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Figure 1.1 MFC reactor structures: (a) Two-chamber reactor, (b) Single-chamber 

air-cathode reactor. 
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shown in Figure 1.1 (a). The structure of the single-chamber MFCs is simpler and 

has significantly lower internal resistance compared to the two-chamber MFC. 

Since the single-chamber design shortens the distance between anode and 

cathode which reduces the ohmic resistance, the experimental results presented 

that the single-chamber MFC is able to generate more power than the two-

chamber MFC does [7]. Because of the separation of the anodic reactions and 

cathodic reactions in MFC, the two-chamber MFCs are tend to be used for power 

generation and bioelectrochemical reaction mechanism analysis [13, 14]. 

Additionally, there are different electron acceptors in the cathodic electrode for 

different types of MFCs. Different chemical species can work as the electron 

acceptors such as oxygen [15], ferricyanide [16, 17], per chlorate [18], or nitrate 

[19, 20]. Among these electron acceptors in MFC cathode, oxygen is one of the 

most common oxidizers. The oxidation reaction of oxygen is simple and oxygen 

is easy to be access to comparing with other oxidizers (e.g., permanganate, 

ferricyanide) [7]. Besides the structural classification for MFC reactor, it can be 

classified by the anodic bacteria cultures as well, such as MFC reactor with 

mixture bacteria, MFC reactor with Shewanella and Geobacter, etc. Since the 

mixed bacteria cultures generally perform better in MFC reactor than individual 

culture works, the microorganism cultivated in the MFC reactor in our research 

experiments is directly from the local wastewater plant. 

Figure 1.2 shows the 3D structure of the single chamber air-cathode MFC 

reactor which is adopted by our experimental and modeling research. This 
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reactor is 4×4×4 cm cubic container, and the hollow part is a cylinder with 4 cm 

long and 3 cm diameter. The bulk liquid is filled into the reactor hollow cylinder, 

and the bulk liquid is used for supplying electrons for the anodic biomass 

reactions, balancing the pH, and creating an anoxic environment for anodic 

biomass. Similar to analysis for the fuel cell research, the MFC reactor is 

generally broken down into three structure parts: bulk liquid as electrolyte part, 

anodic electrode part, and cathodic electrode part. (shown from left to right in 

Figure 1.2).  The exoelectrogens accumulate, attach to the anodic carbon paper 

surface (the anode carbon paper was changed to the graphite fiber brush for the 

cathodic reactions research.) and form the biofilm which convert and transport 

the electrons to anodic electrode. The electrons are collected by the current 

collector on the anode and transported to the external loaded resistance. The 

circuit connects into the cathodic current collector so that the electrons are able 

to transport to the cathode and have reduction reactions with the oxygen in 

cathode materials. 

1.3.3 The electrodes and electrolyte in MFC 

The bulk liquid works as the electrolyte in the MFC reactor, the bulk liquid 

also supplies the microorganisms the necessary nutrients: organic matters. The 

acetate was adopted as the dominant substrate for the biomass growth and 

electron donors in the MFC reactor in both experimental and modeling research. 

The buffer solution is added to adjust the pH environment and to improve the 

conductivity of the electrolyte in MFC reactor, different buffer solutions would be  
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Figure 1.2 Single chamber air-cathode reactor structure. 
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tested and compared in our research. In the anode, most electrons from the 

acetate are used for the new cell synthesis, and the remaining electrons are 

transported from acetate to the electrode in the biofilm. The biofilm thickness is 

influenced by the reactor microenvironments and parameters (biofilm attachment 

coefficient and fluid flow velocity in reactor [7]). In the MFC reactor, the anodic 

biofilm is the place where the electrons converted, and the cathodic biofilm is for 

the biological oxygen consumption reactions. The change of the biofilm growth 

and density in both anode and cathode is a significant factor to the MFC power 

generation. The MFC transient model will focus on the biofilm growth in MFC 

reactor. In the MFC modeling filed, the MFC performance affected by the 

cathodic parameters was rarely simulated, though the cathode reaction has been 

shown to limit the overall power generation of many MFC systems in some 

experimental research [21-24]. In the air-cathode reactor, oxygen functions as 

the electron acceptor and is reduced in the metal catalyst layer, typically with the 

Platinum (Pt) catalyst in the carbon cloth. Besides the metal catalyst, the 

cathodic biofilm is also able to catalyze cathode oxidation, though it seems to 

contribute relatively little to the external current [25]. In addition, the abiotic 

regions of common air-cathode designs do not comprise a homogeneous layer; 

these multiple layers differentially affect gas- and liquid-phase mass transport 

through the cathode [16]. 
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1.4 Computational Tools for Modeling 

The research in the MFC technology focused more on the biological 

experiment, while the fundamental mechanisms of mass transport and 

electrochemical reactions should be valued. The goal of this research is to 

develop a mechanistically based, multispecies microbial full-cell model to explore 

the phenomena in the MFC reactor and to validate the hypotheses derived from 

experimental data. To realize the systematical modeling for the MFC system, the 

thoughts of software development were adopted in this process. 

Different commercial software, mathematical methods and programming 

languages were applied for the MFC model series development. At initially stage, 

the commercial software MATLAB was used for the anodic transient model and 

the simulation software COMSOL was adopted for 2-D steady state model. With 

more equations added and more conditions considered in the MFC model, the 

operating speed greatly limited the simulation. At the same time, in order to 

manually distribute the computing threads and space, the C++ programming in 

Linux system with parallel computing method was applied for later on MFC 

modeling work. One of the parallel computing – OpenMP was utilized into the 

model coding to use multiple threads and to speed up the simulation calculation. 

The computing work was realized by the high performance computer – NEWTON 

which is a cluster computing system designed for use by researchers at the 

University of Tennessee, Knoxville. The high performance computing efficiently 

improved the calculating speed and also simplified the procedures for modifying 
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the modeling codes. The research also applied with the GIT for the MFC model 

series development. The GIT is a distributed revision control system that traces, 

integrates and stores the programming workflows, therefore it is useful for the 

modeling application by changing and adding further parameters and equations 

into the MFC model codes during the development process. A series of MFC 

models with C++ coding in Linux system were developed based on the GIT, the 

model system became more complex and contained more equations and 

parameters to explain the performance and internal relations in the MFC reactor. 

It is common that the MFC experiments take at least several weeks or 

even months for the biomass growth in the reactor before the stable power 

output is achieved. The computational models have the ability to validate the 

hypotheses and optimize the MFC design by shortening the running period for 

the research, which provides a strong incentive for pursuit of this work. The 

computational simulation work was meaningful and valuable to improve the 

design of the MFC technology. 

1.5 Dissertation Organization 

The statement of this dissertation is based on the model series of the 

single chamber air-cathode MFC reactor: anodic model, cathodic model and full 

cell model. In every chapter for the model description, it includes the methods, 

algorithms, results and discussions. This dissertation is organized with a 

literature review for the MFC technology progress and bioelectrochemical model 

development in Chapter II, the model construction and analysis for anodic half-



 
13 

cell in MFC in Chapter III, the model construction and analysis for cathodic 

steady state half-cell in MFC in Chapter IV, cathodic transient state half-cell in 

Chapter V, and the MFC full cell steady state model construction and the buffer 

system analysis in Chapter VI.  
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CHAPTER II 

LITERATURE REVIEW 

The computational modeling has been widely used in different disciplines, 

the primary function of a model is to reduce a complex system to the minimum 

terms essential for its description so that those terms may be manipulated, 

thereby helping the researchers to know how the system will respond under a 

variety of conditions to improve the design and understand the internal relations 

of the system [26]. Before starting the model construction for the MFC reactor, 

the knowledge in chemical, electrochemical and biological relations, MFC 

structure and the features of the electrodes/electrolyte materials should be 

studied and measured. 

2.1 Biofilm and MFC Models 

Numerical simulation has been applied for the MFC regional design and 

analysis such as the biofilm growth on the anode [27], and the electrochemical 

reactions in MFC [10]. The initial MFC models started from the simulations on the 

steady-state biofilm growth, and developed into multi-factor transient mixed-

culture states of electrochemical reactions and bacterial growth processes [28, 

29]. Rittmann et al. [28] presented the steady-state biofilm film with the Monod 

relation which described the substrate utilization at any location in the biofilm. 

The Monod equation is shown in Eqn. (2.1). 

              
∂Sf

∂t
= −

kXfSf

KS+Sf
                                               (2.1) 
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where Sf is the rate-limiting substrate concentration in the anodic/cathodic biofilm 

(MSL-3), KS is the half-velocity coefficient (MSL-3), k is the maximum specific rate 

of substrate utilization (MSMX
-1T-1), and t is the time (T) (The unit of the time is 

generally “day” since the biofilm growth is a slow process, while the time unit is 

transferred to “second” in the MFC modeling since the electrochemical changes 

are instantaneous reactions). Wanner et al. [29] highlighted the complex, 

transient, 1-D microbial biofilm growth process which considers nutrient 

consumption, multispecies competition, and electrode materials. In the MFC 

reactor, the mass transport is a significant impact. The biofilm change process is 

considered as an advective flux in the simulation. Additionally, the transport 

process of the chemical components is modeled as an effective diffusive flux 

[30]. The biofilm simulation becomes more complex when considering the biofilm 

liquid phase volume fraction, detachment and attachment of cells, as well as the 

mass transport of dissolved components in bulk liquid and biofilm [31], as 

illustrated in Figure 2.1. 

           Besides, some other factors in the reactor such as local electrochemical 

conditions and proton (H+)/hydroxide (OH-) transport are important to system 

performance and biofilm growth. The bacterial growth in MFC system does not 

only depends on nutrient concentration but also relies on other elements such as 

the local electrical potentials [9], the local pH environment [22, 32, 33], the 

microbial community composition [34], and the extracellular electron transfer 

(e.g. EPS conductivity) [35]. The modeling in MFC system becomes quite  
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Figure 2.1 Transport processes considered in the mixed-culture biofilm model. 

Thick arrows refer to particulate, thin arrows to dissolved components. [30] 
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complex with more elements and impacts are taken into account, therefore most 

modelers only consider a regional part simulation in MFC reactor, resulting in few 

developed for the full cell models [10, 27]. The biofilm-focused model developed 

by Picioreanu [27] successfully described three-dimensional biofilm growth as 

well as current density and power production. However the electrochemical 

reactions for electrons transfer at the anode surface are simplified through the 

oxidized/reduced mediators, the equation is shown in Eqn. (2.2). While it has 

been recognized that the mediators did not need to be added for the electron 

transfer [12]. 

    Mred = Mox + 2H+ + 2e−                                    (2.2) 

The relation of current density and reaction rate of oxidized/reduced mediators 

are expressed as: 

    Mred = −
i

2F
, Mox =

i

2F
                                      (2.3) 

Although Picioreanu et al. [27] successfully built the anode based MFC model 

and the relations with the chemical substances in reactor, the model did not 

reflect its essence attribute of the electron transfer of the biomass in the anode. 

Therefore Torres et. al. [36] studied the protons transport within the anodic 

biofilm and considered the diffusion and electric migration influence in the mass 

transport equation. Marcus et. al. [10] built the anodic model based on the 

conductive biofilm and presented the relation between the biofilm growth and 

biomass concentration. 
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           Most of these steady state or transient models focused on the anode local 

mass transport or electrochemical performance, the cathode reactions were 

usually simplified to one oxygen reduction reaction (ORR) in the full-cell system 

simulations. Although the model designed by this method gives a general 

simulation in the electron flow trends, the mutual influence from both the anodic 

and cathodic parameters has to be ignored.  The goal of this PhD research is to 

develop a series of computational models including the regional models for both 

anodic and cathodic electrodes and the comprehensive full cell model which 

reflects the overall performance from all parts in the MFC reactor. 

2.2 MFC Materials 

A single-chamber air-cathode reactor is adopted as the MFC structure 

during the PhD research for both experiment and computational modeling work. 

The single chamber air-cathode MFC is a simple structure conducive to scale-up 

and can generate relatively higher power compared with other MFC designs. 

There are some requirements for the anode materials: highly conductive, non-

corrosive, high specific surface are, high porosity, non-fouling, inexpensive, and 

easily made and scaled to larger sizes [7]. In the single-chamber reactor, the 

anode is generally made of graphite brushes. The graphite brushes can supply 

higher specific surface area and higher porosity compared to the flat plate 

graphite structure [7] . These advantages can induce anode exoelectrogens to 

form more biofilm on the anode to generate as much electricity as possible. The 
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cathode material is generally made up of the carbon paper pre-loaded with a 

platinum catalyst on one side [7]. 

The materials and cathodic structure also affects the power generation 

and organic substrate removal in MFCs [24]. On the one hand, the cathode 

materials should allow the oxygen transport into the reactor efficiently and have a 

low ohmic resistance to reduce the ohmic overpotential; on the other hand, the 

materials should reduce the water leakage from the reactor. Santoro et al. [24] 

compared three groups of cathode materials and examined the MFC 

performance in the reactors with different cathode, it concluded that the three-

layer (GDL, micro porous layer (MPL) and CL) as cathodic materials had a low 

ohmic resistance and produced a high cathode open circuit potential. 

2.3 Limitations in the MFC Reactor 

2.3.1 Electrochemical relations 

The MFC system is a special fuel cell, the analysis methods in the 

electrochemical field and electricity generation for the MFC system are the same 

as other types of fuel cells. The polarization curve, which represents the cell 

voltage-current relationship, is the standard figure of merit for evaluation of fuel 

cell performance. Voltage versus current density, scaled by geometric electrode 

area, is typically shown, so that the results are scalable between differently sized 

cells [37]. The potential loss of the fuel cell can be divided into 5 parts: activation 

overpotential, ohmic overpotential, concentration overpotential, the loss that 
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the “50 mM Buffer” simulation does. The overpotentials in both anodic and 

cathodic sides are obviously reduced in “Ideal” simulation. 

The simulation also gave the pH distribution with different external 

resistance and different current density, shown in Figure 6.6. The cathodic higher 

pH is from the production of OH- and the anodic lower pH is because of the 

production of H+. The bulk liquid initial pH is set to be 7.08, while the simulated 

results show in Figure 6.6 that pH < 7.08 distributes a broader range in bulk liquid 

part and pH < 7.08 locates the portion which is close to cathode side. This is 

because of the diffusion coefficient of protons is much larger than OH-‘s, which 

leads to a faster diffusion of protons in the bulk liquid, therefore the bulk liquid in 

reactor is in slightly acidic condition. 

Figure 6.7 gives the pH change over different current density for both “No 

Buffer” and “50 mM Buffer”. Since the simulation of “Ideal” ignored the pH 

influence, the profile of pH “Ideal” isn’t presented in Figure 6.7. The buffer shown 

in Figure 6.7 gave an obvious impact to the pH in both anodic and cathodic sides 

especially for the anodic pH improvement. 

According to Eqn. (6.16), it is known that the concentration of H+/OH- 

affects the mass transport overpotential in microbial fuel cell. Therefor the buffer 

solution is added to help to reduce the concentration overpotential to increase 

the power production. However, the simulation results presented the truth that 

the buffer solution has limited capacity to increase the power for MFC single  
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Figure 6.6 pH distribution for different current situation in “50 mM Buffer” 

simulation. 
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Figure 6.7 pH comparison for “No Buffer” and “50 mM Buffer”. 
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chamber reactor. If the “Ideal” simulation is the best simulation that the influence 

from the concentration overpotential from pH is totally eliminated, it can be 

inferred that the “50 mM Buffer” contributes to eliminate 31.41 % pH influence. 

However the buffer cannot 100 % remove the pH influence, the anodic/cathodic 

would always have H+/OH- concentration changes even though the pH of bulk 

liquid part can be close to neutral. 

6.3.3 Comparison for different buffer solutions 

This full cell model dug deeper on the contribution of buffer to the power 

production by comparing the power generation curves and pH change of different 

buffer chemicals. Three common buffer solutions were simulated: “50 mM PBS” 

is the simulation of MFC reactor with 50 mM phosphate buffered saline as buffer 

solution, “50 mM NaHCO3” is the simulation of MFC reactor with 50 mM sodium 

bicarbonate as buffer solution, and “50 mM NH4Cl” is the simulation of MFC 

reactor with 50 mM ammonium chloride as buffer solution. 

In Figure 6.8 a), the simulation are the polarization and power density 

curves generated from the MFC reactor with different buffer solutions. The 

results shows that the 50 mM PBS performance the best in improving the power 

density, though different buffer solutions is not necessary to lead to obvious 

difference, especially for the anodic potential changes. Meanwhile, the Figure 6.8 

b) reveals the simulation results on lowest/highest pH in MFC. The buffer 

solutions stop the massive changes of pH environment for both anodic and  
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Figure 6.8 Polarization curves and pH profiles for different buffer solutions. 

  

a) b) 
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cathodic side compared with no buffer MFC pH simulation. Generally, the 50 mM 

PBS buffer works most effectively among these three buffer solutions, though 

capacity of the PBS buffer recedes in cathodic side when the current density is 

larger. According to the data from Table 6.2, there are three equilibrium reactions 

(neutralization reactions) for phosphate, there are three types of conjugate bases 

(PO4
3-/HPO4

2-/H2PO4
-) and more H+ can be reacted to conjugate base for same 

amount moles of buffer solutions. However the smaller diffusion coefficient 

phosphate limits the transport of the PBS to react when the current density 

becomes larger. In this model, the diffusion coefficient of PO4
3- is a magnitude 

smaller than the diffusion coefficient for both NH4
+ and HCO3

-. Particularly in the 

cathodic layers where the porosity aggravates the difficulty for the mass transport 

and equilibrium reaction, less amount of H+ is produced to neutralize the pH in 

cathode. 

As presented previously, the buffer conduces to reduce the concentration 

overpotential in addition to create a friendly pH environment for microbes. The 

benefit of the modeling is that it supplies details on the concentration losses. 

Figure 6.9 presents the total concentration overpotentials for the MFC whole 

system (including both cathode and anode). The buffer chemical equilibrium 

balances obviously decrease the concentration overpotential compared with the 

“No Buffer” simulation, while the buffer chemicals limitedly change the overall 

potential losses since the concentration overpotential takes a small part in the 

total overpotential. 
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Figure 6.9 The concentration overpotentials from different buffer systems 

comparisons. 
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Figure 6.10 gives the comparisons for the buffer chemicals in anode and 

cathode respectively. The bar chart in Figure 6.10 a) tells the information we 

already know that the PBS works better to reduce the concentration potential 

losses, followed by NaHCO3 and then by NH4Cl. The same trend as it shows for 

the total concentration potential losses. While in the Figure 6.10 b), the 

phosphate buffer works worst when the external resistance is smaller (current 

density is higher), the phosphate buffer works the best when the external 

resistance is larger (current density is lower). This phenomenon echoed the PBS 

simulation results shown in Figure 6.8. The phosphate chemicals are larger 

molecules and smaller diffusion coefficient compared with the NaHCO3 and 

NH4Cl, and the phosphate chemicals are more difficult to transport through the 

layers in the cathode especially when more phosphate are needed in the higher 

current density. 

6.3.4 Comparison for different amounts of the PBS buffer solution 

In previous simulations, the bulk liquid conductivity was assumed to be an 

unchanged constant no matter how the concentration of the bulk liquid change, 

that the conductivity of the bulk liquid was neglected for simplifying the modeling 

work. However, the change of the bulk liquid conductivity is related to the 

concentration of the bulk liquid and is able to influence the power production of 

the MFC. This full cell model considered changing the amount of phosphate 

buffer into the reactor liquid and simulated the full cell system to see the 

influence by the bulk liquid conductivity.  
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Figure 6.10 Concentration overpotentials comparisons. 

 

  

a) 

b) 
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50 mM, 100 mM and 200 mM phosphate buffers were simulated. The 

conductivity of bulk liquid with 50 mM PBS is 5.9 mS/cm [93], the conductivity of 

bulk liquid with 100 mM PBS is 10.2 mS/cm [93], and the conductivity of bulk 

liquid with 200 mM PBS is 22.0 mS/cm [94]. Figure 6.11 shows the simulation 

results comparing different concentration amounts. More amount of the buffer is 

added into the reactor, better conductive the bulk liquid is, and lower internal 

resistance the bulk liquid has, thus more power is generated from the reactor. 

While the PBS costs more than other two buffer solutions, which means it might 

spend more to improve the power production in a relative small range. Therefore 

it is not a good idea to add as much PBS into the reactor to improve the pH 

environment and reduce the internal resistance when the cost is considered for 

the organics degradation by MFC technology. 

6.4 Conclusion 

It is presented in this chapter that the simulation and analysis for H+/OH- 

diffusion and the influence from the pH change to the electrochemical reactions, 

the impact to power density of whole MFC system. The model for single chamber 

MFC system including anode, bulk liquid and cathode was built to 

comprehensively analyze the mass transport (diffusion term and electric 

migration term are included), biological and electrochemical reactions in the 

whole system. The numerical method was determined for the combinations of 

anode and cathode which were two relatively independent system in model, and 

the method was used for the steady state simulation for each external resistance  
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Figure 6.11 Polarization curves and pH profiles for different PBS concentration 
solutions.  

a) b) 
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to compare and validate by the experiment data. This model evaluated the 

electric migration and gave the simulation and analysis that the electric migration 

has much minor influence to current generation in the single chamber MFC. 

This full cell model considered the pH impacts to the overpotential, and 

neglected the pH influence to the biomass growth in bulk liquid. The buffer 

solution and its role was considered and simulated in the steady state full cell 

model. Three buffer solutions (PBS, NaHCO3, NH4Cl) were simulated and 

compared in this this model. The PBS buffer solution with three equilibrium 

equations is more capable in the pH neutralization, while the large diffusion 

coefficient of the chemicals in PBS prevents the reactions when the current 

density becomes larger. Also different amounts of buffer solution in the model 

were compared, the power production influence by the buffer’s conductivity were 

estimated. It is revealed that the larger amount of buffer solution can improve the 

production of power density from MFC except affecting pH neutralization. 
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