dm™
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[H* ] caviiq = concentration of hydrogen ion at cathode/liquid interface, mol dm™

It was proposed that the rate of oxygen reduction at the cathode follows the Monod equation
and the Butler-Volmer equation (Torres et al., 2010; Zeng et al., 2010). We thus incorporated
the two equations into Equation 5.

To, = koz %exl) [_acatye_/oz % (Ecat — Eé)at)] 5

where

To, = rate of oxygen reduction per area, mmol dm™ min™

ko, = rate constant of oxygen reduction per area, mmol dm™ min™'
[02]catniq = concentration of oxygen at cathode/liquid interface, mmol dm™
Ko, = half velocity constant for oxygen, mmol dm™

At = electron-transfer coefficient of cathode

Biofilm/Anode

Glycerin was assumed to be the main nutrient consumed by the bacteria, which resulted in the
anodic reaction shown in Equation 2. Since the bacteria were localized and dispersed
throughout the biofilm, assumed to conduct electrons, we considered the biofilm to be part of
the anode (Kato Marcus et al., 2007; Merkey and Chopp, 2012; Torres et al., 2010). The rate
of glycerin consumption was the same as the rate of exogenous respiration by the bacteria
and it was described by the Nernst-Monod equation (Kato Marcus et al., 2007; Merkey and
Chopp, 2012), as shown in Equation 6. The active biomass referred to the live bacteria.

Texo = Y;))l;lclobl})(/bl K [Gﬁr]f?"] pirv ©)
oy Kgly Ylbio 1+exp( RTn)

where
Texo = rate of exogenous respiration in biofilm, mmol dm™ min™
Pb = density of active biomass, mg-VS dm™

(VS = volatile solids, a measure of biomass)
Up = specific growth rate of active biomass, min™
Xp = volume fraction of active biomass (unitless) = VOlumzsiaVC:xnfomaSS
Y, = active biomass growth yield, mg-VS mg-COD"!
YcopiGly = COD equivalence of glycerin, mg-COD mmol-glycerin™
[Glyluio = concentration of glycerin in biofilm, mmol dm~
Keiy = half velocity constant for glycerin, mmol dm™

n = E4no — Ek,,, = local potential in biofilm, V
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E.ro = anode voltage, V
Ex = Half-max-rate anode voltage, V

ano

In addition to the exogenous respiration, from which the bacteria obtained most energy from,
the bacteria performed endogenous respiration by oxidizing their own cellular mass for
additional energy. The rate of endogenous respiration was described by Equation 7 (Kato
Marcus et al., 2007; Merkey and Chopp, 2012).

Tendo = D Xp—FF— 7

endo endoPbAb 1+exp(_R_I;~77) ( )
where
Tuo = rate of endogenous respiration in biofilm, mg-VS dm™ min™

bongo = endogenous decay coefficient of active biomass, min™

Based on the steady-state electron balance and Ohm’s law, we calculated the local potential
in the biofilm using Equation 8 (Kato Marcus et al., 2007; Merkey and Chopp, 2012).

92 F
Kbio @U I (Ve_/Glyréxo + Ve_/brendo) =0 (8)
where
Ky, = biofilm conductivity, mS pm™
z = location in biofilm, pm
T = time conversion = 60 sec min™'

_ C )5 33

v = volume conversion = 10"° um” dm

Ye- /61y = €lectron equivalence of glycerin, mmol-electron mmol-glycerin™
Ye-/p = electron equivalence of active biomass, mmol-electron mg-VS™

(assuming CsH7O,N for VS (Kato Marcus et al., 2007))

The anode voltage was calculated using the anodic reaction and the Nernst equation, as
shown in Equation 9 (Logan et al., 2006). The voltage value was applied as a boundary
condition for calculation of Equation 8. Carbon dioxide was assumed to be ideal gas.

Eano = Eano = Ye-}:tyF n (((Rxlo—Z)T[[gZ]]:z//ZZ)3[H+];,;‘O/bm) ©)

where

ES., = standard anode voltage, V

[Glyliomio = concentration of glycerin at anode/biofilm interface, mol dm™
[CO,)umomic = concentration of carbon dioxide at anode/biofilm interface, mol dm™

[H*]smomio = concentration of hydrogen ion at anode/biofilm interface, mol dm™

304



The Asian Conference on Sustainability, Energy and the Environment 2013
Official Conference Proceedings Osaka, Japan

The open-circuit voltage of the MFC was determined using Equation 10 (Logan et al., 2006).
Eocv = Ecat = Eano (10)

where

Eocy = open-circuit voltage of MFC, V

In the biofilm, the concentration of glycerin was a function of both time and location. We
derived a mass balance of glycerin in the biofilm, as shown in Equation 11, by considering
both the anodic reaction and the diffusion of glycerin from the bulk liquid through the biofilm
layer. In a similar fashion, we derived mass balances of hydrogen ion and carbon dioxide, as
shown in Equations 12 and 13, respectively.

% [GLlylbio = Deiy,pio :—Zzz [Glylbio = Texo (11)
where

D1y bio = diffusivity of glycerin in biofilm, pm” min™

% [H*bio = D+ % [H* Tpio + 1470 (12)
where

[H]io = concentration of hydrogen ion in biofilm, mmol dm™
Dy+ = diffusivity of hydrogen ion in water, pm? min™

% [CO3]vio = DCOZ,bioaa_Zzz [COZ]io + 37exo (13)
where

[CO, 140 = concentration of carbon dioxide in biofilm, mmol dm™
Do, pio = diffusivity of carbon dioxide in biofilm, pm? min™

All the parameters applied in the above equations were obtained from various literatures.
Some assumptions were made, since not all aspects of MFC have been thoroughly studied yet.
Numerical values of the parameters are shown in Table 1.
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Table 1. Parameters in the simulation of the MFC.

Osaka, Japan

Symbol  Description Value Unit Reference
Acat electron-transfer coefficient 0.084 unitless calculated, [1]
of cathode
Ycopicly COD equivalence of glycerin - 112 mg-COD mmol- calculated
glycerin™
Ye=/b electron  equivalence of 0.177 mmol-electron [2]
active biomass mg-VS™
Ye-/cly  €lectron  equivalence  of 14 mmol-electron  calculated
glycerin mmol-glycerin™
Ye-i0, electron  equivalence of 4 mmol-electron  calculated
oxygen mmol-oxygen™
Kbio biofilm conductivity 5x107 mS pm’” [3]
Up specific growth rate of active 4.792x10* min™ [3]
biomass
Ob density of active biomass 5x10* mg-VS dm™ [3]
bendo endogenous decay 5.556x10° min [3]
coefficient of active biomass
Deo,pio  diffusivity of carbon dioxide 6.91x10*  pm’ min™ [4]
in biofilm
Dgiypio  diffusivity of glycerin in 1.41x 10 pm? min™ (4]
biofilm
Dy+ diffusivity of hydrogen ion 5.58x10°  pm’ min™ [5]
in water
Do, sit diffusivity of oxygen in 9.6x10" pm’ min™ [6]
silicone
E2, standard anode voltage 0.0126 A% calculated, [7]
ES; standard cathode voltage 1.229 \Y [8]
Ex... Half-max-rate anode voltage -0.448 A% [3]
F Faraday’s constant 96,485 C mol™ [2]
ko, rate constant of oxygen 5.48x10° mmol dm™ min" calculated, [1]
reduction per area
Kgiy half velocity constant for 0.0536 mmol dm™ assumed same as
glycerin acetate, [3]
Ko, half wvelocity constant for 4x 107 mmol dm™ [1]
oxygen
R gas constant 8.3145 Jmol' K [2]
Xp volume fraction of active 0.5 unitless assumed
biomass
Y, active biomass growth yield  0.049 mg-VS mg- [3]
CcoD’!

References: [1] - Zeng et al. (2010), [2] - Kato Marcus et al. (2007), [3] - Merkey and Chopp
(2012), [4] - Stewart (2003), [5] - Torres et al. (2008), [6] - Zhang and Cloud (2006), [7] -
Thauer et al. (1977), and [8] - Logan et al. (2006).
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Numerical approximation

Several equations above are differential equations, and finding the solutions normally
involves a numerical approximation method. The selected numerical technique was the
implicit finite difference method (Zielke, 2006). For instance, we transformed Equation 3
into the following equation.

[02];j-[02]; -1

P—— = Do, sil {[OZ]iH'j(_ZZi[_OZi]_i;j;[OZ]H'j} (14)
where
i = index indicating location i
j = index indicating time j

We rewrote Equation 14 into an equation of vectors and matrices that contained the values of
the concentration of oxygen at every location in the silicone layer. For example, if we
partition the layer to consist of 4 locations inside, Equation 14 then becomes Equation 15.
The subscript t indicates that all the concentrations in the vector are at time t.

[0.]4 [0.]4 -2 1 0 0 1[l02]x 02]
1 [0,]2 _ [0:]2 _ Doysil 1 -2 1 0 ||[0:]> (15)
At 1[0:13 [0215 @z 0 1 =2 1/[[[0,];
[021ad,  L[0214], o o 1 -2, 021
where
At =t; — tj_, = time interval
Az = z; — z;_, = distance interval

We could also rewrite Equation 15 into an abbreviated form, as shown in Equation 16.

32 (1021 = [02], ) = 2225 (A0, ), - a) (16)

We then rearranged Equation 16 into the form of Bx = b, as shown in Equation 17. Since
the matrix B was a tridiagonal matrix, we applied an algorithm for solving a tridiagonal
system by elimination (Conte and de Boor, 1980) to solve for the vector x, which was [0,],

in our case.
AtDg., sil AtDo, sil
(1- 222 4) [0,]; = [0,];-c + 222" a (17)
where
I = identity matrix

Results and discussions

We developed a simulation program of the MFC with a user-friendly interface. The program
accepted inputs including initial amount of glycerin, operation time, pH, temperature, and
biofilm thickness. A program user can also modify values of some parameters, if more
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accurate values are acquired. Figure 2 show some screen captures of the program. The
program displayed the results in two formats; tables of data and plots. The results included
various variables of the system, for example, concentration of oxygen in cathode layer,
concentration of glycerin and pH in bulk liquid, concentration of glycerin in biofilm layer,
cathode and anode voltages, and MFC open-circuit voltage.

About Help Bt

Bulk liquid
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G
o
-2
©
(6]

Inital amount of glycerin g
il pH
Diffuse layer thickness um

558000
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Figure 2. Examples of screen captures of the MFC simulation program: (A) the main
window, (B) the input window of bulk liquid, and (C) the result window.

Plots of concentration of oxygen in the cathode layer at different times are shown in Figure 3.
Thickness of the layer was set at 1000 um. Oxygen concentration in the air was assumed to
be in excess and thus constant. The liquid was depleted of oxygen since it was completely
consumed in the reduction reaction. As shown in the plots, the concentration reached
saturation in the first few minutes and remained constant throughout the MFC operation.

Oxygen concentration vs. Location in cathode at Different times
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Figure 3. Plots of oxygen concentration in cathode layer at different times.

Plots of glycerin concentration and pH in the bulk liquid are shown in Figures 4 and 5,
respectively. The MFC operation time was set at 15 hours (900 min). The glycerin
concentration decreased, due to being consumed by the bacteria, quickly in the first hour and
at a slower rate afterwards. The pH also decreased due to the accumulation of hydrogen ions,
and thus the system became more acidic.

309



The Asian Conference on Sustainability, Energy and the Environment 2013
Official Conference Proceedings Osaka, Japan

Glycerin concentration in bulk liquid vs. Time
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Figure 4. A plot of glycerin concentration in bulk liquid over time.

pH in bulk liquid vs. Time
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Figure 5. A plot of pH in bulk liquid over time.

Plots of glycerin concentration and local potential in the biofilm layer are shown in Figure 6
and 7. Thickness of the layer was set at 60 um. The glycerin concentration increased in the
early period due to diffusion of glycerin from the bulk liquid into the biofilm layer. The
concentration, however, subsequently decreased since glycerin was consumed by the bacteria.
The potentials quickly increased in the early period and at a slower rate afterwards. The
potentials 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 potential, and the
current flowed in the opposite direction.
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Glycerin concentration vs. Location in biofilm at Different times
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Figure 6. Plots of glycerin concentration in biofilm layer at different times.
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Figure 7. Plots of local potential in biofilm layer at different times.

Plots of cathode, anode, and MFC open-circuit voltages of the system are shown in Figure 8.
The cathode voltage increased over time, since more hydrogen ions accumulated in the
system and participated in the reduction reaction. The anode voltage also increased over time,
since the glycerin concentration decreased, therefore the rate of electron generation decreased.
Fewer number of electrons means the anode becomes more positive; thus a higher voltage.
Compared to the anode voltage, the cathode voltage increased at a faster rate in the first half
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of the operation time, but in the end both voltages became steady. As a result, the open-
circuit voltage slightly increased in the first half, but became steady in the end.

MFC voltages vs. Time
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Figure 8. Plots of cathode, anode, and MFC open-circuit voltages over time.

The simulation program was able to compute and provide the voltages and the concentration
profiles of chemical species in the MFC, and the trends seemed to agree with our
expectations. Further development of the program involves calculation of the current and
power density of the system. In addition, model validation with experimental data is
necessary and more accurate model parameters are desirable, before the program could be
used in practical optimization and prediction of the MFC performance.
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