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Abstract 

Livestock industry generates a large amount of manure and wastewater. Minnesota, the 

third largest hog producing state in the US, produces 7 million pigs per year and 

meanwhile generates 11 million tons of dry manure. Wastewater from swine farms 

contains high concentrations of organic matters, nitrogen and phosphorus. A poor 

management and treatment of the wastewater would cause severe environmental issues to 

soil, water, and air, such as eutrophication, impairment in drinking water quality, and the 

odor issue. So an appropriate treatment of the swine wastewater is an urgent and crucial 

issue to sustain the industry.  

Microbial fuel cell (MFC) is an emerging technology that shows a potential use in swine 

wastewater treatment. The reactor realizes biological oxidation at anode for organic 

matters, and electrochemical reduction at cathode. It is sustainable because it converts 

waste to electricity, recovers nutrients, and reduces the cost for wastewater treatment. 

The overall goal of this study is to develop effective MFCs for treating synthetic and 

swine wastewater to generate electrical energy and, at the same time, to achieve efficient 

removal of COD and total ammonium nitrogen.  

The first step was to choose suitable bacterial consortia to inoculate single-chamber air-

cathode MFCs. Activated (AC) and anaerobic (AN) sludge showed faster enrichment of 

MFC anodic biofilm by 2 to 3 d than river sediment (RS), while AN-MFC presented 

highest VFA degradation rate, indicating that the bacteria in AN sludge were better 

adapted to MFC anodes due to the similar anaerobic environment and volatile fatty acid 
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concentrations in a swine manure anaerobic digester. However, RS-MFC anode surface 

was covered with well-developed layers of biomass (bacterial cells and extracellular 

polymeric substances) and had a much larger power output (195 μW or 98 mW m-2) than 

AC- and AN-MFC after one month operation. For mature MFCs that were under long-

time operation, a transient application of negative voltages (-3 V) improved the cathode 

activity and maximum power output by 37%, due to the bactericidal effect of the 

electrode potential higher than +1.5 V vs. standard hydrogen electrode (SHE).  

The second step was to model the single-chamber MFCs based on the assumption that the 

anode attached bacterial monolayer serves as biocatalysts for MFC exoelectrogenesis. By 

modifying the Freter model and combining it with Butler-Volmer equation, this model 

adequately describes the processes of electricity generation, substrate utilization, and 

suspended and attached biomass growth, in both batch and continuous operational mode. 

The results showed that the activation overpotential of the anode substantial reduced 

during the anode enrichment process, which was a result of increased exchange current 

density due to the increased biocatalyst. It was also found that electricity generation 

reduced sludge generation. Smaller external resistors were suggested to use to improve 

the organic matter removal and to reduce sludge generation, while an external resistor 

close to the internal resistor should be used to obtain the maximum power generation.  

The third step of this study modeled the kinetic data of swine wastewater characteristics 

in MFCs, including conductivity, COD, volatile fatty acids (VFAs), total ammoniacal 

nitrogen (TAN), nitrite, nitrate, and phosphate concentrations. The removals of VFA and 

TAN had the half-life times of 4.99 and 7.84 d, respectively. Among the removed TAN, 
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13.6% was recovered from the evaporated air outside of MFC cathode, indicating its 

potential use for ammonium recovery from animal wastewater. The mechanism for 

phosphate removal was principally the salt precipitation from cathode, and needed 

improvement as the removal was far from completion. MFC with an external resistor of 

2.2 kΩ and fed with raw swine wastewater generated relatively small power (28.2 μW), 

energy efficiency (0.37%) and Coulombic efficiency (0.15%). The main reason for the 

impaired performance was the inhibitory effects associated with TAN on Pt activity and 

VFA on anodic biofilm activity. Diluted swine wastewater, with a dilution factor of 2 or 

higher, dramatically improved the power generation as the inhibitory effect was reduced. 

Smaller external resistor in the circuit promoted the organic matter degradation and 

shortened the required reaction time in batch mode. 

The fourth step was to reduce the inhibitory effect of swine wastewater in electricity 

generation by selective removal of ammonium and VFAs. This study showed that 

sorption using natural zeolite was an effective way for ammonium mitigation in swine 

wastewater. The kinetic process of the ammonium sorption on zeolite was best described 

by the pseudo-second-order model, and the resulting TAN sorption capacity at 

equilibrium was 11.6 mg/g. The isotherm data were best fitted by the Langmuir model, 

and the maximum TAN sorption capacity was 34.2 mg/g. The thermodynamic parameters 

indicated the spontaneity (ΔG° = -6.65 kJ/mol by the Langmuir model) and exothermic 

nature (ΔH° = -22.3 kJ/mol) of ammonium sorption on zeolite. Addition of GAC in 

zeolite decreased ammonium diffusion to zeolite particles, but it enhanced the maximum 

zeolite sorption capacity and COD (mainly VFAs) removal. Zeolite and GAC were 
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effective in the selective adsorption of ammonia and VFAs in swine wastewater and 

consequently improved the power generation by over 80%, energy efficiency by up to 

78%, and Coulombic efficiency by up to 37% of microbial fuel cells.    

The final step was to optimize air-cathode and MFC configuration for ammonium 

removal. The 5% PTFE-treated cathode had a leaking problem, while the other cathodes, 

including 20% PTFE+GDLs, 5% PTFE+GDLs, and 20% PTFE, did not have the problem 

of leaking, and the last one performed best both in power generation and ammonia 

removal. Tests in MFCs A and C revealed that the half-life time of the total ammonium 

was proportional to electrical current, which was a strong evident demonstrating that the 

oxygen reduction reaction at cathode promoted ammonia volatilization by elevating pH 

nearby. On average, an increase of 1 mA in electrical current would reduce the half-life 

time by 2.8 d and 0.85 d for MFC A and C, respectively. Modifying regular MFCs to 

membrane contactor mode improved ammonia removal, because the surface area of 

hydrophobic membrane was increased. This improvement was indicated by the 

substantially reduced half-life time from the best case of 2.54 d of the best performed 

regular MFCs to only 0.67 d. The modification also allowed ammonia recovery from 

wastewater, and 78% of the removed ammonia was captured in sulfuric acid solution.  

This study demonstrated a novel way of ammonium recovery from wastewater by MFCs 

based on membrane contactor mode, and better performance is still expected through 

optimizing the gas-diffusion materials and reactor configuration.  
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Chapter 1. General Introduction 

1.1 Swine industry and environmental concerns 

Livestock industry is an essential part of the agricultural sector, and this industry 

generates a large amount of manure: between 133 and 300 million tons per year on a dry 

basis in the United States according to an estimation made in 2005 [1]. Livestock 

industry is also under expansion during the last decade evidenced by the increasing 

number of animal farms and inventories (Table 1-1) and the increasing scale of animal 

production based on concentrated animal feeding operations (CAFOs). Among the 

different animal categories, the swine industry is an important component. In Minnesota 

alone, the third largest hog producing state in the US, there are over 7 million pigs per 

year going to the market, which produces 11 million tons of dry manure annually [2]. 

The scale of hog operation is also increasing at a high rate due to its economies of scale, 

from 2,589 heads per farm in 1998 to 7,930 head per farm in 2009 in the US [3]. As the 

expanding amount of waste needs to be mitigated or treated before disposal, the 

environmental concerns due to the waste (manure and wastewater) are magnified by the 

larger hog production and larger operation.  

Table 1-1.  Farms and animal number (in million heads) inventories of major categories 
of livestock and poultry in US in 1997, 2002, and 2007 a  

 Cattle and calves Milk cows Hogs Layers Broilers and other 
meat-type chickens 

Year Farms Number Farms Number Farms Number Farms Number Farms Number 

1997 1,188,659  99.91  125,041  9.14  124,889  61.19  91,625  314.14  35,500  1,214  

2002 1,018,359  95.50  91,989  9.10  78,895  60.41  98,315  334.44  37,937  1,389  

2007 963,669  96.35  69,890  9.27  75,442  67.79  145,615  349.77  32,668  1,603  
a Data are compiled from USDA statistics [4, 5].  
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Waste from swine farms is mainly in the form of pig wastewater or slurry, a mixture of 

feces, urine, and washing water, containing high concentrations of nitrogen and 

phosphorus. A poor management and treatment of the waste would thus cause severe 

environmental issues to soil, water, and air [6]. An excessive disposal of swine slurry 

within localized areas may result in overloading organic materials, heavy metals (Cu and 

Zn) and nutrients (P and N) in soil that may leach to ground or surface water, and 

consequently impair drinking water or cause eutrophication. According to N-based or P-

based standards, only 49% or 27% of large swine farms (>1,000 animal units) found 

enough land to apply their manure [1].  

Besides the pollution caused by manure disposal, the hog production, manure storage, 

and even treatment unit [7] may release air pollutants such as volatile fatty acids and 

ammonia. Greenhouse gases (GHGs, methane and carbon dioxide) emission, if not 

captured, may intensify the global warming to certain degrees [8]. So an appropriate 

management and treatment of the swine waste is an urgent and crucial issue to sustain 

the industry.  

1.2 Swine wastewater treatment 

The amount of swine wastewater (or slurry depending on total solids) generation and its 

composition depend on practices such as feeding, animal housing, waste collection and 

storage method. Generally speaking, pig waste has a total solids ranging between 2% 

and 8% when mechanically collected, and has a reduced total solids of 0.5% to 2% 

(more diluted) when washed and collected using water[9]. Swine wastewater thus has 
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varying amount of five-day biochemical oxygen demand (BOD5, between10000 and 

50000 mg/L), total N (3000 to 5200 mg-N/L), NH4-N (1820-3330 mg-N/L), phosphorus 

(660-920 mg/L), and pathogens [10]. Treatment of swine wastewater aims to reduce or 

eliminate those pollutants, and potentially reuse the huge amount of nutrients available 

(Table 1-2) in manure and wastewater.    

Table 1-2.  Manure nutrients generated (in thousand tons) by livestock industry in US in 
1997 a  

  All animals Confined animals d Confined animals d Potential CAFOs d Potential CAFOs d 

Animal category As excreted b As excreted b Recoverable c  As excreted b Recoverable c 

  N P N P N P N P N P 

Fattened cattle 506 155 491 151 177 115 424 130 152 99 

Milk cows 908 163 731 131 288 111 194 35 62 24 

Other beef and dairy 3,002 960 201 59 59 49 - - - - 

Swine 543 161 524 155 124 126 300 89 71 72 

Poultry 895 302 895 302 523 251 428 148 252 123 

All 5,854 1,742 2,843 798 1,172 652 1,512 449 549 325 
a Data are compiled and calculated from the reference [11]. 
b As excreted manure is the total manure excreted by animals without further handling. 
c Recoverable means the manure nutrients available for application, which estimates for 
confined animals or potential CAFOs after adjusting for expected losses of nutrients 
during collection, transfer, storage, and treatment. However, it is not clear which 
treatment methods are assumed to use in that study.  
d Definitions of Confined Animals and Potential CAFOS are not defined in the study, but 
they may resemble that of AFOs and CAFOs, respectively. 
 

Depending on different ultimate uses or disposal of pig waste, various treatment 

technologies are available despite the fact that these technologies do not completely 

meet the treatment requirement. As sufficient cropland is not always available for direct 

disposal, and excessive disposal would result in nutrient leaching and runoff, other 

treatment technologies are developed, including solid-liquid separation, composting, 

aeration, anaerobic digestion, aerobic treatment, activated-sludge process, sequencing 
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batch reactor, biofiltration and artificial wetland [6, 12]. Anaerobic digestion is the most 

commonly used one. It decomposes organic matters by complex microbial consortia 

responsible for hydrolytic, acidogenic, acetogenic, and methanogenic stages. It also 

generates methane as an energy product [12]. Disadvantages of this treatment only 

include the following: uneconomical when total solids is low, the effluent needs further 

treatment for nutrient removal, and not stable when characteristics of influent 

wastewater or operational parameters change. Aerobic or activated-sludge processes 

achieve substantial chemical oxygen demand (COD) and ammonium removal, but they 

increase the GHGs emission and keep a high operational cost.  

Microbial fuel cell (MFC, also known as a type of bioelectrochemical reactor) is an 

emerging technology that shows a potential use in swine wastewater treatment. It 

basically fulfills biological oxidation at anode for organic carbon, and electrochemical or 

biological reduction at cathode [13, 14]. Microbial consortia at anode are versatile to 

organic substrates such as glucose, volatile fatty acids, glycerol, and even cellulose. It is 

sustainable because it converts waste to electricity, and reduces the cost for wastewater 

treatment. The literature review section will discuss its advantages and challenges for 

swine wastewater treatment in detail.      

1.3 Objectives 

The overall goal of this study is to develop effective MFCs for treating synthetic and 

swine wastewater to generate electrical energy and, at the same time, to achieve efficient 

removal of COD and total ammonium nitrogen. Specific objectives for this study are as 
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follows:  

1. To develop lab-scale single-chamber MFCs. MFCs will be inoculated with 

bacterial sludge/sediment of different origins and subject to electric stimulation 

(+2 V). The hypotheses are that inocula of different origins will enrich electrode 

biofilm with different microbial community so that the capabilities of electricity 

generation differ among the differently inoculated MFCs, and that electric 

stimulation generating hydrogen will provide additional electron donors for 

denitrifying bacteria, thus accelerating inoculation and improving denitrification 

thereafter. Electric stimulation will also be applied to long-term operated MFCs to 

test its impact on electricity generation. Impact of inoculum type and electric 

stimulation on the microbial community, biofilm structure, internal resistances, 

and organic substrate removal will be compared.  

2. To model the electrochemical and biological properties (activation overpotential 

and exchange current density) of MFC. Current models in the literature do not 

provide tools to simulate or predict the change of overpotentials and other 

electrochemical properties on the assumption that the anodic biofilm catalyzes 

organic oxidation. The hypothesis here assumes that inclusion of activation 

overpotential and exchange current density in a model will be more effective to 

model the performance of MFCs with regard to electricity generation and organic 

matter removal.  

3. To construct MFCs coupled with internal or external zeolite/granular activated 
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carbon (GAC) packed beds. Too high ammonia level has been demonstrated 

inhibitory to electricity generation [15], and volatile fatty acids (VFAs) inhibitory 

to anaerobic digestion. With a hypothesis that zeolite/GAC packed bed reduces 

ammonium/VFAs concentration in swine wastewater to an acceptable level for 

MFC, experiments will be conducted to test the isotherms and kinetics of zeolite 

for ammonium sorption and GAC for VFAs sorption. Ideal doses that sufficiently 

absorb ammonium/VFAs will be determined. Major performing indicators for the 

coupled reactor include power generation, COD, total nitrogen, and ammonium 

removals.  

4. To modify air-cathode of MFCs for ammonium removal. The hypotheses are that 

there is a certain level of hydrophobic treatment on cathode that allows best 

ammonia volatilization, and that the electricity generation in MFCs promotes 

ammonia volatilization. Experiments of optimizing the level of hydrophobic 

treatment on cathode and increasing the cathode surface area will be conducted in 

order to improve the ammonium removal efficiency in MFCs.  

  



 

 7 

Chapter 2. Literature Review 

2.1 Microbial fuel cells 

2.1.1 Basic principles 

Microbial fuel cell is an attached-growth process with electrodes as the active sites for 

redox reactions, highlighted with the electron transfer to anode by exoelectrogens. The 

exoelectrogens, or named as anode-respiring microorganisms and electrochemically 

active microorganisms, have wide applications in metal recycling, bioelectrochemical 

reactors, and other environmental remediation techniques [16]. Multiple varieties of 

microbes are confirmed as exoelectrogens in MFCs and microbial electrolysis cells 

(MECs, a similar device to MFCs but requiring a small external voltage application) 

studies, including α, β, γ and δ proteobacteria, firmicutes, acidobacteria, and 

actinobacteria [17]. Shewanella spp., Geobacter spp. and Geospirillum spp. are among 

the most extensively studied [18]. 

The feature of exoelectrogens is that they are able to externally transfer electrons from 

themselves to a solid anode, an external electron acceptor, automatically or with the 

assistance of mediator molecules [19]. The recent finding that exoelectrogens function 

well without external addition of electron shuttles realizes the operation of MFC in a 

more economical way, and it has substantially promoted recent studies. Researchers 

have identified three mechanisms for extracellular electron transfer between bacteria and 

anode: electron shuttles, direct contact, and nanowires [20-22] (Figure 2-1).  
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Figure 2-1.  Illustration of mechanisms for electron transfer from bacteria to anode. 

 
In an MFC, electrons are released by exoelectrogens from organic electron donor and 

accepted by the anode; meanwhile, electrons to cathode are further accepted by oxygen 

gas, nitrate (for MFC), or other terminal electron acceptors [16]. The difference of 

electrode potentials generates electromotive force (Eemf) in MFC, and the electricity can 

be harvested by external resistors. The following equations describe unbalanced anodic 

and cathodic reactions for MFCs using oxygen gas an oxidant:  

Organic substrate + H2O + anode 
exoelectrogenic bacteria
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� CO2 + (anode-electron)- + 2H+ 

(Cathode-electron)- + ½ O2 + 2H+ 
catalysts/biocatalysts
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� H2O + cathode    

Compared to conventional wastewater treatment methods such as anaerobic digestion, 

activated sludge method or sequencing batch reactor, MFC reactors have the following 

important advantages: high versatility for different types of organic matters of varying 

Shuttle molecules
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concentrations; less requirement for valuable electron donor addition; overcoming 

fermentation barriers and achieving substantially improved energy recovery; high energy 

recovery; improved organic removal by bacteria growth and by electricity generation; 

improved removal of ammonium and phosphate; and achieving low COD values in 

effluent.   

2.1.2 Mechanisms for exoelectrogenesis 

The free electrons released by organic matter oxidation could be donated to terminal 

electron acceptors within bacteria through electron transport chains [18], but these 

electrons can also be transferred outward of cell membranes, as what happens in MFCs 

and other bioelectrochemical systems. Three mechanisms for extracellular electron 

transfer process between bacteria and anode are identified: electron shuttles, direct 

contact, and nanowires (Figure 2-1).  

Electron shuttles 

A wide range of chemicals could work as electron shuttles, or mediator molecules, such 

as potassium ferricyanide, neutral red, and thionine [23]. These molecules are soluble 

and diffusible in water. When they are present in medium, they intermediately accept 

electrons from bacteria and transport them outward of cells. The reduced mediators 

reach anode by random, allowing the release of electrons to anode. The oxidized 

mediators are then diffused back and function in the next cycle of electron transfer. In 

the early studies, researchers supplement shuttle molecules in medium to enhance its 

electrochemical activity. But recently, some metabolic products of exoelectrogens were 
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proved as mediators, such as psyocyanin by Pseudomonas and quinone by Lactococcus 

lactis [19]. Some of these molecules are also suspected of functioning in quorum-

sensing as signal molecules or autoinducers [24]. More common cases are that these 

metabolic products belong to certain intermediates of biosynthesis, e.g., riboflavin as 

precursor for biosynthesis of quinine [25] or flavin mononucleotides [19].  

Marsili et al. [25] studied the biofilm and medium of Shewanella oneidensis MR-1 and 

Shewanella sp. MR-4 to understand the process involved in electron transfer of these 

two strains. When cells of the mid-exponential phase were inoculated in an anode 

chamber, current (3-6 μA) was immediately generated, and reached a plateau value of 

32-45 μA in 72 h. The medium was then replaced by fresh anaerobic medium 

supplemented with carbon source. The replacement reduced the current by 73%. This 

indicated that the electron transfer process was interrupted by the removal of shuttle 

molecules or by the removal of planktonic cells. The medium was again replaced with 

the original medium but without planktonic cells which were removed by centrifugation. 

The current also immediately recovered to the original value. Subsequent analysis 

confirmed that riboflavin, a redox-active molecule secreted by these two strains, played 

as the mediator.  

Direct contact 

Direct contact as a mechanism of electron transfer is based on the fact that certain 

enzymes (most commonly, c-type cytochromes) imbedded in outer cell membranes are 

part of electron transport chains for conventional redox reactions. When bacteria grow 
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on anode to form biofilm, these enzymes could play as interfaces between bacteria and 

anode. A difference between direct contact and the shuttle molecules is that the former 

relies on diffusive transport of molecules, while the latter does not [26], although c-type 

cytochromes behave as a form of fixed redox mediators as well. Gram-positive bacteria 

was thought to lack outer membrane electron transport proteins, and several of these 

bacteria therefore required electron shuttles due to this infeasibility of direct contact 

[19].  

Bond and Lovley [23] designed an MFC using anode as the sole electron acceptor. They 

examined pure Geobacter sulfurreducens in the MFC system operating with 5 mM 

acetate and a 500 Ω of external resistor. It was found that an appreciable amount of 

current (up to 0.80 mA) and power (up to 0.09 mW) were generated in the reactor. On 

the contrary, pure Escherichia coli run in the similar configuration with glucose and a 

suitable carbon source was not observed with electricity generation. The medium in the 

G. sulfurreducens MFC was totally replaced by nutrients (P or N)-deficient buffer with 

only acetate (5 mM), the current recovered to the stable level as in the original medium 

immediately after the completion of the replacement, which was distinct from one of the 

results in the study by Marsili et al. [25]. The medium replacement removed both 

plankton biomass and any soluble contents in the original medium. Therefore, this 

spontaneous current restoration indicates that the electron transfer between anode and 

microorganisms is probably done by the cells which were already attached to the anode 

and still remained on it during the medium replacement. Scanning electron microscopic 

(SEM) photo confirmed that there was a layer of microbial cells attached to the surface 
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of the anode. The attachment was neither precisely even nor one-layer. Some part of it 

demonstrated “tower” architecture.  

Assuming proteins playing a role in electron transfer, their analysis found an electron 

transport rate from microorganisms to anode of 0.21-1.2 μmol of electrons/mg of 

protein/min. The authors thought this result was comparable to previous ones with 

values of 1 to 3μmol of electrons/mg of protein/min for G. sulfurreducens. Electron 

transfer to the graphite anode in this case (or Fe(III) oxides in natural systems) was more 

limited than to soluble electron acceptors (e.g., Fe(III) citrates).  

Nanowires 

Nanowires in this context mean conductive filamentous or pilus-like appendages (50-

150 nm in diameter, and tens of μm in length) produced by bacteria, behaving as 

conduct wires to transfer electrons outwards [27]. Certain metal-reducing bacteria, such 

as some of Shewanella spp. and Geobacter spp., are able to produce nanowires in certain 

conditions. Their presence is also realized by bacteria such as Synechocystis spp. and 

Pelotomaculum thermopropionicum. Nanowires appear more frequently in electron 

acceptor-limiting environment, e.g., with low concentration of oxygen gas or fumarate. 

They are very fragile structures; interrupts such as agitation will break them into pieces 

[27]. Cytochromes MtrC and OmcA may function as intermediate electron carriers to 

nanowires or suspected of nanowires themselves.  

El-Naggar et al. [28] isolated nanowires from S. oneidensis, and measured their 

capability for electron transfer through nanofabricated electrodes. Two electrodes were 
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connected to a nanowire followed by current-voltage sweep. Current was measured to 

linearly increase with the increasing voltage. Sweep was repeated after the nanowire was 

cut, and that current response was consequently not observed. This experiment showed 

that the electrodes were connected only by nanowires, and the resistivity of nanowires 

was estimated as 1Ω·cm, transferring 109 electrons per s at 100 mV in equivalent. 

2.1.3 MFC inoculation 

Multiple varieties of genetic groups of microbes are confirmed as exoelectrogens in 

MFC or MEC studies, including α, β, γ and δ proteobacteria, firmicutes, acidobacteria, 

actinobacteria [17], and even yeasts [29]. Some exoelectrogens are Fe (III)-reducing 

bacteria which are able to express ferric reductase to reduce ferric ion (Fe3+), hydrous 

ferric oxides, or solid ferric oxides to ferrous ion (Fe2+) in anaerobic conditions. They 

could be Shewanella spp., Geobacter spp., Geospirillum spp., Geovibrio spp., and some 

hyperthermophilic Archaea [18]. Not all these Fe (III) reducers are exoelectrogens able 

to transfer electrons to extracellular anode; neither vice versa. Mechanism for the 

exoelectrogenic process could therefore be complex due to this biodiversity, and is still 

under investigation.  

There is no direct evidence showing that a pure culture of microorganism enhances the 

performance of MFCs, and reactors are mostly inoculated by undefined cultures derived 

from domestic WW, anaerobic sludge, activated sludge, and soil bacteria, marine 

sediment, and other MFC anodic effluent/suspended bacteria. On the other hand, MFC 

inoculated by multiple sludge, e.g., a mixed consortium of wetland sediment and 
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anaerobic sludge, outperforms other MFCs with a single sludge inoculation, indicated by 

a substantially (nearly 1/8) smaller internal resistance and higher (doubled) power 

density [30]. A study based on MFC mode compared the effects of different inocula, i.e., 

anaerobic sludge, MFC anode solution, and MFC anode biofilm, on the acclimation time 

and the plateau value of the generated voltage/power [31]. The acclimation time for all 

of these inocula was about 50 h including a lag period of 20 h, while the plateau values 

were about 90, 140, and 205 mV, respectively. Compared to anaerobic sludge, a five-

fold increase in the maximum power density of 40 mW/m2 was achieved by inoculating 

a new anode through scraping and applying MFC anode biofilm. Similarly, these 

inoculation techniques can be applied to MEC to achieve good performance [32], 

because these two modes of operation have shared species of exoelectrogens in anode 

biofilm, e.g., Geobacter spp. and Pelobacter propionicus [33]. The substrate also has a 

selective effect on bacteria species even when the same inoculation technique is used 

[33]. For example, Geobacter spp. tend to flourish when acetate is used and buffered 

with CO2 [34].  

The impact of substrate concentration on biofilm formation and electron transfer rate of 

MFC was investigated. Nielsen et al. [26] added lactate solution in MFC every other 

week in an experiment lasting over one year to evaluate the short- and long-term effects 

of lactate solution (0.23 mM in anode chamber). When the reactor was ready, an 

addition of lactate solution almost immediately enticed the current going up to a peak 

value. With the consumption of lactate, the current decreased to a level as before the 

supplementation. That means the lactate addition as a substrate stimulated electricity 
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generation temporarily, but in the long run, it did not modify much the electrochemically 

active biomass that was responsible for current generation. The medium was modified 

by the long time operation and lactate addition. For example, the initial pH was 7.4-7.9; 

while after operations, pH was 5.9-6.2 for the un-supplemented reactors, and 5.0-5.1 for 

the lactate-added ones. This can be explained by the fact that the oxidation of carbon 

sources acidifies solution. The average cumulative current efficiency of the 

supplemented MFC ranged between 45% and 65% during 372- and 482-day operation. 

By varying lactate concentration, a Coulombic efficiency of 25% was achieved for 3.8 

mM, and 58% for 0.12 mM. Therefore, the lactate addition did not necessarily 

encourage electron transfer or growth of current-generating bacteria, since the major part 

of the substrate went to other products when its concentration was increased. Three of 

MFC reactors were not added with exogenous lactate as an electron donor, and they 

continuously generated electricity of 0.07 mA through the year of experiment. Bacteria 

on the anode chamber of these MFCs may feed on electron donors in sandy sediments in 

the reactor during the experiment.  

Phosphate buffer solution (PBS) usually encourages better performance during a steady 

state operation of MFCs, and there are several ways by which it benefits 

bioelectrochemical systems. First, increased buffer concentration reduces electrolyte 

limitation [35], as it was evidenced to decrease the percentage of electrolyte resistance in 

total internal resistance from 78% to 47% when phosphate buffer was increased from 50 

mM to 200 mM. Second, it reduces diffusion resistance of proton from anode to bulk 

solution, as the conjugate bases of PBS, e.g., NaHPO4
- and HPO4

2- (Figure 2-2), 
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combine with proton generated in anodic oxidation. A current density of 9.3 A/m2 was 

achieved at 100 mM buffer. Although this value is still much lower than the theoretical 

maximum, it doubled from the value of the 50 mM of buffer [36]. Third, due to 

conjugated bases, it helps to maintain a suitable pH range locally around anode which is 

easily to go as low as 4 if it’s not buffered. However, a higher (>25 mM) PBS is not 

beneficial for MFC startup, as it prolongs startup time and decreases maximal voltage 

[37].  

 
Figure 2-2.  Titration curves of phosphate buffer and bicarbonate buffer. The pH range is 
4-11 for phosphate buffer (left) and bicarbonate buffer (right) solutions (100 mM), and 
the acetate is 20 mM. The plots were generated by MINEQL+ chemical equilibrium 
modeling software.  
 
Applying a positive potential on anode was also observed to facilitate two-chambered 

and potassium ferricyanide-mediated MFC startup [38]. The positively poised MFC had 

a constant anode potential of 200 mV vs. the Ag/AgCl reference electrode, and this 

accelerated the complete startup period from 59 d to 35 d. Open circuit voltage and 

maximum power output were also significantly improved, by 20% (day 24) and 155%, 

respectively. These differences disappeared after day 59, when both the poised and the 
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control MFCs finished the startup. The authors attributed this acceleration to the 

shortened acclimation of anodic respiring bacteria, which was likely a result of a higher 

driving force for substrate oxidation (ΔE1 in Figure 2-3) when positively poised. Two 

other studies [39, 40] also demonstrated the beneficial effect of a positively poised 

potential/applied voltage, although too high a potential would deteriorate the microbial 

synthesis of terminal electron donors and terminate the electron transfer. The startup 

time of MFC, inoculated by previous MFC effluent, was not much impacted by 

negatively poised anode potentials of -400 mV, -200 mV and 0 mV vs. the Ag/AgCl 

reference electrode [41].   

 
Figure 2-3.  Schematic of electron transfer steps in MFC. ΔEs indicate the change in 
reduction potentials in each step between terminal electron donors to terminal electron 
acceptors. 
 
        
2.1.4 Anodic biofilm 

Biofilm formation on anode surface is essential to exoelectrogenesis. The structure and 

property of a biofilm are usually examined with destructive methods at the end of 
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incubation or operation [23, 26], such as protein quantification, microscopic techniques, 

and community analysis. McLean et al. [42] developed a nondestructive method of real-

time fluorescent microscopic imaging to investigate the morphology of S. oneidensis 

MR-1 on an anode surface of a continuous-flow MFC. When MFC experienced an 

exponential stage and reached steady state after about 40-80 h, the current was 0.15 μA 

and 0.3 μA for external resistors of 100 Ω and 1 MΩ, respectively. Fluorescent 

microscopic images and SEM images of the two MFC reactors showed distinctions in 

biofilm structure established in the steady state at 80 h. The higher resistance (1 MΩ) 

corresponded to the lower current (0.15 μA), and stimulated the biofilm growth to about 

50 μm, while the lower resistance corresponded to only 5 μm thick. In order to 

determine the ability of electron transfer of a single S. oneidensis cell under the two 

different loads, cell number and current density were quantified. The results showed that 

the specific electron transfer rate was enhanced to 200 fA/cell (at 15 h) at the lower 

external resistor. On the other hand, the 1 MΩ circuit yielded a rate of 80 fA/cell. The 

transfer rate was reduced to 63 and 39 fA/cell at steady state at 75 h, respectively. 

However, causal relationship between the electron transfer rate of a cell and the load was 

not readily obvious in this study. For example, it could be the inner layer of a biofilm 

responsible for exoelectrogenesis, while microbes of outer layer only take part in the 

organic degradation.  

Studies on a newly constructed G. sulfurreducens Δ1501 mutant [43] demonstrated that 

a lack of extracellular polysaccharide limited cell aggregates with each other and to 

anode (poised to 0.24 V vs. NHE which is 0.04 V vs. Ag/AgCl). This inhibited the 
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growth of biofilm on Fe (III)-coated surface, which dramatically decreased the reduction 

of the insoluble Fe (III). After 7 days of cultivation, the concentration of the reduction 

product, Fe (II), was 5 mM in solution, much less than 50 mM generated by the wild 

strains. However, adding 5 μM of mediator or shuttle molecules, anthraquinone-2, 6-

disulfonate, restored its ability of ferric reduction indicating that it was the deprivation 

of the electron transfer outward to a surface (or anode) but not a defect of outer 

membranes that disrupted ferric reduction. Further analysis showed that the extracellular 

matrix of the mutant contained 60% less polysaccharide and almost had an elimination 

of c-type cytochromes, e.g., OmcZ. When the wild strain was treated with Congo red 

that inhibited the activity of extracellular polysaccharide, it showed the similarly 

impaired function as the mutant.  

The functionality of biofilm in MEC for hydrogen production was impacted by many 

factors, e.g., pH, substrate concentration and applied voltage, even though it had already 

stably accumulated on anode [44]. Effects of some of these factors (pH and substrate 

concentration) were well reflected by the anode potential. An anode potential of lower 

than -360 mV (vs. Ag/AgCl) corresponded to hydrogen generation. A reasonably higher 

pH in the range of 6-7, and a higher substrate concentration in the range of 100-600 

mg/L stimulated the drop of anode potential to around -400 mV. Different from the two 

factors discussed, when the applied voltage was increased from 200 to 1000 mV, the 

anode potential almost kept constant but with a slight trend of increase, while the 

cathode potential gradually decreased. 
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2.1.5 Related functionality for wastewater treatment 

Micro-environments of MFC reactors, not only as a result of chemical gradient, surface 

condition and shear, but also different locations or components of this type of 

bioreactors, vary a lot. This heterogeneity provides opportunities for treating various 

contaminants of wastewater at different locations of MFCs. Different reactor 

configurations and operations, such as batch reactor, CSTR, packed-bed reactor, and 

upflow anaerobic sludge blanket, can be applied to MFCs, which further creates its 

application in wastewater treatment. So the overall effectiveness of the reactors for 

animal or food processing wastewater depends on which reactor configuration is used 

and how the reactor components work with respect to its own functionality. This section 

discusses the functionalities which relate to wastewater treatment.  

Assimilation and biomass growth 

Plankton biomass in a reactor usually forms the attached biomass after certain periods of 

operation, either on supporting surfaces or granules. The attached biomass, or the 

biofilm, increases solid retention time and reduces biomass washout, and leads to higher 

overall biomass concentration in the reactor and more efficient organic matter removal. 

The MFC anode and cathode also provide ideal supporting surfaces for biofilm 

formation [45, 46], so electrodes facilitate COD and nutrients removal. Enhancing 

biomass growth by better MFC configuration, e.g., increasing electrode surface area and 

using packed-bed materials, may improve attached biomass growth and reduce the 

hydraulic retention time.  
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Redox reactions 

Anode-respiring bacteria that feed on organic matters oxidize substrates and donate 

electrons to anode, and the cathode accepts electrons. The electron motive force extracts 

portion of the released energy in the substrate oxidation in the form of electrical energy. 

Therefore, two important and interrelated functionalities are present during this process: 

organic matter removal and electricity generation. There is a lot of literatures on 

electricity generation, but scare on organic matter (or substrates in Table 2-1) removal as 

a result of redox reaction.  

Table 2-1.  Common organic feedstock for MFC and their chemical properties 
Substrate Molecular weight Formula pKa COD equivalent Degree of reduction 
Acetic acid 60 CH3COOH 4.76 1.07 4 
Glucose 180 C6H12O6 12.28 1.07 4 
Glycerol 92 C3H8O3 NA 1.22 4.67 
 Typical COD  

mg/L 
Typical pH Alkalinity  

mg-CaCO3/L 
Reference 

Domestic WW 204-481 6.5-7.5 50-200 [47] 
Swine WW 12000-17000 7.3 114 [48, 49] 
Brewery WW 30000-70000 5-6 NA [50, 51] 
Biodiesel WW 1160, up to 170000 5.5-10 NA [52, 53] 
 

Ammonia volatilization  

Ammonium is the major form of nitrogen compounds in animal wastewater. It exists in 

equilibrium between ammonia, the unprotonated form, and the ammonium, the 

protonated form. The oxygen reduction reaction (ORR) at the air-cathode side of MFCs 

consumes protons and generates hydroxide. As a result, the elevated pH drives the 

ammonium ion to form ammonia which can be transferred outside through the gas-
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diffusion layers of the air-cathode, and so the total ammoniacal nitrogen (TAN) can be 

removed from wastewater.  

Nitrification and denitrification 

Another way of removing ammonium is through the nitrification followed by 

denitrification. The nitrification is fulfilled by chemoautotrophic nitrifying bacteria at 

aerobic condition in two separate reactions: ammonia is oxidized in the first step to 

nitrite by ammonia-oxidizing bacteria with the assistance of ammonia monooxygenase 

enzyme, and nitrite is further oxidized in the second step to nitrate by nitrite-oxidizing 

bacteria employing nitrite oxidoreductase.  

The growth of nitrifying bacteria is slow since the energy release of the redox couple of 

nitrite/nitrate is small, so an additional step of nitrifying bacteria enrichment in mineral 

salt medium in aerobic cathode compartment or on air-cathode is needed. However, it 

was also observed that nitrifying bacteria naturally grew and functioned on air-cathode 

[54] or on electrodes in medium with or without organic substrates [55, 56].   

Denitrifying bacteria can use nitrate as electron acceptor in the absence of oxygen and 

result in gaseous nitrogen-containing chemicals such as N2, NO, and N2O. These 

bacteria are either heterotrophs or autotrophs. Among them, hydrogenotrophic 

denitrifiers are especially of interest because the electron donor hydrogen is ubiquitous 

and they are more efficient in nitrate removal than bacteria rely on other organic electron 

donors [57]. So bio-electro reactors, which generate hydrogen gas during water 

electrolysis at electrolytic mode, was devised to provide hydrogen gas for 
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hydrogenotrophic denitrifiers and to simultaneously remove nitrate. As this type of 

reactors consumes external electrical energy, it is not as sustainable as a reactor that can 

provide electrons from wasted organics. As a potentiostat-poised graphite cathode was 

able to provide electrons to Geobacter metallireducens for partial denitrification [58], 

bio-cathode (biofilm as the catalyst) of MFCs was further conceptualized for nitrate 

removal [59]. So two-chamber MFC with granular graphite as the bio-cathode support 

was devised, and this MFC was proved effective to provide electrons to the denitrifying 

biofilm and reduced nitrate at a rate of 146 g NO3-N m-3 d-1 [60]. By combining the 

nitrification and denitrification processes (by obligate denitrifiers) in the same aerated 

cathode chamber, ammonium removal was accomplished in MFCs [61, 62].   

Salt precipitation  

In a two-chamber MFC with both anode and cathode operated at anaerobic condition, 

the pulverized FePO4, or the grinded digested sewage sludge which naturally contained 

FePO4, was added in cathode chamber to serve as electron acceptor [63]. This ferric 

reduction mobilized the FePO4 particles and resulted in ortho-phosphate species, which 

was then precipitated as struvite crystals as a fertilizer (MgNH4PO4·6H2O) from the 

cathode effluent after Mg2+ and NH4
+ addition. However, immobilized phosphate has 

not been proved to be present in a form of FePO4 in animal wastewater, so this 

mobilization capability of MFCs may not find its direct use.  

Another study observed natural struvite precipitation on air-cathode when swine 

wastewater was used as the substrate [64]. It was proposed that it was the elevated pH at 
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the vicinity of cathode caused by ORR that reduced struvite solubility and promoted 

crystallization and precipitation. This principle was earlier proved working in 

electrolytic cells [65], but the electrolysis process required external power supplies 

which were not needed in MFCs.  

2.1.6 Reactor design and performance 

Performance of MFC or other bioelectrochemical systems greatly depends on their 

reactor material and design, or so called “architecture” [13]. Important considerations in 

the literature for improving MFC performance include choices of chamber and 

membrane design, anode, cathode, and catalyst materials. Plain carbon cloth is one of 

the most suitable for anode, and air cathode made from wet-proofed carbon cloth with Pt 

coating is currently the most used cathode material for MFC [66]. General requirement 

on electrode materials include the following [67]: microbial adhesive, catalytic, high 

specific surface area, electrically conductive, noncorrosive, and scalable.  

Performance of different reactors is examined through comparing a set of terms relating 

to efficiency (Table 2-2). When reactors are used for wastewater treatment, other 

efficiency and rate terms are further needed for comparing performance. COD, 

ammonium nitrogen (or ammonia nitrogen for the same meaning) or total nitrogen 

removals, and their removal rates, which will be latterly defined when mentioned, are 

necessary when describing their efficacy for wastewater treatment.  
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Table 2-2.  A set of definitions used for comparing MFC performance  
Term Symbol Standard unit 

External voltage Uext V 

Open circuit voltage OCV V 

Current density i A/m2 

Power density P W/m2 

Coulombic recovery rce Electron recovered/Electron in substrate 

Internal resistance Rint Ω 

Activation overpotential ηact  V 

Concentration overpotential ηconc V 

 
During the MFC operation, organic matters in wastewater provide carbon source for 

microbial growth, and also electron donors for exoelectrogens. The circuit harvests 

electric energy by external resistors, so a Coulombic recovery (rce), the ratio of the 

charge (in coulombs) recovered to the charge that is ideally released by the degradation 

of organic matters. The Coulombic recovery can be as high as 80% for defined electron 

donors (e.g., acetate), and varies between 5% and 50% for complex substrates measured 

by COD or BOD5 in wastewater [68, 69]. The power generated on the resistor, 

sometimes normalized to electrode areas, denotes the performance of MFC as a power 

supply [70, 71]. Single-chamber MFC with air-cathode usually works better than two-

chamber reactors in power density, but its columbic efficiency is lower mainly because 

oxygen diffuses to reactor medium.  

MFC can also serve as a device for COD and nutrient removal for wastewater treatment 

purposes as previous discussed, and this paragraph summarizes some of the studies. An 

oxic/anoxic-cathode MFC achieved 98% COD removal with the influent COD of 950 

mg/L operated in continuous mode [46]. An air-cathode MFC in continuous mode [72] 

removed 15-20% and 30% of COD in domestic wastewater with initial COD of 450 
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mg/L, under the organic loading rate of 175 g/L-day and 1.75g/L-day, respectively. 

Another single-chamber MFC [73] in continuous mode tested lower organic loading rate 

of 0.41 g/L-day for influent COD of 240 mg/L, and the achieved COD removal in 

effluent was about 60%. Samples of 10-fold diluted swine wastewater were subject to 

two-chamber MFCs, and 86% COD and 83% ammonium nitrogen removals were 

achieved in 30 to 50 h operation [74]. Volatile fatty acids (especially acetate) in swine 

wastewater are more preferred substrate for exoelectrogenic bacteria, and their removal 

is more efficient. For example, 422 mg/L of volatile acids was totally removed by MFC, 

while only 84% of soluble COD (initially 8270 mg/L) was removed in 260 h operation 

[75]. Compared with synthetic substrate such as acetate and glucose, application in real 

wastewater showed lower power density (5-25 W/m3, or 70-300 mW/m2, [69]), lower 

columbic efficiency (5%-40%), and lower COD removal.  

2.1.7 Analysis techniques 

Voltammetry scan 

MEC reactor is intrinsically a bioelectrochemical system where mature electrochemical 

techniques can be applied to evaluate experimental materials and reactors, and also to 

predict performance of MEC reactors. Fundamental ideas for voltammetry are the 

electrode kinetics and mass transport: when the concentration gradient of a reactant is 

maintained, the reaction rate of electron transfer with respect to potential is proportional 

to the exponential of an applied voltage, controlled by the Butler-Volmer equation; when 

concentration gradient of a reactant is unbalanced due to a high applied voltage, the 
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current begins to decrease with respect to potential, a process modeled by the Cottrell 

equation [76]. The current density of these two processes is electrode kinetic- (or 

activation overpotential) limited and mass transport- (or concentration overpotential) 

limited, respectively. Voltammetry scan in MFC and MEC is usually applied to the 

region of kinetic-limited [77] but sometimes to the whole curve [78, 79].   

Linear sweeping voltammetry (LSV) and cyclic voltammetry (CV) are techniques 

employed to investigate phenomenon of electrolysis, and they have been used to test and 

screen electrode materials and catalysts [77, 80-82], and to characterize biofilm samples 

[78]. Both techniques use a three-electrode setup: a working electrode (to be tested), a 

reference electrode and an auxiliary (or a counter) electrode. In LSV, the voltage varies 

over a range at a constant rate (e.g., -1 or -2 mV/s) in one direction and the electrode is 

tested in a phosphate buffer, e.g., in a 2 mM phosphate buffer. The first scan usually 

does not provide accurate information due to discharge and polarization of the electrode, 

and only the subsequent results are used to interpret characteristics of a material [83]. 

When the applied voltage reaches an onset value (Ve) overcoming the energy of the 

Fermi-level as well as the overpotential of the electrode, a current is generated. 

Therefore, Ve values partly represent the performance of electrode materials [77, 81, 82]. 

Since the working current of MECs is usually much higher than 0, other more 

reasonable current values (e.g., -3.2 log A/cm2) can be chosen to standardize the onset 

potentials of electrodes coated with different catalysts (Figure 2-4 from [80]). LSV 

results show that after several cycles of MEC operation, the onset potentials of catalysts 
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were altered and indicated increases of overpotential throughout the period of operation 

[80].  

 
Figure 2-4.  An example of linear sweep voltammetry result for comparing different 
catalysts. The y-axis is logarithm of current density. The figure is adopted from the 
reference [80].  
 
CV uses an experiment setup similar to LSV, but differs in the scan by using forward 

and backward sweep sequentially [78, 84]. However, even when the CV curve is 

obtained, only the positive wave is usually used due to less background electrolysis [78]. 

Electrochemical activity was assumed to be evidenced by current peaks of a CV curve in 

a biofilm sample from an MFC reactor. In comparison, a biomass-free electrode and a 

biomass sample from an anaerobic reactor showed no peak indicating electrochemical 

activity (Figure 2-5 from [78]). The peak current was used to compare electrochemical 

activity of biofilm formed on an anode at different pH. Results showed a significant 

higher peak current of biofilm enriched and tested under an alkaline condition (pH=9) 

[79]. CV has been intensively applied in evaluating MFC electrodes but not yet in MEC 

electrodes. 
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Figure 2-5.  An example of using cyclic voltammetry result for comparing 
electrochemical activity. The figure is adopted from the reference [78].  
 

Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a useful tool to evaluate resistance of 

an individual electrode and the internal resistance (Rint) of MFC and MEC. The internal 

resistance here means the sum of polarization resistances of electrodes (anodic, Rp
a ; and 

cathodic, Rp
c ) and the ohmic/solution resistances (Rs, consisting of ohmic resistances of 

electrodes, solution, or membrane). Internal resistance in MEC plays an important role 

in its performance, especially in columbic recovery [85], thus a better understanding is 

helpful to optimize a reactor.  

EIS is measured in a two- and three-electrode setup for a full fuel cell and an electrode, 

respectively. As an example of three-electrode setup, a potentiostat linked to a frequency 

response analyzer is connected to a reference electrode which is placed in the solution of 

the chamber used. The frequency response analyzer outputs an AC signal of small 

amplitude, e.g., 10 mV, as well as the varying frequencies. The resulting impedance is 
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recorded and presented in the form of Nyquist plots (or complex plane plots) or Bode 

plots (Figure 2-6) to be analyzed and fitted for resistances [67] through a one-time 

constant model [86]. Through this application, a dramatic reduction of anodic internal 

resistance was found in an MFC where Shewanella oneidensis MR-1 was added. It was 

concluded that the substrate oxidation by these bacteria occurred on the anode, which 

reduced the polarization resistance according to the mixed potential theory [86]. 

Similarly, Wang et al. [38] compared the distribution of internal resistance of two 

different MFCs using EIS, and found that the charge transfer resistance, which 

constituted the majority of the internal resistance, differed much from each other, 80 Ω 

vs. 185 Ω. Another study used the EIS method to evaluate impact of bulk pH on the 

anode impedance, and found that pH 9 was more favorable than neutral or acidic 

condition due to a much reduced anodic polarization resistance [79]. This result can be 

explained by an early study evaluating the effect of proton transport inside the MFC 

biofilm on anodic current density. It concluded that a higher bulk pH value expedited the 

transportation of the protonated conjugate base in the buffer system [36]. EIS was 

suggested to study microbial metabolism on electrodes, effect of electron mediators, 

monitoring of biofilm development on electrode, and the diffusion process [87].   
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Figure 2-6.  An example of using electrochemical impedance spectroscopy to identify 
internal resistance. The figure is adopted from the reference [86].  
 
 
Tafel plot 

The Tafel equation, modeling activation overpotential against the logarithm of current 

density, is yielded from the Butley-Volmer equation at high overpotential regions [67, 

88]. The corresponding semi-logarithmic plot of the current density against the 

overpotential is called a Tafel plot (Figure 2-7). The slope of the linear part of the curve, 

termed as the Tafel slope (or b), is an important experimental parameter for interpreting 

reaction mechanism; log (i0), determined by extrapolation of the linear curve to zero 

overpotential, provides information about the rate of redox on electrodes at equilibrium. 

A larger log (i0) and a smaller slope are preferred for electrode and catalyst materials of 
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an MEC reactor. The plot is usually obtained by scanning electrode at an overpotential 

range within several hundreds of mV (relative to open-circuit potential) at a small scan 

rate of 0.1 mV/s [67], but not necessarily.  

 
Figure 2-7.  An example of a Tafel plot for determining the exchange current density of 
an electrode. The figure is adopted from the reference [88].  
 
 
Other electrochemical techniques 

Other electrochemical techniques for performance evaluation of MEC are similar to 

those for MFC and enzymatic fuel cells (EMC), including fuel cell/electrode 

polarization techniques, current interruption, differential pulse voltammetry, 

chronoamperometry, chronopotentiometry, V- (E- and I-) t curves, and rotating-disk 

electrode and rotating ring disk electrode. These techniques have been summarized and 

well discussed for facilitating MFC and EMC studies [88]. Non-electrochemical 

techniques can be applied or combined with electrochemical techniques to better 

understand various aspects of MEC reactors, such as denaturing gradient gel 

electrophoresis [88], scanning electron microscopy [89], fluorescence in situ 
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hybridization [78], polymerase chain reaction [90], and single-strand conformation 

polymorphism [44].  

2.2 Nitrogen removal 

Swine wastewater contains high total nitrogen level. The inorganic nitrogen is mainly 

ammonium, which varies from several hundred mg/L NH4-N to almost three thousand 

[91]. Based on the fact that nitrate and nitrite are much easier to remove than ammonium, 

a process that oxidizes ammonium (mainly nitrification; or anammox in rare cases) in 

swine wastewater is generally necessary as a pretreatment. Electrochemical-related 

processes for denitrification are also briefly discussed.  

2.2.1 Ammonium removal 

Swine wastewater contains a major portion of total nitrogen in the form of ammonium, 

but conventional anaerobic digestion alone does not effectively reduce ammonium 

concentration. Various pretreatment or post-treatment processes have been developed for 

ammonium removal but are not cost effective, such as air stripping and aeration. Diverse 

microbial physiology pathways also demonstrate their roles in ammonium removal, 

mainly by oxidation (nitrification/denitrification) and the others by assimilative 

metabolism. The partial nitrification, where ammonia oxidizing bacteria accumulate 

nitrite at the presence of oxygen, has been tested as a pretreatment for anammox for 

swine wastewater [91, 92]. Ammonium conversion to nitrite was about 60%, and the 

total nitrogen removal could achieve 55% or higher [92]. In most studies, however, 

nitrification provides intermediates (NO2
- and NO3

-) for denitrification, which is 
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discussed in the Nitrate Removal section.  

Zeolite sorption 

Zeolite, a natural alumino-silicate mineral, is found to be an effective and selective 

sorbent for ammonium in wastewater [93-95]. The adsorption is a result of its building 

block, a tetrahedron structure, where a silicon or aluminum atom is located at the center 

and four atoms of oxygen outside. The substitution of Si4+ by Al3+ leaves the structure a 

negative charge, and thus allows cation sorption and exchange with external medium. 

The ammonium sorption performance depends on factors such as chemical components 

of zeolite, modification used, initial ammonium concentration, presence of other 

competing cations, the amount of zeolite added, reactor types, pH, temperature, and 

reaction time. Due to variations of these conditions, the ammonium (maximum) 

absorption capacity of natural zeolite ranges between 2.7 and 30.6 mg/g-zeolite.   

In a sorption study based on batch operation of stirred shakers, 4.5 mg/g of sorption 

capacity was achieved in 24 h reaction for synthetic wastewater containing 500 mg/L 

ammonium nitrogen [96]. The zeolite particle was 1 to 4 mm mesh size, and the loading 

was 1 g for 10 mL solution. The Langmuir model fitting showed sorption maximum up 

to 10.84 mg/g. Their column study (100 g zeolite in 245 mL column) showed that 0.1 N 

HCl solution was much more efficient in ammonium desorption than deionized water, 

but desorption study in Na- or K-containing buffer solution, which impacts sorption 

processes, was not carried out yet. Biological aerated filter packed with zeolite as media 

consistently achieved 80% to 100% ammonium removal for initial concentrations 
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between 22 and 57 mg NH4-N/L [97]. As the study neither set control groups without 

aeration nor monitored nitrite or nitrate concentrations, it was not clear if the zeolite 

adsorption or nitrification procedure removed the majority of ammonium.  

A study based on high NH4-N (4500 mg/L) swine wastewater also revealed a 46% 

ammonium removal within 24 h with zeolite load of 5 g/25 mL [98]. Using a closed-

loop fixed bed reactor, the ammonium removal was further improved to 55%. When the 

swine wastewater was diluted to 560 mg NH4-N/L (by 1/8), the same configuration 

adsorbed 96% of ammonium; however, the dilution wasted a significant amount of tap 

water and was not sustainable. Another study used powdered zeolite as sorbents in 

sequencing batch reactor [99]. By changing the first operation of anoxic filling to 

aeration mixing, the reactor removed 82% (a 12% more) of total nitrogen in a hydraulic 

retention time of 1.5 d. All the above results show a possibility of using zeolite as 

sorbents to reduce ammonium nitrogen and avoid ammonia inhibition in swine 

wastewater, and the quick sorption process (adsorption and release) is likely to be 

coupled with microbial fuel cells for better treatment performance.   

Microbial fuel cells for ammonium removal 

There are some studies using MFC for ammonium removal. A study compared air-

cathode MFC and a two-chamber MFC for their ammonium removal performance and 

mechanism [100]. The air-cathode MFC removed 60% ammonium in 5 d at an initial 

concentration of 188 mg NH4-N/L, while nitrite and nitrate did not accumulate (<1.5 

mg/L) in this period. A control group with an abiotic cathode and non-buffered solution 
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had a comparable ammonium removal, so it suggested that localized ammonium 

vitalization due to pH increase substantially contributed to ammonium removal. In two-

chamber MFC, ammonium was removed mainly by a physical way of air sparging. A 

lack of direct ammonium oxidation on anode was proved by cyclic voltammetry test in 

another study, where a direct oxidation would only happen after a long period 

acclimation in solution containing ammonium [56]. This study did not detect microbial 

species responsible for anammox, but biological nitrification was likely to be occurring 

on cathode due to the presence of nitrifiers there.    

The mechanism of simultaneous nitrification and denitrification, combined with the 

concept of “loop configuration,” was applicable in MFC [61]. Under this configuration, 

ammonium containing wastewater was directed to anode chamber to oxidize organic 

substrates, then conveyed to aerobic nitrification stage in a fix bed reactor, and finally 

directed to cathode chamber for denitrification. Although a low COD/N ratios (about 4) 

it had, this loop system still achieved denitrification rate of 0.41 kg NO3-N m-3d-1 (up to 

about 70% nitrogen removal of the initial concentration of 80 mg NH4-N/L), and 2.0 kg 

COD m-3d-1 (100% removal). The same group later tried another configuration that 

realized simultaneous nitrification and denitrification in cathode chamber [101]. This 

design improved total nitrogen removal to 94% for an initial ammonium of 52 mg NH4-

N/L. An ammonium nitrogen concentration between 500 to 1000 mg NH4-N/L started to 

inhibit MFC electricity generation [15]. The half-maximum effective concentration was 

close to optimum ammonium concentration, indicating a careful control on NH4 level 

would be desirable.     
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2.2.2 Nitrate removal 

Abiotic electrolytic process 

The abiotic electrolytic process for nitrate reduction assumes that no biological 

phenomenon is involved at electrodes. Nitrate ions are reduced to nitrite and finally to 

nitrogen gas in a stepwise way on the abiotic cathode surface mostly made from metals 

[102]. While anodic reaction forms oxygen gas, cathode reduces nitrate to nitrogen gas, 

and the pH is maintained by phosphate or carbonate/bicarbonate buffer solution. Nitrite 

and ammonium may accumulate a little bit which limits the denitrification efficiency, so 

additives such as sodium chloride are used to overcome their formation. The reason is 

that chloride is partially oxidized to hypochlorite which is a strong oxidant to react with 

nitrite and ammonium. An increased current improves the nitrate removal rate but the 

energy input accordingly increases [103].       

Biotic electrolytic process 

A main difference of the biotic from the abiotic electrolytic process is that the presence 

of denitrifying microorganisms, either autotrophs or heterotrophs on cathode surface 

plays a role in nitrate removal [104]. These ubiquitously present bacteria are able to use 

hydrogen gas generated in water electrolysis as electron donor to provide reducing 

power for hydrogenotrophs [105, 106], or to directly accept electrons from cathode [57, 

107]. Autotrophic denitrifiers also use inorganic carbon source (carbon dioxide and 

bicarbonate) for assimilative metabolism. Heterotrophs get their carbon source and 

reducing power from organic substrates such as methanol, ethanol and acetate.   
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In the electrolytic process the absence of oxygen gas (anaerobic condition) is usually a 

necessity, but there are some studies finding oxic nitrification/denitrification happens in 

stirrer tank reactors [108] and sequencing batch reactors [109]. There is no report in the 

literatures studying oxic denitrification combined with electrolytic process, as oxygen is 

considered competing with bio-electrolytic denitrification process. The only study 

[110]until now that might have used electrolytic mode for aerobic biotic denitrification 

applied very small external voltages (0.2 and 0.4 V). This small voltage should not 

overcome the overpotential for oxygen evolution, and the reactor used ion exchange 

membrane, so cathode condition was still considered anaerobic.   

Microbial fuel cell process 

Microbial fuel cells have been studied for denitrification since the recent demonstration 

of biologically cathodic nitrate reduction in MFCs. A basic rationale is that the redox 

potential (+0.74 V) of nitrate/nitrogen gas couple is quite close to that of the oxygen 

reduction (+0.82 V). A two-chamber MFC, using graphite-Mn(IV) as anode, graphite-

Fe(III) as cathode, and porcelain membrane as a separator for chambers, was test for its 

performance for nitrate reduction [110, 111]. The result showed a maximum removal 

rate of 0.084 mg NO3-N cm-2 d-1 (chamber volume was not given) at an initial nitrate 

nitrogen concentration of about 70 mg/L and a low external resistor of 10 Ω. A low 

columbic efficiency of 7% implied that a higher nitrogen removal may be achieved by 

improving the utilization of anodic substrate. Another two-chamber MFC using granular 

graphite and cation exchange membrane revealed that microbial growth and methane 

production accounted for up to 30% and 40% of columbic loss [112], respectively. On 
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the cathode part NH4+ and NO2- were below detection limit, while the discharge of N2O 

was significant at higher poised cathode potentials (> 0 V).  

Single-chamber MFC with air-cathode, which allows oxygen diffusion to reactor camber, 

was also tested for denitrification [113]. A distinction was observed between this reactor 

and two-chamber anoxic reactors: cathodic bacteria did not directly accept electrons 

from the cathode to reduce nitrate. Microbial community analysis revealed the presence 

of microbial species related with denitrification on electrode biofilm and bulk solution. 

As denitrifiers are mostly facultative aerobes, it is not surprising that they grow at air-

cathode MFC reactors. This study consistently achieved more than 85% nitrate removal 

in 8 h for the initial nitrate concentration up to 120 mg NO3-N/L (or 8 mM nitrate), and 

the remaining nitrate was about 7 mg NO3-N/L which seemed to be constant even after 

60 h. The high ratio of COD to nitrate ratio was considered as a driving force for rapid 

nitrate removal in this study.   

2.2.3 Challenges in application 

From the literature review on nitrogen removal, it can be concluded that modification of 

MFC is still necessary for better performance due to the following associated issues: the 

Coulombic efficiency of anode substrate is lower (e.g., due to methane production), 

indicating a possibility of better use of the anodic substrate; the remaining nitrogen in 

single-chamber MFC is still detectable, and needs more efficient removal; there are no 

MFC reactors used to treat wastewater of high nitrogen strength, and ammonium 

inhibition tends to slow down the nitrogen removal processes. In summary, further 
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studies are needed to improve Coulombic efficiency and COD removal, to reduce or 

eliminate inhibitory effect of swine wastewater to electricity generation, and to further 

improve NH4-N removal by choosing better air-cathode and increasing cathode surface 

area.  

2.3 Modeling microbial fuel cell 

Mathematical models, categorized to dynamic and stationary ones [67], provide a useful 

way to understand MFC reactors for their product generations and wastewater treatment 

efficiency (e.g., COD and nitrogen removals). Effective models, no matter they are 

mechanistic, empirical, or grey-box type, may also provide an approach to estimate 

some important biological and electrochemical parameters for comparing different 

reactors. Due to numerous processes involved, this type of system is usually complex, 

but preceding models of biological and electrochemical processes share some similarity 

with MFC. For example, basic governing equations such as Ohm’s law and Butler-

Volmer equation (for quantifying activation overpotential) are also useful in MFC 

modeling and will be discussed earlier. The concentration overpotential can be derived 

from Nernst equation [114-117], expressed as follows: 

𝜂𝑐𝑜𝑛𝑐 = 𝑅𝑇
𝑛𝐹
𝑙𝑛(∏ 𝑆𝑏

𝑆𝑠𝑢𝑟𝑓𝑎𝑐𝑒
)   (2-1) 

where R is the ideal gas constant (8.314 J/K-mol), T is the temperature (K), n is the 

molar number of chargers transferred every mole of substrate, F is Faraday’s constant 

(96,485 C/mol), 𝑆𝑏 is the bulk concentration of reagents, and 𝑆𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the 

concentration of reagents on the electrode surface. 
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For a half reaction such as ox + n e− → red , Nernst equation quantifies the electrode 

potential as follows: 

𝐸 = 𝐸0 − 𝑅𝑇
𝑛𝐹
𝑙𝑛(∏𝑎𝑟𝑒𝑑

𝑣1

𝑎𝑜𝑥𝑣2
)  (2-2) 

where E is the electrode potential(V), E0 is the standard redox potential (all species 

involved in reaction are at unit activity), ∏𝑎𝑟𝑒𝑑
𝑣1

𝑎𝑜𝑥𝑣2
 is the reaction quotient (the ratio of 

activities of the reduced to the oxidized is raised to their stoichiometric coefficients of 

𝑣1,𝑣2), and, ared and aox are the activities of reduced and oxidized states, respectively. 

Based on the above governing equations and integrated with other anaerobic or 

exoelectrogenic processes, several mathematical models have been developed to 

describe MFC or a simple aspect of the reactor. The first microbial fuel cell model [118] 

simply focused on the output current in terms of substrate and mediator concentrations 

as well as external loadings (resistors). An anode biofilm-based dynamic and multi-

dimensional model was recently proposed for the first time for MFC. This model was 

able to predict the biofilm and suspended biomass growth. Their later model [45] 

incorporated Anaerobic Digestion Model No.1, and resulted in a good agreement with 

experimental data of COD removal and current generation. For the purpose of predicting 

general bioelectrochemical behaviors with simpler and adequate models, other studies 

based on ordinary differential equations rather than partial differential equations were 

also carried out [119, 120]. However, there is no model developed from the fact that the 

anodic biomass serves as catalyst for substrate oxidation, and growth of the biomass 

reduces activation overpotential and increases exchange current density.    



 

 42 

Chapter 3. Improved Performance of Microbial Fuel Cells Enriched 

with Natural Microbial Inocula and Treated by Electrical Current  

3.1 Introduction 

A microbial fuel cell (MFC) is a device harvesting electrical energy from organic 

substrates in liquid environment with anodic biomass serving as catalysts [14]. An MFC 

fulfills biological oxidation at anodes for organic substrate, and electrochemical or 

biological reduction at cathodes for oxygen or other electron acceptors. The catalytic 

microorganisms at anodes are capable of handling organic substrates such as glucose, 

volatile fatty acids, glycerol, and even cellulose [121, 122], and can thus be used in 

degrading organic substrates in various types of wastewater.  

Studies on MFC anodic biofilm formation are undergoing in order to improve electricity 

generation capability and organic substrate degradation rate for practical application of 

MFCs. The catalyzing effect of anodic biofilm can be largely dependent on inoculum 

types [123, 124] due to the difference of inocula in the dominant mechanism for anodic 

exo-cellular electron transfer [125] and in the biofilm morphology and uniformity [126]. 

Compared with pure culture inoculation for anodic biofilm, mixed microbial consortia 

are more beneficial as they promote microbial versatility in substrate utilization and 

avoid medium sterilization. The consortia could originate from natural or artificial 

aquatic environments [30, 121, 127, 128]. However, a direct comparison of MFC 

performance in both electricity generation and substrate utilization under the same 

reactor design and operating conditions has not been carried out to select effective 
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inoculum.  

A moderate electrical stimulation is another factor that has an impact on anodic biofilm 

formation and its morphology. The effects of the electrical stimulation through a voltage 

(±2 V) around the value of water electrolysis, either transient or permanent application, 

have been studied in other research areas [107, 129, 130]. Distinct mechanisms and 

effects could occur depending on the current intensity and treatment time as well as on 

the characteristics investigated. The application of electrical stimulation in MFCs, in a 

way of regulating the anodic potential, has been demonstrated to accelerate anodic 

microbial growth and to bolster anodic electrochemical activity [38, 41]. To the contrary, 

the effect of direct voltage stimulation, rather than just poising anodic potential, has not 

been fully assessed for MFC [39, 131]. It is clear that a large applied voltage damages 

catalytic effect of biofilms [39]; however, it is unclear whether and how the stimulation 

would accelerate anodic biofilm formation and thereafter improve the MFC performance, 

not to mention its interacted effects with different inoculum sources. The effect of the 

applied voltage on MFC electrodes on which mature biofilms have already developed 

need also be investigated, as it was observed that accumulated biofilm reduced the 

electrode activity [132]. 

This study used single-chamber and membrane-less air-cathode MFCs as model reactors 

to evaluate different inoculum sources for anode inoculation. MFC performance of 

different treatments was evaluated and compared in terms of MFC characteristics, 

including lag phase period, maximum growth rate, internal resistance, maximum power 

generation, and substrate utilization. A direct current (DC) external voltage (+2 V, or an 
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equivalent electrical current of 0.18 mA cm-2) was applied during MFC inoculation, and 

evaluated for its impact on MFC performance. When MFCs developed mature anodic 

biofilms after 3-month operation, a series of DC voltages (±0.5, ±1, ±2, and ±3 V) were 

applied to two of the reactors to evaluate MFC responses.  

3.2 Materials and methods 

3.2.1 Inoculum types and media 

The bacteria present in various sludge/sediments including river sediment (RS), 

activated sludge (AC), and anaerobic sludge (AN) were used as inoculum sources. The 

river sediment was obtained from the river bed of Le Sueur River in St. Clair, MN. The 

activated sludge was obtained from the City of Waseca Wastewater Treatment Plant, and 

the anaerobic sludge was obtained from a swine manure lagoon at the University of 

Minnesota Southern Research and Outreach Center in Waseca, MN. The covered lagoon 

digester was modified from a concrete manure storage tank, with a circular structure, 35 

m (115 ft) in internal diameter, and 4.27 m (14 ft) in depth. A dome-shaped cover, made 

of vinyl coated fabric material of 0.35 mm thick was placed on top of the tank. The 

collected inocula of sediment and sludge were sieved through a 1 mm mesh to remove 

sand, gravels, and plant residues, and stored at 4°C in refrigerator prior to use.  

Sodium acetate and butyrate were dissolved in distilled water to prepare a medium with 

20 mM acetate and butyrate, resulting in a total chemical oxygen demand (COD) of 

4200 mg L-1 for the initial medium. A 50 mmol L-1 phosphate buffer solution (PBS; 18 

mmol L-1 of monosodium phosphate and 32 mmol L-1 of disodium phosphate) was 
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added to the substrate solution. Other nutrients were also supplemented to enhance 

bacterial growth (g L-1): 0.31 NH4Cl, 0.13 KCl, and mineral and vitamin solutions as 

reported elsewhere [133].  

3.2.2 Microbial fuel cell construction and operation 

Single-chamber air-cathode MFC reactors (Figure 3-1), with a total volume of 150 mL, 

were fabricated from clear/extruded acrylic tubes (5 cm in internal diameter and 7.6 cm 

in length), covered with 0.25 cm thick acrylic endplates at the anode side. The anode 

was made using plain carbon cloth, and the air-cathode was made of 0.5 mg cm-2 Pt-

containing (10% in carbon black) carbon cloth treated with Nafion (sulfonated 

tetrafluoroethylene based fluoropolymer-copolymer, allowing for cation transport). 

Polytetrafluoroethylene (PTFE) was applied as a gas diffusion backing layer at the air-

facing side of cathode [66]. The surface area per reactor volume was 13 m2 m-3 for both 

electrodes. A 2.2 kΩ resistor was connected in the circuit as an external load. 

 
Figure 3-1.  Photos of MFC reactors used in the study. 
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River sediment, activated sludge, and anaerobic sludge were separately used as inocula 

in reactors with a sludge volume of 10% of the total reactor. MFCs with different inocula 

were treated with or without current stimulation during the startup period. Reactors were 

first filled with a mixed solution of the inoculum and medium, and then air-tightly sealed 

to maintain anaerobic condition at the anode end. They were kept undisturbed to avoid 

perturbation on anodic microbial attachment and growth. Direct current stimulation was 

applied to the reactors: an external voltage of +2 V (an equivalent current of 0.18 mA 

cm-2; resulting an anodic potential of about 1500 mV and cathodic potential of about -

500 mV vs. SHE) was intermittently applied for 1 h in every 8 h for 3 d. The plus sign 

indicates that the positive terminal of the power supply was connected to the anodes. 

The experiment was carried out with two replicates for 12 MFC reactors.  

When MFCs were operated for 3 months, they were further tested for performance 

responses to electrical stimulation by a series of direct voltages (±0.5, ±1, ±2, and ±3 V). 

Each one of these voltage stimulations was applied for 1 h. Polarization curves and 

electrode potentials were obtained when MFCs recovered from the stimulation, usually 

12 h after removal of the voltages.   

3.2.3 Data acquisition system 

The voltage (Vext) evolution across resistors was measured by voltage probes and 

recorded by a CR 1000 data logger (Campbell Scientific, Inc., Logan, UT). The anodic 

and cathodic potentials were monitored against standard Ag/AgCl electrodes (MF-2072, 

BASi, Inc., West Lafayette, IN). The data logger supporting software, LoggerNet 
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Version 3.4, was installed in a personal computer and used to monitor and collect the 

electrode potential and voltage data.  

3.2.4 Liquid analysis 

The volatile suspended solids (VSS) of inocula were determined based on the 

procedures in AHPA Standard Methods [134]. The reason for choosing VSS of the 

samples as an indicator was that it approximately represented the amount of living 

biomass which may potentially contribute to inoculation. Well-mixed samples (5 mL) 

were filtered through a pre-weighed GF/C fiberglass filter (Fisherbrand G4, Fisher 

Scientific, Pittsburgh, PA) and oven dried to a constant weight at 105 °C. The dried filter 

was ignited at 550 °C in a muffle furnace for 40 min for VSS determination. The 

chemical oxygen demand (COD) and volatile acids of liquid samples were analyzed 

using a spectrophotometer (Hach DR 2800, Hach Company, Loveland, CO), pH a 

pHTestr10 pH meter (Oakton Instruments, Vernon Hills, IL), and conductivity an HI 

8700 conductivity meter (Hannah Instruments, Woonsocket, RI).  

Calibration curve for VSS determination in synthetic medium was developed based on 

OD600 readings from spectrophotometer. For each test, about 5 mL of well mixed liquid 

sample was obtained from effluent, and tested in Hach DR 2800 for OD600 after 

selecting the wavelength of 600 nm. Distilled water was used as a blank to zero the 

reading. Liquid samples with known VSS concentrations were used for calibration, and 

the calibration curve and equation were shown in Figure 3-2. 
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Figure 3-2.  Calibration curve for VSS determination by OD600.  

 
3.2.5 Gas chromatography 

The volatile fatty acid profile, e.g., acetate and butyrate concentrations, was quantified 

using a gas chromatograph (GC; CP-3800, Varian Inc., Palo Alto, CA) equipped with a 

flame ionization detector. A fused-silica capillary column (HP-FFAP, 30 m×0.25 

mm×0.25 μm) was used. The injector and detector temperatures were set at 220°C and 

250°C, respectively.  The temperature in the oven was kept at 60°C for 2 min, ascended 

to 140°C at 8°C min-1, and then kept constant at 140°C for another 6 min. Helium with a 

flow rate of 25 mL min-1 was used as the carrier gas.  

Chemical equilibriums for gas chromatography 

The degree of dissociation of volatile fatty acids (VFAs) depends on pH conditions of 

the effluent. For example, when the effluent pH is higher than the acidity dissociation 

constant (pKa) of a volatile fatty acid by 1 pH unit, 93% of the total fatty acid exists in 

the form of anions which are not ready to vaporize even when temperature increases. As 

in most cases pH values of effluents of bioelectrochemical reactors are around neutral or 

higher, an acidification of effluent is necessary before using GC to determine the 
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concentrations of fatty acid anions, e.g., acetate and butyrate. Addition of formic acid 

can accomplish this work. Modeling the chemical equilibrium using software Mineql+ 

can approximately estimate how much formic acid should be added. The following 

paragraphs explain the procedures to use the software for modeling the complex 

chemical system. A general conclusion of the modeling is that 0.5 M of formic acid 

addition is sufficient to shift 97% anions to their acids in all the three cases. To guarantee 

a sufficient acidification a final formic concentration at least of 1.0 M is recommended 

as some of it may be evaporated in GC injector and column at a temperature higher than 

100 ℃. Another study [135] used 1.5 M of formic acid addition. The effect of 

temperature on the formic acid addition is beyond the scope of this study. In the 

modeling, the pKa values of some of VFAs are as follows:  

Formic    H+ + Formate   pKa = 3.745   (3-1) 

Acetic     H+ + Acetate   pKa = 4.757   (3-2) 

Butyric   H+ + Butyrate   pKa = 4.830   (3-3) 

iso-Butyric   H+ + iso-Butyrate  pKa = 4.880   (3-4) 

 

Case 1: 20 mM of NaAc and 20 mM of NaBtyr, titrated by formic acid 

Choose the cations and anions present in an effluent, and do a thermo-scan to obtain the 

pKa and Delta H values. Insert one when there is no term by default in the software by 

choosing the components, e.g., choosing H and Butanot for inserting HButanot, and edit 

the pKa value under the column Log K (Figure 3-3).  
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Figure 3-3.  Result after “thermo-scan” of the existing ions.  

 
Under Wizard, fill in the following information for Totals and pH. Since a titration will 

be done by increasing formic acid, the pH value should be calculated by Mineql+ based 

on electroneutrality (equivalent to charge balance), shown in Figure 3-4. Click “Close” 

and set MultiRun parameters as in Figure 3-5. Then click “Run” to calculate results.   

 
Figure 3-4.  Input Totals and pH.  
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Figure 3-5.  Parameter setting for formic acid titration.  

 
The titration result can be obtained by clicking “Graph IT” icon. As it can be seen from 

Figure 3-6, addition of formic acid is effective to shift the dissociation to the other side, 

forming corresponding acids. The concentration profiles of each component at 0.2 M of 

the total formate can be obtained by obtaining a special report of a summary of all 

species (at Run 21), attached in Figure 3-7. For both acetate and butyrate, 0.0196 mM of 

the corresponding acids are present, which is 98% of the total fatty acid cations. Further 

addition only increases the acids by a little amount. For example, at Run 31 (0.3 M of 

total formic anion), the acetic is increased to 0.0197 mM and butyric to 0.0198 mM. 

Similarly, modeling of titration using other acids can also be obtained; but formic acid is 

one of the most suitable, as the common inorganic acids (e.g., HCl, H2SO4, HNO3, and 

H3PO4) will bring about damages to capillary GC column due to their accumulation in 

the front part of a column to impair the stationary phase.     
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Figure 3-6.  Titration result.  

 

 
Figure 3-7.  A summary of species at Run 21 in formic titration.  
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Case 2: 60 mM of NaAc and 60 mM of NaBtyr, titrated by formic acid 

By clicking “Aqueous Complexes” under Menu -> Model -> Tableau, the content of 

NaAc and NaBtyr can be reset to 60 mM under Wizard. An output at 0.5 M formic 

addition is obtained in Figure 3-8.   

 
Figure 3-8.  A summary of species at Run 51 in formic titration for 60 mM NaAc and 
NaBtyr.  

 
Case 3: 20 mM of NaAc and 20 mM of NaBtyr, with phosphate buffer solution (18 mM 

NaH2PO4 and 32 mM Na2HPO4) titrated by formic acid 

By clicking “Select Components” under Model, PO4
3- is added to the system. An output 
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at 0.5 M formic addition is obtained in Figure 3-9. 

 
Figure 3-9.  A summary of species at Run 51 in formic titration for 20 mM NaAc and 
NaBtyr, and 50 mM PBS.  

 
Calibration for gas chromatography 

The regression problem was to obtain a model for predicting the volatile fatty acid 

concentration by peak area of gas chromatography. Simple linear regression via ordinary 

least squares (OLS) estimation was applied to establish this kind of calibration model 

through the use of a regression software Arc. The procedure for a model of acetic acid 
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concentration was used as an example.  

Residual sum of squares function is defined as RSS (h0, h1) = ∑  (yin
i=1 −(h�0 + h�1 ∗

xi))2. Based on definition of RSS, OLS method minimizes RSS (h0, h1) by choosing 

appropriate (h0, h1), and the resulted (h0, h1) is estimation of coefficients (η�0,η�1). When 

these two parameters are estimated, both the predictor (applied in this study) and 

estimator (of mean function) at a given x value can be calculated from η�0 + η�1 ∗ xito be 

the same value; however, variances of these two estimations are different as that of the 

former is larger than the latter. Meanwhile, an R2, coefficient of determination, is 

obtained to represent the proportion of the total sample variability that can be explained 

by linear relationship between the regressor and predictor. In this case of a simple linear 

regression, R2 is also equivalent to the square of the correlation coefficient (ρ�(x, y) =

Cov� (x,y)
sd�(x)sd�(y)).  

Before carrying out a regression analysis, it is helpful to evaluate data condition [136], 

e.g., to examine if there is an influential point by Cook’s distance 

(Di = 1
k sd�2 ∑ (y�(i),j − y�j)2n

j=1 ; if Di > 0.5, it is valuable to look into the case), and to 

examine potential outliers by the method of checking every case. For the case of 

calibrating acetic acid concentration against peak area, there is no influential point or 

outlier indicated, as shown in Figure 3-10.  
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Figure 3-10.  Cook’s distances (left-hand side) and outlier-T values (right-hand side) of 
every case. The outlier p-value for case 12 is 0.57 which is larger than 0.05, thus not 
significant.    
 
The linear model is thus y=0.03254x-0.1711 according to the result of OLS regression 

displayed in Figure 3-11. The R2 of 0.9902 indicates that 99.02% of the total variability 

can be explained by the linear relationship between acetic acid concentration and peak 

area. Similar, a calibration model was obtained for butyric acid against peak area after 

removing three cases of outliers (points 5, 6 and 13), generating a model of y=0.01120x-

0.1703 with R2 of 0.9954. For higher concentration data set, acetic acid has y=0.03308x-

0.0637 with R2 of 0.9927; butyric acid has y=0.01115x+1.4785 with R2 of 0.9886.   
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Figure 3-11.  OLS calibration results for acetic acid concentration against peak area.  

 
Calibration curves 

In summary, a final concentration of 1.0 M formic acid addition is recommended to 

acidify effluents of bioelectrochemical reactors. The corresponding calibration curves 

for low or high concentrations of acetic acid and butyric acid (y in mM, x in μV*Min) 

are listed as follows: 

Equal or lower than 20 mM: 

Acetic:   y=0.03254x-0.1711 R2 = 0.9902    (3-5) 
Butyric:   y=0.01120x-0.1703 R2 = 0.9954    (3-6) 
 

Higher than 20 mM: 
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Acetic:   y= 0.03308x-0.0637 R2 = 0.9927    (3-7) 
Butyric:  y=0.01115x+1.4785 R2 = 0.9886    (3-8) 
 
 
3.2.6 Scanning electron microscope 

After 1 month operation, anodic carbon cloth of 2 mm by 2 mm was cut from the anodes 

for scanning electron microscope (SEM) evaluation using Hitachi variable pressure 

SEM (S3500N, Hitachi, Japan). The samples were fixed for about 12 h at 4°C in a 

solution containing 2.5% paraformaldehyde and 1.5% glutaraldehyde buffered in 0.1 

mol L-1 cocadylate. The samples were then gently washed three times (15 min for each 

wash) with 0.1 mol L-1 cocadylate buffer, followed by dehydration for 30 min for each 

step in a series of ethanol/water solutions of increasing concentrations (25%, 50%, 70%, 

85%, 95%, 100%, and 100%, v/v). The dehydrated samples were mounted and dried in a 

critical point carbon dioxide dryer, and sputter coated with gold for SEM observation. 

The accelerating voltage was set at 5 to 10 kV at high vacuum and the magnification 

varied between ×70 and ×12k.  

3.2.7 Cyclic voltammetry 

MFC cathodes, cut into 2 cm by 2 cm piece, were characterized by cyclic voltammetry 

(CV) using CHI 760C electrochemical workstation (CH Instruments, Inc., Austin, TX). 

CV was started from -0.4 to +0.8 V vs. Ag/AgCl at a scan rate of 20 mV s-1, and went 

back to -0.4 V vs. Ag/AgCl. During the test, the three electrodes (counter, reference, and 

working electrodes) were placed in 40 mmol L-1 acetate medium buffered with 50 mmol 

L-1 PBS.  
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3.2.8 Calculation 

Lag phase period  

The lag phase period (in d) was the elapsed time during which the external voltage (Vext) 

did not show an apparent increase, and was determined by examining the first derivative 

of Vext against time: the lag phase was terminated when the first derivative of Vext was 

continuously greater than 0. After this period, Vext started to increase following a sigmoid 

shape.  

Polarization curves and transient analysis 

When MFCs were operated for at least 2 months, the polarization curves of the MFC 

reactors were obtained by stepwise varying Rext from 20 kΩ to 560 Ω. The voltage across 

the resistor was measured when a stable reading was available after about 15 to 30 min 

or longer. The rationale for this method is that the voltage output (Vext) and the current 

(𝐼 = 𝑉𝑒𝑥𝑡
𝑅𝑒𝑥𝑡

) follow a linear relationship in the region of Ohmic loss [88]: 

𝑉𝑒𝑥𝑡  =  𝑉𝑏 –  𝐼𝑅𝑖𝑛𝑡  (3-9) 

where Vb is the extrapolated intercept of voltage output. The slope of the fitted line is the 

internal resistance, and the expression for the maximum power output can be deduced as 

follows [35]:  

𝑃𝑚𝑎𝑥  =   𝑉𝑏2 (4⁄ 𝑅𝑖𝑛𝑡)  (3-10) 

Another method was implemented in this study for measuring internal resistance and 
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MFC capacitance in the region where the charge transfer loss, or activation overpotential, 

was the dominant resistance [137]. This method modeled the current profile at 1 s 

intervals when the external resistance was abruptly changed from 20.75 kΩ to 33 kΩ. 

3.2.9 Statistical analysis 

ANOVA and post hoc tests (LSD) were used for multiple comparisons all at a 

significance level of α = 0.05. 

3.3 Results and discussion  

3.3.1 Microbial fuel cell enrichment 

The 12 MFC reactors were inoculated with three different inocula (RS, river sediment; 

AC, activated sludge; and AN, anaerobic sludge) with or without an electrical current 

stimulation (0 mA or 0.18 mA/cm2). The VSS and TSS properties of the inocula were 

shown in Table 3-1. Acetate and butyrate, each with an initial concentration of 20 mmol 

L-1, were chosen as organic substrate in media, mainly because of their wide availability 

as fermentation byproducts and degradable substrates for exoelectrogenic bacteria. The 

RS-MFC showed a significant different lag phase period from those of the other two 

MFCs (AC- and AN-MFCs; p < 0.05). As the organic substrates and nutrients in the 

media for all reactors were initially the same, this delay could be attributed to the low 

availability of bacteria in the river sediment. The VSS analysis (Table 3-1) confirmed 

that RS contained VSS of only 3.2 g L-1, which was much lower than those of AC and 

AN (22.4 and 12.1 g L-1, respectively), and the VSS had a strong negative Pearson 
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correlation with the lag phase periods (r = -0.86). Another reason for the rapid 

enrichment of AN sludge can be the similar anaerobic environment between the MFC 

anodes and the anaerobic digester, and the similar volatile fatty acid concentrations in 

the MFC media and in swine manure influent which was the medium for the anaerobic 

digester where the sludge was obtained. Furthermore, RS had a much higher TSS (e.g., 

fine soil particles), which meant that RS also absorbed comparably more bacteria on soil 

particle surface and made more gradual bacteria desorption to medium [123].  

Table 3-1.  Sludge characteristics and MFC lag phase periods  

Inocula VSS TSS λ 
g L-1 g L-1 d 

River sediment 3.2 30.2 6.2 
Activated sludge 22.4 30.3 3.8 
Anaerobic sludge 12.1 20.1 4.0 
 

For all the inoculum sources, the electrical current stimulation markedly impaired the 

MFC startup, evidenced by the fact that voltage output did not increase until the removal 

of the current stimulation and the prolonged lag phase periods. Although the applied 

voltage poised a positive anodic potential (about 1500 mV vs. SHE) which might help 

bacterial growth (but when its value was low, e.g., +400 mV vs. SHE [38]), it also 

generated a current density of 0.18 mA cm-2 which might have a bactericidal effect [138]. 

The presence of this effect was indicated by the decreased substrate utilization rate in 

this study, and could be a result of the electrochemical dimerization of intracellular 

coenzyme A induced by electrode potentials higher than 0.94 V vs. SHE [139]. Another 

possible reason is that the electrolysis in phosphate buffer solution (average conductivity 
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of 8.7 mS cm-1) that could promote the formation of hydrogen peroxides (H2O2) and 

radicals (·OH and ·O2) on electrodes [140]. However, the potassium permanganate 

(KMnO4) titration of the effluent immediately after 1 h treatment of the +2 V DC did not 

detect hydrogen peroxide, suggesting the absence of the hydrogen peroxide or a level 

lower than the detection limit of 20 mg L-1.     

3.3.2 Biofilm examination 

After the MFC reactors were operated for one month, samples of carbon cloths were cut 

from anodes and subject to SEM examination. Biofilms, which were considered 

biological catalysts for acetate or butyrate oxidation, were clearly shown on the surface 

of all enriched anodes (Figure 3-12), while the anodes before inoculation showed neither 

bacteria nor extracellular matrix attached to the surface. Bacterial cells of short-rod 

shape, mostly with a diameter of 0.2 to 0.5 µm and a length of 0.7 to 1.0 µm, were 

surrounded by filamentous materials and extracellular polymeric substances (EPS, 

mainly composed of proteins, polysaccharides, and humic substances) packed together. 

The anode surface, filamentous materials and EPS were the immediate environments of 

the bacteria in biofilm, and these environments could serve as electron acceptors for 

anodic respiring bacteria [141].  
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Figure 3-12.  SEM images of the MFC anodes. Anodes were enriched with river 
sediment (denoted as 1), activated sludge (denoted as 2), and anaerobic sludge (denoted 
as 3) at different electrical current stimulation (A and C represent the ones without 
stimulation during startup period; B and D with +2 V stimulation). Images A and B were 
taken at magnification ratio of 500, and C and D at 12k. Insets in A1 and C1 were the 
un-inoculated anodes inserted for comparison.     
  
The RS-MFC anode surface was almost completely and homogeneously covered by 

layers of biomass, while the one enriched with AC contained the sparsest biomass. 

Compared with river sediment, MFC anodes enriched with activated sludge and 

anaerobic sludge had more large granules attached to them, but were more 

A3 A2 A1 

B2 B3 B1 

C1 C2 C3 

D3 D2 D1 
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heterogeneously covered. This finding was in agreement with a previous study using 

wetland sediment as an inoculum source, a natural consortium similar to RS here, which 

resulted in a thicker biofilm than that of other inocula [30]. The better biofilm coverage 

indicated the increased amount of bio-catalyst (quantified by the attached biomass 

concentration w) and enhanced the anodic exchange current density (joAU𝑤). So the 

increased exchange current density then reduced the activation overpotential (𝜂𝑎𝑐𝑡,𝐴, 

accounting partly to the MFC internal resistance) on anode according to the Butler-

Volmer equation [120]:  

𝐼 = 𝑗𝑜𝐴𝑈𝑤𝐴𝑒
𝛼𝐴𝐹𝜂𝑎𝑐𝑡,𝐴

𝑅𝑇    (3-11) 

where 𝐼 is the electric current, 𝑗𝑜𝐴𝑈 is the unit exchange current density of 

exoelectrogenic biomass, w is the attached biomass concentration on anode surface, and 

αA is the transfer coefficient of the anodic reaction. 

Electrical stimulation distributed biomass on carbon fibers in a more homogeneous way, 

and also increased the amount of biomass attached to carbon wires. Some tubular fungal 

cells (a diameter of 3 to 5 µm and a length of 7 to 10 µm) were found on anodes without 

electrical stimulation, while none was observed on electrically stimulated anodes. 

Another marked effect of current stimulation on anodes was that a layer of structure on 

AC and AN anodes was partially segmented and peeled off from the carbon fibers.       

3.3.3 Electrochemical characteristics of MFCs with different treatments 

Internal resistance is a rough indicator of the magnitude of electrical energy consumed 
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by MFC itself, and was linearly fitted from polarization curves (Figure 3-13). In this 

study, MFC reactors steadily ran for at least 2 months after inoculation before 

polarization curves were obtained. The current was altered by consecutively decreasing 

external resistors until the linear relationship between Vext and I no longer held. The 

range of internal resistances was between 181 and 349 Ω (Table 3-2), and all of these 

values were markedly lower than the resistances measured immediately after inocula 

were added: 130 kΩ, 55 kΩ, and 11 kΩ for RS-, AC-, and AN-MFC, respectively. The 

extrapolated voltage Vb was an estimation of the maximum electron motive force, 

ranging from 282 to 447 mV. The maximum power output was then calculated from this 

internal resistance and the maximum voltage output according to the Equation (3-10), 

which agreed well with the observed data in this study, ranging from 88 to 195 μW (or 

from 44 to 98 mW m-2 when normalized to the anode surface area). These current 

densities were generally lower than the values reported in other air-cathode studies (e.g., 

506 mW m-2 [142]).  
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Figure 3-13.  Polarization curves of MFC. A, Vext against I; B, P against I; and C, 
polarization before anodic biofilms were enriched. The reactor numbers indicate 
different treatment as defined in Table 3-1.        
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Table 3-2.  Electrochemical characteristics (mean ± sd) of MFCs under different 
treatment during inoculation  

Parameters  
MFC #1 MFC #2 MFC #3 MFC #4 MFC #5 MFC #6 
RS RS AC AC AN AN 
0 +2 V 0 +2 V 0 +2 V 

Internal resistance, Rint Ω 212 ± 20.5 181 ± 36.8 263 ± 33.9 204 ± 62.9 349 ± 62.9 226 ± 42.4 
Extrapolated voltage, Vb mV 405 ± 4.2 366 ± 13.4 339 ± 38.2 309 ± 54.4 447 ± 21.2 282 ± 26.9 
Maximum power, Pmax µW 195 ± 22.6 187 ± 24.0 110 ± 10.6 118 ± 4.2 145 ± 12.0 88 ± 0.0 
Charge transfer resistance, Rct Ω 754 ± 292 667 ± 220 811 ± 277 1082 ± 812 1235 ± 967 812 ± 322 
Capacitance, C mF 10.2 ± 1.1 57.3 ± 3.9 13.2 ± 11.0 67.9 ± 20.0 9.7 ± 11.7 38.1 ± 22.8 

 

The results of multiple comparisons indicated that RS-MFC had a significantly smaller 

internal resistance than AN-MFC (196 and 287 Ω, respectively), and that the current 

stimulation significantly reduced internal resistance (p < 0.05; Table 3-3). For example, 

the internal resistance of AN-MFC was reduced from 349 to 226 Ω after the current 

stimulation, which was a 35% reduction. These results well agreed with the SEM 

observation which showed better biofilm coverage on RS anodes and enhanced biofilm 

coverage on electrical stimulated anodes, as more active bacteria promoted bio-catalytic 

effect and reduced internal resistance. Therefore, although a DC stimulation may impair 

MFC inoculation [39], the DC stimulation employed here demonstrated an improvement 

in MFC electrochemical characteristics. As to the extrapolated voltage Vb, the current 

stimulation significantly reduced Vb, and the great change happened again on AN-MFC 

from 447 to 282 mV, which was an 82% reduction. Meanwhile, RS-MFC had a 

significantly larger Vb than AC-MFC (385 and 324 mV, respectively; p < 0.05). As to the 

power output (Pmax), RS-MFC significantly (p < 0.05) outperformed AC- and AN-MFC 

by 77 and 75 μW, respectively, denoting that RS-MFC was the best option as a power 

source. Again, this result was in accordance with the SEM observation of RS anodes. 

Current stimulation did not change much the power output of RS- and AC-MFC; 
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however, the power output of AN-MFC reactors was substantially reduced from 145 to 

88 μW. And the possible reason was the oxygen gas formed at the anode side as fine gas 

bubbles were observed during electrical stimulation, which inhibited anaerobic bacterial 

growth on anode surface and activity.  

Table 3-3.  ANOVA results (p-values) for MFC electrochemical performance at different 
treatments  
Parameters p values 

Inoculum Electrical stimulation Interactive term 
Internal resistance, Rint 0.080 0.037 0.407 
Extrapolated voltage, Vb 0.077 0.005 0.039 
Maximum power, Pmax 0.001 0.076 0.052 
Charge transfer resistance, Rct 0.728 0.814 0.701 
Capacitance, C 0.317 0.002 0.449 
 

The charge transfer resistance (Rct) is used to characterize the resistance when the 

external resistor is large or the current is small, or equivalently, when the activation 

overpotential is the dominant component of internal resistance [137]. The above-

mentioned transient response analysis technique in Section 2.7 provides a way for 

evaluating both the charge transfer resistance and capacitance (Table 3-3). There was no 

significant difference found for either inoculum type or current stimulation due to larger 

standard deviations, but Rct was increased by current stimulation in AC-MFC from 811 

to 1082 Ω, and declined for the other two types of inocula. The values of Rct were larger 

than those of the internal resistances obtained by polarization curves of the 

corresponding MFC reactors, indicating the domination of activation overpotential in 

this tested current range. 

Capacitance (C) quantifies the capability of MFC to store charges when it is 
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disconnected from an external load, or when it is between intermittent discharging 

processes in real applications. MFC capacitance may be derived from the anode, cathode, 

and biofilm that naturally have double-layers to store charges. It was reported that 

electrode capacitance was increased by inoculation from 2.2 to 4.2 mF [143], and the 

capacitance was raised by the abundance of c-type cytochromes imbedded in biofilms 

[144]. ANOVA results suggested that the current stimulation significantly increased 

MFC capacitance in all three inoculum types, from 11 mF to 54 mF on average. This 

improvement can be a result of the enhancement of the biofilms under current 

stimulation as observed by SEM, which consequently improves the double-layer 

structure of the biofilms but without direct proof observed. A larger biofilm capacitance 

can be beneficial because it improves simultaneous energy production and storage in 

MFC [145]. Please note that AC-MFC has obtained the greatest increase in capacitance 

among the three, which is in accordance with the fact that the maximum power output of 

AC-MFC was improved by current stimulation. Both phenomena revealed the resilience 

of the AC biofilm toward the current stimulation.    

3.3.4 Effect of electrical stimulation on mature MFCs 

When MFCs were operated for 3 months, a series of electrical voltages (±0.5, ±1, ±2, 

and ±3 V) were applied to an RS-MFC (positive voltages) and AC-MFC (negative 

voltages) in order to further evaluate responses of MFC biofilms to this type of 

stimulation. The AN-MFC was not chosen to test because the anaerobic bacteria were 

found more vulnerable to electrical stimulation (Section 3.3). Table 3-4 records the MFC 

electrode potentials when the reactors were subject to the DC voltage stimulation. Figure 
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3-14 shows that the positive voltages severely impaired the maximum power output (by 

49% after +3 V stimulation), while the negative voltages substantially improved the 

power output (by 37% for -3 V stimulation). Within the tested range, the reduction or 

increase in maximum power output was proportional to the intensity of the stimulation. 

Both anodic and cathodic potentials of RS-MFC after positive voltage stimulation were 

reduced: one became less negative positive, and the other less positive, respectively 

(Figure 3-14C). To the contrary, the negative voltage stimulated AC-MFC had an 

increasingly negative anodic potential and an increasingly positive cathodic potential 

(Figure 3-14D). This improvement on power output by negative voltage application was 

reported for the first time.   

 
Figure 3-14.  Polarization curves (A and B) and electrode potentials (C and D) of two 
MFCs after electrical stimulation. The dashed arrows indicate the direction of the 
increasing intensity of the stimulation from 0 to ±3 V. The solid lines in C and D are 
trend lines for the anodic or cathodic potentials measured at external resistors of 2.2 kΩ.     
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Table 3-4.  Electrode potentials of MFCs under different DC treatments 

MFC 
#1 

 Treatment 0 V +0.5 V +1 V +2 V +3 V 
Anode V vs. SHE -0.31 +0.19 +0.21 +0.88 +1.60 
Cathode V vs. SHE +0.08 -0.34 -0.86 -1.11 -1.34 

MFC 
#2 

 Treatment 0 V -0.5 V -1 V -2 V -3 V 
Anode V vs. SHE -0.29 +0.01 -0.04 -0.41 -1.04 
Cathode V vs. SHE +0.11 +0.44 +1.03 +1.57 +1.90 

 
The effects continued after the MFC media were replaced (Figure 3-15A and B), which 

meant that the improvement on power output was a result of the change of electrode 

surface condition. Cyclic voltammetry was employed to further elucidate the change of 

the electrochemical activity of MFC cathodes (Figure 3-15C). Voltammograms revealed 

a substantial difference between cathodes before and after treatment: the higher current 

response was obtained for the treated cathode than that of the original one (0.018 vs. 

0.008 A at 1.0 V vs. SHE; and -0.009 vs. -0.008 A at -0.2 V vs. SHE), indicating 

improved cathode activity [132, 146]. A possible explanation for the improvement is the 

bactericidal effect which killed bacteria on electrode biofilm, resulting in higher oxygen 

concentration and better oxygen exposure to Pt particles (catalysts to oxygen reduction) 

on cathode. A previous study concluded that excessive accumulation of biofilm on 

cathode reduces the electrochemical activity [132]. In fact, electrodes made from carbon 

cloth have been found to be effective in drinking water disinfection, and the mechanism 

was revealed as electrochemical dimerization of intracellular coenzyme A at electrode 

potentials higher than 0.94 V vs. SHE [139]. The potassium permanganate (KMnO4) 

titration of the effluent immediately after 1 h treatment of the ±3 V DC did not detect 

H2O2 at the detecting limit of 20 mg L-1, suggesting the absence of the bactericidal 

mechanism by a substantial amount of hydrogen peroxides or free radicals that might 

form by water electrolysis. A similar electrical treatment has been reported being useful 
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for fouling reduction in membrane bioreactors, as the DC stimulation enhanced the 

desorption of EPS and sludge particles from membrane surface [147]. Similarly, the 

treatment can damage the anodic biofilms as well and it explains the impaired electricity 

generation. From the polarization curves (Figure 3-14B) it can be known that substantial 

biofilm impairment happened at the +3, -2, and -3 V stimulations, and these voltages 

poised the corresponding electrode potentials to be higher than +1.5 V vs. SHE (Table 

3-4).  

 

Figure 3-15.  Voltage curves (A and B) and cyclic voltammograms (C) of two MFCs. A, 
voltage curves of MFC A and B before treatment; B, after MFC A treated by -3 V; and 
C, cyclic voltammograms of cathodes before and after treatment.    
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3.3.5 Substrate utilization  

Acetate and butyrate were originally added to MFCs to provide both carbon sources and 

reducing power for bacterial growth on anodes. Monitoring the consumption of these 

two volatile fatty acids as well as total volatile fatty acids (VFA) could also provide data 

for evaluating MFC’s capability for organic contaminants and odor removal from 

substrate. The VFA concentrations were reduced with time in a sigmoid format for all 

the MFC reactors shown in Figure 3-16. It can be seen from Figure 3-16A that anaerobic 

sludge (AN) inoculated MFC utilized VFA most rapidly, while MFC inoculated with 

river sediment (RS) and activated sludge (AC) removed VFA relatively slowly. A half 

amount of VFA was decomposed by AN-MFC in 6 d, but 8 to 9 d for MFC inoculated 

with the other two sources. Over 95% of VFA was removed in 15 d for all 12 MFC 

reactors. Electric stimulation slightly reduced VFA removal efficiency, as shown in 

Figure 3-16B, probably due to the bactericidal effect of hydrogen peroxides which might 

form in the electrolysis of PBS buffered solution.  



 

 74 

 
Figure 3-16.  Volatile acids utilization in MFC. A, data points were means pooled from 
the indicated reactors from only the second replicate of the study. B, data points were 
means pooled from only the second replicate of the study: the open diamonds from 
reactor #1 to 3 and the open squares from reactor #4 to 6.    
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To the contrary, AN-MFC degraded both acids equally (Figure 3-17). The discrepancy 

between the ways of VFA consumption and two acids reduction might indicate that 

acetate and butyrate were partially converted by bacteria to other short chain fatty acids 

and other metabolic products, e.g., propionic and valeric acids, which were detected here 

by gas chromatography.   

 
Figure 3-17.  Acetate and butyrate evolution in MFC. A, river sediment MFC; B, 
activated sludge MFC; and C, anaerobic sludge MFC.    
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3.3.6 Performance under substrate deprivation 

It was observed in SEM study that the anodic biofilms mainly consisted of EPS matrices 

and bacterial cells. During substrate deprivation, EPS may serve as substrate or energy 

reserves [141]. In this case, different periods of substrate deprivation or starvation were 

applied to MFCs. It was found that MFCs inoculated under current stimulation 

demonstrated better and quicker responses when MFCs were subject to this 

environmental stress of starvation. When the time period of substrate deprivation was 1 

d, Vext of all reactors restored to their plateau values within 0.1 d after new substrate was 

added. When the deprivation time increased to 2 d, Vext of the MFCs treated with current 

stimulation could still restore within 0.1 d, while the MFC reactors without current 

stimulation (#1-3) took about 0.1 to 0.2 d to recover (Figure 3-18A). A further increased 

starvation period of 5 d did not prolong the recovery time for treated MFC #4-6 and 

MFC #2 (0.1 d), but added 1-2 d for untreated MFC #1 & 3. This longer recovery time 

suggested that the biofilm of MFCs without current stimulation was partially damaged 

by the starvation due to bacterial decay or desorption from anodes. In an extreme case, 

20 d starvation still did not substantially impair the biofilm of treated MFC #2 and #4-6 

(restored in 0.1-0.5 d); however, the biofilm of untreated MFC #1 & 3 seemed to be 

destroyed, and needed to be inoculated again (Figure 3-18B). In summary, the results 

demonstrated not only that AC-MFC presented the best biofilm stability among three 

inoculums types under starvation situation, but also that the biofilm resistance to 

starvation could be substantially improved by current stimulation, which probably 

created better bacteria adhesion to the anode surface and enhanced biofilm EPS matrices 
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[148].  

 
Figure 3-18.  Response of MFC after substrate deprivation. A, substrate deprivation for 
2 d; B, substrate deprivation for 20 d.  
 

3.4 Conclusions 

Among the three types of inoculation sources, activated (AC) and anaerobic (AN) sludge 

showed faster enrichment of MFC anodic biofilm by 2 to 3 d than river sediment (RS), 

while AN-MFC presented highest VFA degradation rate, indicating that the bacteria in 

AN sludge were better adapted to MFC anodes due to the similar anaerobic environment 

and volatile fatty acid concentrations in a swine manure anaerobic digester. However, 

RS-MFC anode surface was covered with well-developed layers of biomass (bacterial 

cells and extracellular polymeric substances) and had a much larger power output (195 

μW or 98 mW m-2) than AC- and AN-MFC after one month operation. The electrical 

current stimulation (+2 V) markedly delayed the MFC startup process for all the 

inoculum sources, but it efficiently assisted the attachment and homogenous distribution 

of biomass on anodic carbon fibers, therefore reduced MFC internal resistances by 27%, 

and improved the resilience of anodic biofilm against long-term substrate deprivation. 
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For mature MFCs, a transient application of negative voltages (-3 V) improved the 

cathode activity and maximum power output by 37%. This improvement was due to the 

bactericidal effect of the electrode potential higher than +1.5 V vs. SHE, showing a 

substantial benefit of treating MFC cathode after long-term operation using suitable 

electrical current.  
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Chapter 4. Modeling Single-Chamber Air-Cathode Microbial Fuel 

Cells Based on Freter Equations   

4.1 Introduction 

A microbial fuel cell (MFC) is a device oxidizing organic substrates in the liquid 

environment and releasing electrical energy to external loads. Anode attached biomass 

works as catalysts for substrate oxidization [24]. The catalytic microorganisms at 

anodes, mostly enriched from mixed microbial consortia, are capable of handling 

various organic substrates [121, 122], and can potentially be used in degrading the 

organic substrates in various types of wastewater.  

Due to complicated interactions between various design and operational variables in this 

hybrid type of reactor, it is not easy to experimentally achieve optimal conditions for 

power and energy generation and efficient substrate removal. Mathematical models thus 

provide a simple approach to investigate the effects of different variables and optimize 

the MFC performances. The electrochemical reactions at anode are emphasized in MFC 

modeling [116, 149] since the anode reactions are features of MFC and MFC 

performance can partly be predicted from the growth status of anode attached bacteria 

[150]. The current MFC anode models are normally based on redox mediators supposed 

to exist in the medium. Research progress already reveals that outer membrane-bound 

cytochromes and nanowire of bacteria conduct electricity [24] and so bacteria as a 

whole, which are directly attached to the anode surface, can be regarded as catalysts. It 

can thus be assumed that only the directly anode-attached bacteria, or bacteria of a 
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monolayer [23], contribute to electricity generation. Besides, the suspended bacteria 

must also be included in the model because the attached and suspended bacterial 

populations reach a dynamic equilibrium between each other, and because both 

populations utilize substrate for growth. This inclusion is especially essential when 

studying substrate utilization between the populations. The Freter model, which 

originally describes the dynamics of the suspended bacteria and wall-attached bacteria in 

a bioreactor [151, 152], is herein adopted. The main reason favoring this model is that it 

emphasizes the formation of a bacterial monolayer on a wall structure which is similar to 

the process of anode-bacteria attachment. Prior to describing MFC bacterial populations 

by the Freter model, it is revised to account for the feature of MFC where electricity 

generation consumes substrate (Figure 4-1).  

 
Figure 4-1.  A schematic of organic substrate and energy flow in a microbial fuel cell.  
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microbial populations, substrate removal, power generation, and energy efficiency. 

Factors influencing the energy efficiency are especially emphasized in numerical 

simulation for both batch and continuous modes of operation.    

4.2 Methods 

4.2.1 MFC design and operation  

Two identical single-chamber air-cathode MFC reactors, with a total volume of 155 mL, 

were fabricated from clear/extruded acrylic tubes (5 cm in internal diameter and 7.5 cm 

in length), covered with 0.25 cm thick plexiglass acrylic endplates at both ends. The 

anode was made from plain carbon cloth. The air-cathode was made from 0.5 mg cm-2 

Pt-containing (10% in carbon black) carbon cloth treated with Nafion, and with 

polytetrafluoroethylene (PTFE) as a gas diffusion backing layer [66]. A 2.2 kΩ resistor 

was connected in the circuit as an external load. 

Anaerobic sludge was obtained for MFC inoculation from a swine manure lagoon at the 

University of Minnesota Southern Research and Outreach Center in Waseca, MN. The 

sludge was sieved through a 1 mm mesh to remove sand, gravels, and plant residues 

prior to use. Sodium acetate was dissolved in 50 mM phosphate buffer solution (pH 7) to 

prepare a medium with 40 mM acetate. Other nutrients also added to enhance and 

maintain the development of bacteria included (g L-1): 0.31 NH4Cl, 0.13 KCl, and 

mineral and vitamin solutions.  
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4.2.2 Data acquisition 

The voltage (Uext) across an external resistor was measured by voltage probes and 

recorded by a CR 1000 data logger (Campbell Scientific, Inc., Logan, UT). The anodic 

and cathodic potentials were monitored against standard Ag/AgCl electrodes (MF-2072, 

BASi, Inc., West Lafayette, IN). The data logger supporting software, LoggerNet 

Version 3.4, was used to monitor and collect the voltage data of the MFC reactors.  

4.3 Model description 

This mathematical model of microbial fuel cells to be developed simulates and predicts 

the electrochemical performance in batch or continuous mode of operation. A few 

assumptions are made to simplify the modeling of different MFC reactors. First, the 

anode-attached microbes are assumed to be the catalyst for the exoelectrogenic process; 

second, the exchange current density, or the catalytic effect, is proportional to the 

concentration of the attached biomass; third, the mass transfer of acetate to anode and 

oxygen gas to cathode, assumed to be fast enough compared to the electrochemical 

processes, is not a limiting factor and thus is neglected; and fourth, the hydrolytic 

products of dead cells are assumed not providing carbon source or energy to the 

suspended or attached bacterial growth.  
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4.3.1 Electrode potentials 

The electrode potential (against the standard hydrogen electrode, SHE or NHE) was 

dependent on the standard electrode potential and the concentration of active species 

according to the Nernst equation: 

Eo′ = E0 + RT
nF
∑ vilnci  (4-1) 

where Eo′ is the formal potential (pH- and concentration-adjusted reduction potential), 

Eo is the standard electrode potential, vi is the stoichiometric number for species i 

(positive for oxidized species, and negative for reduced species), and ci is the 

concentration of the species i. In the pH region of this study, the Mineql+ [153] 

simulation indicated that bicarbonate was the major form in the carbonate equilibrium 

system. The anodic and cathodic reactions proceeded as follows: 

2HCO3
- + 9H+ + 8e-    CH3COO- + 4H2O  E0 = 0.187 V  (4-2) 

O2 + 4H+ + 4e- 2H2O   E0 = 1.229 V (4-3) 

The anode and cathode electrode potentials (EA0′ and EC0′, respectively) based on the 

assumed acetate and bicarbonate concentration can be estimated as follows: 

EA0′ = EA0 + RT
nF
∑ vilnci = −0.335 [Ac-]=0.04 M; [HCO3

-]=10-4.5 M  (4-4) 

EC0′ = EC0 + RT
nF
∑ vjlncj = 0.805 Po2=0.2  (4-5) 

The experimentally measured cathodic potentials usually are much lower than the 

predicted values [14, 154], partly due to other reactions that might have happened on the 

cathode surface which results in a mixed cathodic potential of lower values. For 
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example, hydrogen peroxide production could happen on cathode to deviate the cathode 

potential to a lower value (e.g., 0.36 V) [14]. In accordance with both the literature 

information and the cathode potential at open-circuit operation in this study, a cathode 

potential of 0.51 V (NHE), rather than 0.805 V (NHE), is adopted herein. The 

electromotive force (Eemf) is defined as the difference between the cathode and anode 

potentials: 

Eemf = EC0′ − EA0′  (4-6) 

4.3.2 Exchange current and overpotential 

Overpotential is defined as the difference of an electrode potential from its formal 

potential in a fuel cell. The Butler-Volmer equation, neglecting the reverse cathodic 

reaction [120], is used to express the relationship between the exchange current and 

anode overpotential: 

I = joAAe
αAF𝜂𝑎𝑐𝑡,𝐴

RT   (4-7) 

where I is the electric current, 𝐣𝐨𝐀 is the exchange current density of anode, αA is the 

transfer coefficient of the anodic reaction, and 𝜼𝒂𝒄𝒕,𝑨 is the anode overpotential. In a 

similar way, the cathode overpotential can be formulated with the reverse reaction 

neglected as follows: 

I = joCAe
�αC−1�F𝜂𝑎𝑐𝑡,𝐶 

RT   (4-8) 
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where 𝐣𝐨𝐂 is the exchange current density of cathode, αC is the charge transfer coefficient 

of the cathode reaction, and 𝜼𝒂𝒄𝒕,𝑪 is the cathode overpotential. The exchange current 

density of cathode is consistent during the MFC operation due to the unchanging amount 

of the catalyst (0.5 mg cm-2 of Pt), but that of anode is proportional to the increasing 

catalyst load, which is the attached biomass concentration here [155]: 

joA =  joAUw  (4-9) 

where 𝐣𝐨𝐀𝐔 is the unit exchange current density of exoelectrogenic biomass, and w is the 

attached biomass concentration on anode. 

4.3.3 Mass balances 

A model that was proposed to describe the suspended and attached microbial formation 

[151, 152] in an aqueous environment is modified and adopted in this study. In this 

model, bacteria can divide, suspend and decay in the reactor medium, and can also 

attach to a surface with a dynamic equilibrium between attachment and detachment. 

Since bacterial growth and electricity generation consume substrate when it is available, 

the three components of the system, the substrate concentration (S), the suspended 

biomass concentration (u), and the attached biomass concentration (w), which are 

dictated by mass balances, are expressed in three ordinary differential equations as 

follows: 

dS
dt

=  D(Sin − S) − γ−1(uµu + δwµw) − re  (4-10) 



 

 86 

du
dt

=  u(µu − D − ku) + βδw + δwµw(1 − G)− αu(1 − W)  (4-11) 

dw
dt

=  w(µwG − β − kw) + δ−1αu(1 − W)  (4-12) 

where D is the dilution rate, Sin is the influent substrate concentration, 𝛄 is the biomass 

yield of substrate, 𝛍𝐮 is the suspended bacterial growth rate, 𝛍𝐰 is the attached bacterial 

growth rate, 𝛅 is the ratio of projected anode surface area to reactor volume, 𝐫𝐞 is the 

substrate utilization rate by electricity and heat generation, 𝐤𝐮 is the suspended bacterial 

death rate, 𝐤𝐰 is the attached bacterial death rate, 𝛃 is the detachment rate of bacteria 

from wall, 𝛂 is the attachment rate of bacteria to anode surface, 𝐆 is the fraction of 

daughter cells attached to anode, and 𝐖 is the wall occupation fraction. Some of those 

parameters in the equations can be defined through some more fundamental design and 

operational parameters: 

D = Q/V  (4-13) 

δ = A/V  (4-14) 

µu = muS
au+S

  (4-15) 

µw = mwS
aw+S

  (4-16) 

G = (1−W)
(1.1−W)

  (4-17) 
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where 𝐐 is the dilution rate, 𝐕 is the MFC reactor volume, 𝐀 is the projected anode 

surface area, 𝐦𝐮 is the maximum specific growth rate of suspended bacteria, 𝐚𝐮 is the half 

saturation coefficient of suspended bacteria of the Monod kinetics, 𝐦𝐰 is the maximum 

specific growth rate of attached bacteria, 𝐚𝐰 is the half saturation coefficient of attached 

bacteria. 

4.3.4 Ohm’s law and Kirchhoff's voltage law 

By applying Ohm’s law, the electrical current of the circuit, the voltage drop (Um) across 

the resistance (Rm) of electrolyte solution of MFC medium, and the voltage drop (Uc) 

across the contact resistance (Rc) of MFC can be obtained:  

I = Uext/Rext  (4-18) 

Um = Id
Aσ

 (4-19) 

Uc = IRc (4-20) 

where 𝐔𝐞𝐱𝐭 is the external voltage across the external resistor (𝐑𝐞𝐱𝐭), 𝐝 is the distance 

between two electrodes, and 𝛔 is the conductivity of MFC medium. By combining all the 

polarization losses along the circuit of MFC, the voltage conservation according to 

Kirchhoff's voltage law can be denoted as follows: 

Eemf =  EC0′ − EA0′ = Uext + Uc + Um + 𝜂𝑎𝑐𝑡,𝐴 − 𝜂𝑎𝑐𝑡,𝐶 (4-21) 
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4.3.5 Power and Energy efficiencies 

The power (𝐏𝐞𝐱𝐭) extracted by the external load of a resistor is the product of the external 

voltage and current: 

Pext = UextI (4-22) 

The power extracted by the electrical circuit of MFC (𝐏𝐜𝐞𝐥𝐥), or termed as an MFC cell, is 

the product of the electromotive force and current: 

Pcell = EemfI (4-23) 

The power lost through the polarization of the activation overpotentials of anode and 

cathode, the contact resistance, and the medium resistance, is the power emitted in a 

form of heat: 

Pheat = (Uc + Um + 𝜂𝑎𝑐𝑡,𝐴 − 𝜂𝑎𝑐𝑡,𝐶)I (4-24) 

The rate of the substrate (acetate) loss through MFC cell (𝐫𝐞) can be calculated as 

follows: 

re = MPcell/(VΔHc) (4-25) 

where 𝚫𝐇𝐜 is the heat of combustion of acetic acid, and 𝐌 is the relative molecular weight 

of acetic acid.  

Besides the energy loss by heat generation in MFC, the chemical energy of substrate is 

also lost by providing energy for the growth of the suspended and attached bacteria. The 
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corresponding powers for the suspended (𝐏𝐮) and attached (𝐏𝐰) bacteria can be calculated 

as follows:  

Pu = γ−1ΔHcuµuV/M (4-26) 

Pw = γ−1ΔHcδwµwV/M (4-27) 

Although some studies [154] suggested that energy efficiency was further reduced by 

the more positive potential (close to 0 V, NHE) of redox intermediates than that of the 

substrate, this energy loss was not considered because our experiment achieved anode 

potentials close to that of the substrate. Therefore, the MFC cell energy efficiency (𝜼𝒄𝒆𝒍𝒍) 

and overall energy efficiency (𝜼𝒐𝒗𝒆𝒓𝒂𝒍𝒍) are defined as follows: 

𝜂𝑐𝑒𝑙𝑙 = Pext/Pcell (4-28) 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = Pext/(Pcell + Pu + Pw) (4-29) 

Please note that at batch mode, the overall energy efficiency is calculated differently:  

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = ∫ Pextdtt
0 /(ΔHcΔSV/M) (4-30) 

4.3.6 Model parameters  

Some constants and parameters involved in microbial fuel cell processes described in 

Equations (from 3-1 to 3-30) are listed in Table 4-1. During modeling and simulation, 

units of those parameters and variables are not necessarily SI units, but some are 

adjusted to the suitable magnitudes. Microbial parameters of acetate utilizers in 
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anaerobic condition are adopted from literature [156]. Some model parameters 

associated with electrochemical processes, including charge transfer coefficients (αA and 

αC) and exchange current densities (𝐣𝐨𝐀, 𝐣𝐨𝐀𝐔 and 𝐣𝐨𝐂) are estimated from the polarization 

dataset obtained from one of two MFC reactors in this experiment. The quasi-Newton 

approach is used to minimize the χ2 test statistic as an error function: 

χ2 = ∑ (yi
cal−yi

exp)2

yi
exp

n
i=1  (4-31) 

where 𝐧 is the number of data points, and 𝐲𝐢𝐞𝐱𝐩 is the i-th experimental value, and 𝐲𝐢𝐜𝐚𝐥 is 

the i-th calculated value. The polarization curve data of the other reactor is used for 

validation.   
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Table 4-1.  Constants, and design and operational parameters of a microbial fuel cell 
system   
Parameter symbol Description Value Units 
Physical    
F Faraday’s constant 96485 C/mol 
R Ideal gas constant 8.314 J/mol/K 
T Room temperature 298 K 
ΔHc Heat of combustion of acetic acid -875000 J/mol 
M Relative molecular weight of acetic acid 60 g/mol 
Electrochemical     
EA

0’ Formal reduction potential of anode -0.335 V vs. NHE 
EC

0’ Formal reduction potential of cathode 0.51 V vs. NHE 
Reactor configuration    
A Projected surface area of electrode 0.002 m2 
d Distance between anode and cathode 0.075 m 
V Volume of MFC reactor 1.55×10-4 m3 
δ Ratio of anode surface area to MFC volume 13 m2/ m3 
Rc Contact resistance of MFC 20 Ω 
Operational    
D Dilution rate 0-2 d-1 
Sin Substrate concentration 10-2400 g/m3 
Q Flow rate 0-7.8×10-5 m3/d 
σ Conductivity of MFC medium 1.1 S/m 
Rext External resistor 2200 Ω 
[HCO3

-] Bicarbonate concentration 1×10-4.5 kmol/m3 
PO2 Partial oxygen pressure at cathode 0.2 atm 
pH -log10 of proton concentration 7 Dimensionless 
Microbial    
γ Biomass yield from substrate 0.05 g/g 
ku Death rate of suspended bacteria 0.02 d-1 
kw Death rate of attached bacteria 0.02 d-1 
α Bacterial attachment rate 0.05 d-1 
β Bacterial detachment rate 0.05 d-1 
mu Maximum specific growth rate of suspended bacteria 2.4 d-1 
mu Maximum specific growth rate of attached bacteria 2.4 d-1 
au Half saturation coefficient of suspended bacteria 100 g/m3 
aw Half saturation coefficient of attached bacteria 100 g/m3 
wmax Maximum bacterial attachment 0.33a g/m2 
a The maximum amount of bacteria attached on electrode is calculated from the bacteria 
dimensions observed in SEM images, and this value is close to the literature values of 
0.47 to 0.52 g/m2 [23]. 
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4.4 Results and discussion  

4.4.1 Parameter estimation 

Two identically-made MFC reactors with respect to reactor configuration and electrode 

materials were inoculated with the same anaerobic sludge and operated in parallel. After 

MFC were fully inoculated and operated for 30 d, polarization curves of MFC was 

obtained by varying the external resistor from 2200 Ω to 220 Ω, with the electrode 

potentials recorded (Figure 4-2A). The resultant electrochemical parameters estimated 

by fitting polarization curves of electrodes are listed in Table 4-2. The simulation results 

based on the estimated parameters are in good agreement with the experimental data of 

both reactors, as shown in Figure 4-2B and C. The anodic exchange current density of 

62.5 mA m-2 is in the same order of a literature value of 29 mA m-2 [157]. The cathodic 

exchange current density (0.975 mA m-2) observed in this study is higher than that of 

non-catalyzed and bio-catalyzed cathodes [158, 159] but lower than another Pt-based 

cathode [160]. To further validate the model, the external voltage (Uext) during 

inoculation stage is simulated based on the listed parameters except the unit exchange 

current, which is fitted from the experimental data of the inoculation stage to be 0.129 

mA mg-2 biomass and has a difference of 32% from 0.189 mA mg-1 which is fitted from 

polarization curves. This difference can be a result of the change of the activity or 

catalytic effect of the attached biomass during the inoculation and 30 d operation. The 

simulated data and the experimental data of the inoculation stage generally show good 

agreement to each other (Figure 4-2D).  
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Figure 4-2.  Electrochemical parameters estimation and validation. These figures plot the 
electrode potential during polarization experiment (A), model validation for 
experimental data from another identical MFC reactor (B for Uext, and C for Pext), and 
comparison of the simulated and experimental Uext during inoculation stage. 

 
Table 4-2.  Estimated electrochemical parameters for MFC in this study   
Estimated parameters Description Value Units 
αA Charge transfer coefficient, anode 0.318 Dimensionless 
αC Charge transfer coefficient, cathode 0.694 Dimensionless 
joA Exchange current density, anode 62.5 mA/m2 
joAU Unit exchange current, anode 0.189 mA /mg 
joC Exchange current density, cathode 0.975 mA/m2 
 
 
4.4.2 Simulation of batch mode MFC 

Effect of initial substrate concentration 

Simulation of the proposed model is performed through Matlab on a personal computer 

to illustrate the processes of substrate utilization, biomass concentration evolution, and 

voltage generation across an external resistor. Since most MFC studies in literature are 
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carried out in batch mode, this simulation assumes the medium dilution rate D=0 with 

initial substrate (HAc) concentrations of 10, 100, 1000, and 2400 mg L-1, consecutively.  

The simulation results are shown in Figure 4-3. Initial substrate concentrations of 1000 

and 2400 mg L-1 do not show obvious decrease in the first 4 d (Figure 4-3A), but 

substrate is consumed dramatically after this period. MFCs started with the other lower 

substrate concentrations behaved differently from the higher strength cases, as a 

continuous and gradual decrease is observed. The substrate in the case of 1000 mg L-1 

lasts the longest, i.e., 9 d, which almost doubles that of the higher strength cases. These 

results indicate that it is not always the case that more concentrated substrate sustains the 

longest period, and a moderate substrate concentration should be chosen for keeping 

MFC from starvation. Trends of substrate utilization are generally the work of 

suspended bacteria, which can accumulate to a high level and subsequently consume 

substrate at a high rate that rapidly reduces substrate concentration (Figure 4-3B). For 

example, in the cases of 100 and 2400 mg L-1 initial substrate concentrations, the peak 

suspended biomass concentrations are 2.5 and 117 mg L-1, respectively. The latter is 47 

times higher than the former, which consumes substrate in a higher rate due to two 

reasons: the higher level of biomass concentration and the enhanced specific substrate 

utilization rate which is indicated by the Monod equation (Equations 3-15 & 3-16).  
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Figure 4-3.  Simulated time-course profiles of process variables at different initial 
substrate concentration. The simulated variables are the substrate concentration (A), 
suspended (B) and attached (C) biomass concentration, and the external voltage Uext 
(D).  
 
The attached biomass concentrations (Figure 4-3C) accumulate to their plateau values 

(0.033 mg cm-2) for all of those initial substrate concentrations (in 2 d for 1000 and 2400 

mg L-1, and in 4 d for 100 mg L-1), except for the one with 10 mg L-1 substrate, 

indicating that there may exist a lower limit for substrate concentration and thus 

substrate concentration lower than 10 mg L-1 should be avoided during inoculation stage. 

The more the initial substrate concentration is, the longer the attached biomass sustains: 

both last more than 25 d for 1000 and 2400 mg L-1, but only 23 d for 100 mg L-1 before 

the biomass disappears. The electricity generation (Figure 4-3D) is simulated in a form 

of external voltage (Uext) for the initial substrate concentrations of 100 and 2400 mg L-1, 

because both of them fully develop the attached biomass, and are also typical levels for 

the low and high substrate concentrations, respectively. During the first few days of 
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anode inoculation, the growing voltage is caused by the growing attached biomass and 

eventually reaches a plateau value of about 0.39 V. Since the substrate lasts a longer 

period in the 100 mg L-1 MFC than in the 2400 mg L-1 MFC, the electricity generation 

also lasts longer by 4 more days. Energy generated is 25.1 and 40 J for 2400 mg L-1 

MFC and for 100 mg L-1 MFC, with overall energy efficiencies extracted from acetate 

(ηoverall) of 0.46% and 17.7%, respectively. Therefore, based on electricity energy 

generation and overall energy efficiency, the MFC with 100 mg L-1 of substrate 

substantially outperforms the one with 2400 mg L-1. Controlling the initial substrate 

concentration is demonstrated as a way for regulating the suspended biomass 

concentration, and is helpful to harvest more energy out of the substrate for electricity.       

The growing amount of the attached biomass not only enlarges the external voltage 

(Uext), but also improves the external power, evidenced by the gradual expansion of the 

polarization curves by the time in Figure 4-4. These simulations are based on the high 

initial substrate concentration of 2400 mg L-1 in order to avoid a noticeable substrate 

decrease in 2 d. The pattern of the curve expansion is similar to what was observed in 

literature [116, 150], illustrating the importance of the attached biomass on power 

generation.  
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Figure 4-4.  Simulated polarization curves at different moments of inoculation. Attached 
bacteria concentration reach a plateau value after about 2 d, and the polarization curves 
do not change much anymore.  
 
 
Effect of external resistor 

From the comparisons of external voltage and overall energy efficiency, it can be seen 

that under this experimental condition, a 100 mg L-1 of initial substrate works best 

among the four tested substrate concentrations. The next step of this study simulates the 

impact of the external resistor on the batch mode MFC voltage and power generation as 

well as overall energy efficiency. In MFC study, the internal resistance (Rin) is used for 

indicating the overall resistance of a reactor, which is a useful index because varying an 

external resistor to the value of internal resistance generates the maximum external 

power density [35]. Depending on the reactor design and operation, the values of Rin 

may differ but usually is within a range of several hundreds of Ohms, which is also in 

accordance with the observations (332 Ω in experimental study; and 471 Ω in simulation 

study) in MFC reactors in this study. In order to see the effect of external resistors on 
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MFC energy and power generation, a range of resistor covering the values of internal 

resistance is chosen for simulation: 10, 300, 1000, and 2200 Ω.  

The simulation results are presented in Figure 4-5. The smaller value the external 

resistor is, the more rapid the substrate is consumed (Figure 4-5A), which was also 

observed in two-chamber MFC reactors for organic matter removal [111, 161]. The 

main reason is that the heat generation, which depicts the part of energy loss through 

overpotentials (Equation 3-24), is substantially increased with the smaller external 

resistor which corresponds to a greater electrical current [162]. When the resistor 

reduces to 10 Ω, a major part of substrate is lost via heat so that there is not enough 

substrate to support suspended (Figure 4-5B) and attached microbial growth. On the 

other hand, the small resistor is beneficial to organic substrate removal because of its 

substrate utilization rate, and this value would be appropriate for treating high strength 

wastewater such as swine wastewater [163]. A greater external resistor harvests a higher 

external voltage (Figure 4-5C), and takes a longer reaction period. The 10-Ω resistor 

causes an apparently impaired performance due to the failure of the microbial growth. 

Simulation of external power generation (Figure 4-5D) confirms that 300 Ω, which is the 

closest among the three to the internal resistance observed in this study, generates the 

largest power. A similar trend is also observed in a previous experimental study [161]. 

However, this value of resistor sustains a shorter reaction time by 2 to 3 d compared to 

that of 1000 and 2200 Ω. In overall, the 1000 Ω resistor harvests the most energy from 

substrate, achieving overall energy efficiency of 20.7% (Table 4-3). Energy efficiency 
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between 15% and 20% is achieved in experimental studies as best cases [164, 165], 

while a value of around 5% is more frequently observed for general cases [165, 166].  

 
Figure 4-5.  Simulated batch performance of MFC with 100 mg L-1 initial substrate at 
different external resistors. The plots include the following variables: A, substrate 
concentration; B, suspended biomass concentration; C, external voltage; and D, power 
generation. 
 

Table 4-3.  Simulated peak power and energy recovery from external resistor, and 
overall energy efficiency (ηoverall) at different external resistors   
External resistor Peak power Energy recovered ηoverall 
10 Ω 0.0142 1.96 J 0.87% 
300 Ω 0.0998 mW 37.1 J 16.4% 
1000 Ω 0.0882 mW 47.3 J 20.7% 
2200 Ω 0.0685 mW 40.0 J 17.7% 
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4.4.3 Simulation of continuous mode MFC 

Effect of influent substrate concentration and dilution rate 

When MFC reactors are operated in continuous mode, the operational variables that may 

have pronounced effects are dilution rate (D) and influent substrate concentration (Sin). 

These two variables control the substrate inflow rate and biomass washout rate, and 

therefore will eventually impact MFC power generation and energy efficiency at steady 

state. So in the simulation the dilution rate is varied between 0.1 to 2 d-1. The upper limit 

is chosen to be less than the maximum microbial specific growth rate (2.4 d-1) to prevent 

biomass washout. The influent substrate (HAc) concentration is between 10 to 2400 mg 

L-1. The results, including the substrate concentration, suspended biomass concentration, 

attached biomass concentration and overall energy efficiency, are plotted in Figure 4-6. 

Please note that the external power (Pext) is not considered in the simulation of varying 

S0 and D, because it is found that when assuming the attached biomass is fully grown at 

steady state, the external power is rather a function of the external resistor than a 

function of these two operational variables. It should be noted that little MFC studies of 

varying these operational parameters are implemented in continuous mode, so literature 

data for comparison are inaccessible.   

At a given level of the influent substrate concentration, the steady state substrate 

concentration goes up with the increasing dilution rate, basically due to the increased 

substrate inflow to the reactor (Figure 4-6A). When the influent substrate concentration 

is higher than 500 mg L-1, the concentration does not have much impact on the steady 
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state substrate concentration at a given dilution rate. But when the influent concentration 

is lower than 500 mg L-1 and the dilution rate is greater than 1.5 d-1, the steady state 

concentration increases along with the influent concentration. The suspended biomass 

concentration is obviously increases with the influent substrate concentration in a linear 

way at any dilution rate (Figure 4-6B). The dilution rate between 0.5 and 1 d-1 results in 

a maximum suspended biomass at a given influent substrate concentration, because a 

lower rate causes substrate limitation and a higher rate partially washes suspended 

biomass. The attached biomass is more stable and can generally achieve its maximum in 

most cases (Figure 4-6C), except for the cases of Sin which are much less than 100 mg L-

1 and are too low to provide enough carbon sources for supporting the bacterial growth 

and attachment. As to the overall energy efficiency, it can be concluded that a higher 

influent substrate concentration reduces the efficiency (Figure 4-6D). The only 

exception is the case with about 10 mg L-1 of influent substrate and 0.1 d-1 of dilution 

rate, under which condition the attached biofilm is not fully mature due to substrate 

deficiency so that MFC does not generate electricity. Considering the tradeoff between 

higher electrical power generation (reflected by the attached biomass concentration, 

which is the catalyst) and acceptable overall energy efficiency, it is recommended to 

operate MFC with about 100 mg L-1 of influent substrate concentration. Meanwhile, at 

this substrate concentration, the choice of a lower dilution rate, e.g., 0.1 d-1, will help 

achieve lower effluent substrate and better removal efficiency, and the choice of a larger 

dilution rate, e.g., 2 d-1, may help generate more electricity energy.   
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Figure 4-6.  Process variables and MFC performance predicted at steady state under 
different dilution rates and influent substrate concentrations. The simulated variables are 
the steady state substrate concentration (A), suspended (B) and attached (C) biomass 
concentration, and the overall energy efficiency ηext (D). 
 
Effect of external resistor 

The next simulation is implemented for changing electrical currents by varying Rext at 

the operational conditions of Sin and D listed in Table 4-4. The relationship between Rext 

and current I is depicted in the inset of Figure 4-7A. These results are useful for 

determining a suitable range of the external resistor for better substrate removal, power 

generation or overall energy recovery. As shown in Figure 4-7A and Table 4-4, all cases 

result in a maximum power generation (Pext, max) of 0.106 mW at Rext of 352 Ω, except 

for the case of the lowest substrate loading (Sin = 100 mg L-1 and D = 0.1) which has a 
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highest power of 0.091 mW at Rext of 1007 Ω. For the lowest substrate loading case, a 

further decrease of Rext distributes more organic substrate utilization for heat generation, 

and would finally lead to a system failure without electrical generation due to substrate 

limitation for biomass growth. To the contrary, all the MFCs with enough substrate 

generate the same external powers at given Rext. Figure 4-7B plots the results of MFC 

cell efficiency (ηcell, defined in Equation 3-28) which shows that MFC cell efficiency 

decreases with the increasing circuit current (or the decreasing external resistor) because 

of the increased heat loss through the cell (Equation 3-24). Again, the curve of the 

lowest substrate loading differs from the others and is interrupted at Rext less than 928 Ω 

due to insufficient substrate available for biomass growth.    

Table 4-4.  Simulated MFC performance: substrate removal, power generation and 
overall energy efficiency   
 

Sin D Steady state S S removal Pext, max ηoverall, max Rin 
a Rext, P b  Rext, η c 

mg/L d-1 mg/L % mW  Ω Ω Ω 

100  
0.1 0 - 5.26  > 94.7 0.091 0.322 

471 

1007 928 
1 57.6 - 73.5 26.5 - 42.4 0.106 0.105 352 405 
2 79 - 100  < 21.0 0.106 0.156 352 1017 

2400  
0.1 5.17 - 5.26  100 0.106 0.0167 352 352 
1 73.9 96.9 0.106 0.0017 352 352 
2 531  77.9 0.106 0.0011 352 352 

 

a The internal resistance is estimated from the transiently simulated polarization curves 
in the electrical current range between 0.18mA to 0.82 mA.  
b This is the value of the external resistor where the Pext, max is achieved.  
c This is the value of the external resistor where the ηoverall, max is achieved.  



 

 104 

 
Figure 4-7.  Simulated MFC performance at steady state under different electrical 
currents (or external resistors), dilution rates and influent substrate concentrations. The 
simulated variables are the steady state power density (A), MFC cell energy efficiency 
(B), overall energy efficiency at Sin=100 mg L-1 (C) and Sin=2400 mg L-1 (D), and 
effluent substrate concentration at Sin=100 mg L-1 (E) and Sin=2400 mg L-1 (F). 
 

Figure 4-7C and D show the overall energy efficiencies for the influent substrate 

concentrations of 100 and 2400 mg L-1, respectively. For the lower substrate cases, the 

maximum overall energy efficiencies (ηoverall, max) are between 0.105 and 0.322, and 

achieved at external resistors depending on dilution rates (928 Ω at D= 0.1 d-1; 405 Ω at 

D=1 d-1; and 1017 Ω at D= 2 d-1). For the higher substrate cases, the maximum overall 

energy efficiencies are between 0.0011 and 0.0167, and are achieved at Rext = 352 Ω at 

which the Pext, max values are concurrently obtained. So the lower substrate concentration 

reactor has one or two orders of magnitude of higher overall efficiency than that of the 
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higher substrate concentration. This substantial difference is a result of more proliferated 

biomass growth at higher substrate concentration, and the biomass in turn consumes 

more substrate. Please also note that the internal resistance Rin estimated by polarization 

curves is 471 Ω, and is independent of these operational parameters. The steady state 

substrate concentration (S) and substrate removal almost keep unchanging at different 

electrical current (Figure 4-7E and F), but depend on the influent substrate concentration 

and dilution rate as discussed earlier. Removal efficiencies greater than 94.7% or about 

100% are achieved at Sin = 100 mg L-1 and D = 0.1 d-1, and Sin = 2400 mg L-1 and D = 

0.1 d-1, respectively.  

4.5 Conclusions 

The model proposed in this study is based on the assumption that the anode attached 

bacterial monolayer serves as biocatalysts for MFC exoelectrogenesis. By modifying the 

Freter model and combining it with Butler-Volmer equation, this model adequately 

describes the processes of electricity generation, substrate utilization, and suspended and 

attached biomass growth, in both batch and continuous operational mode. MFC 

performances are impacted by various operational variables such as initial substrate 

concentration, external resistor, influent substrate concentration, and dilution rate, and 

their interactions, which are revealed by data simulation to be complicated. The 

simulation results explain that in batch mode, an intermediate initial substrate 

concentration (S0 about 100 mg L-1 at this reactor configuration) is appropriate to 

achieve maximum overall energy efficiency. With the S0 of 100 mg L-1, an external 

resistor (about 300 Ω) with the value  around the internal resistance (Rin of about 471 Ω) 
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boosts the power generation, and a resistor of about two times (about 1000 Ω) of that 

value achieves better overall energy efficiency. However, a small external resistor 

should be adopted for MFC reactors aiming to rapidly remove organic substrates. In 

continuous mode and at Rext= 2200 Ω, the anode-attached biomass can fully grow when 

the influent substrate concentration is equal to or higher than 100 mg L-1 at any dilution 

rates within the tested range. The maximum external power of 0.106 mW can be 

achieved at Rext= 352 Ω when there is enough substrate to sustain the power generation. 

An influent substrate concentration of 100 mg L-1 achieves the overall energy efficiency 

greater than 10%. The high substrate concentration, e.g., 2400 mg L-1, encourages 

substantial biomass growth and thus reduces the overall energy efficiency to less than 

2%. For the low influent substrate concentration (100 mg L-1), the maximum power 

generation and overall energy efficiency cannot be concurrently achieved, and to operate 

MFC at an external resistor Rext close to the internal resistance (Rin) or two times of Rin is 

recommended to obtain optimal values for both indices. Overall, this relative simple 

model provides a convenient way for evaluating and optimizing performance of MFC 

reactors by regulating operational parameters.    
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Chapter 5. Electricity Generation, and Organic Matters and Nutrients 

Removal for Swine Wastewater Using Microbial Fuel Cells 

5.1 Introduction 

The larger and intensified swine production in recent years generates an increasing 

amount of high-strength wastewater that needs to be treated before disposal. The liquid 

waste from swine industry is mainly in the form of pig wastewater or slurry, a mixture of 

feces, urine, and washing water. The wastewater has a varying amount of chemical 

oxygen demand (COD, roughly between10000 and 50000 mg/L), total N (3000 to 5200 

mg-N/L), NH4-N (1820-3330 mg-N/L) and phosphorus (660-920 mg/L) [10]. The 

production facility, manure storage, and even the manure treatment unit [7] may release 

air pollutants such as volatile fatty acids and ammonia. A poor management and 

treatment of the waste would lead to severe environmental issues to soil, water, and air 

[6]. Therefore, developing better management and treatment technologies of the swine 

waste to reduce those pollutants becomes urgent and crucial to sustain the industry.    

Microbial fuel cells (MFCs) are known as a type of bioelectrochemical reactors that may 

find potential uses in energy extraction from and treatment of swine wastewater due to 

the rich amount of degradable volatile fatty acids and high energy density available in 

this type of wastewater [69]. Basically, the MFCs carry out biological oxidation at anode 

for organic carbon, and electrochemical or biological reduction at cathode [14]. Despite 

a large amount of studies related to using synthetic wastewater of acetate and butyrate 

solution, this technology has also been tested to treat wastewater. It has been shown that 
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wastewater can be used as substrate for electricity generation with simultaneous 

reduction of COD and nitrogen concentrations [74, 75]. Among the removed organic 

matters, volatile fatty acids, an indicator of odorous chemicals, can be completely 

degraded (>99%) in MFCs at the end of a batch (260 h). The ammoniacal nitrogen 

removal by MFCs is another advantage among its applications in treating animal 

wastewater [100]. One study compared an air-cathode MFC and a two-chamber MFC 

for their ammonium removal performance and mechanism [100] and found that the 

former removed 60% ammonium in 5 d at an initial concentration of 188 mg NH4-N/L 

with little accumulation of nitrite and nitrate (<1.5 mg/L). In the latter, ammonium was 

removed mainly by a physical way of air sparging. A lack of direct ammonium oxidation 

on anode was confirmed by the cyclic voltammetry test in another study, where a direct 

oxidation would only happen after a long period of acclimation in solution containing 

high ammonium concentration [56]. High strength of ammonium, e.g., a concentration 

of higher than 500 mg-NH4-N/L, was found severely inhibitory to electricity generation 

and substrate removal in MFCs based on studies using synthetic wastewater [15]. This 

inhibition indicates that a careful control over ammoniacal nitrogen level is important 

for MFCs. Since zeolite is a natural alumino-silicate mineral, and an effective and 

selective sorbent for ammonium adsorption in wastewater [93, 95], its adsorption 

capability could be beneficial for controlling ammonium concentration, thus reducing 

the inhibitory effect of ammonium in MFCs.  

In this study, experiments were conducted to evaluate the electricity generation and 

treatment performance for swine wastewater using air-cathode microbial fuel cells. For 
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electrochemical performance, the voltage and power output, and energy and Coulombic 

efficiencies were calculated. The kinetics (zero-, first- or second-order degradation) of 

organic matter and major nutrients changes in the MFC medium, such as COD, total 

ammoniacal nitrogen, nitrite, nitrate, and phosphate, were evaluated. In order to 

optimize the MFC performance, pretreatment methods including wastewater dilution 

and adsorption, and different external resistors were evaluated to determine if power 

output, energy and Coulombic efficiencies were improved by eliminating chemical 

inhibitions and by reducing external resistors.  

5.2 Materials and methods 

5.2.1 MFC design  

Single-chamber air-cathode MFC reactors, with a total volume of 150 mL, were 

fabricated from clear/extruded acrylic tubes (5 cm in internal diameter and 7.5 cm in 

length), covered with 0.25 cm thick plexiglass acrylic endplates at both ends. The anode 

was made from plain carbon cloth. The air-cathode was made from 0.5 mg/cm2 Pt-

containing (10% in carbon black) carbon cloth treated with Nafion, and with 

polytetrafluoroethylene (PTFE) as a gas-diffusion backing layer [66]. The projected 

surface area of both anode and cathode was 20 cm2. The inoculum source for MFC 

reactors was the anaerobic sludge obtained from a covered lagoon in Southern Research 

and Outreach Center (SROC) of University of Minnesota, Waseca, MN. During MFC 

operation, about 2 mL of distilled water was daily added to reactor to maintain liquid 

volume as it was lost through volatilization through cathode. A 2200 Ω resistor was 
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connected in the circuit as an external load. The voltage (𝑉𝑒𝑥𝑡) evolution across resistors 

was measured by voltage probes and recorded by a CR 1000 data logger (Campbell 

Scientific, Inc., Logan, UT). For some experiments, the anodic and cathodic potentials 

were monitored using standard Ag/AgCl electrodes (MF-2072, BASi, Inc., West 

Lafayette, IN).  

In order to determine the ammonia volatilization through cathode, one of the swine 

wastewater-fed MFCs was slightly modified so that the air facing the outside of cathode 

was trapped and slowly conducted via a peristaltic pump to an Erlenmeyer flask 

containing 100 mL of 1 mol/L sulfuric acid solution. The final solution was analyzed for 

concentrations of ammonium-N (NH4
+-N), nitrate-N (NO3

--N), nitrite-N (NO2
--N). A 

small amount of solid was observed to precipitate at the cathode side, and so it was 

dissolved in 100 mL of distilled water for determination of the amounts of the soluble 

phosphate and the inorganic nitrogen compounds.   

5.2.2 MFC operation 

The swine wastewater collected from a swine farm in SROC was sieved through a 1-mm 

mesh to remove sand, gravels, and plant residues, and stored at 4°C in a refrigerator 

prior to use. The prepared wastewater was then fed to MFCs as full-strength substrate, or 

after diluted in distilled water in order to investigate the effect of the strength of swine 

wastewater on MFC power generation. Dilution was made at different levels (defined as 

the ratio of the final volume after dilution to the initial volume) of 10, 5, 3, 2 and 1, and 

the diluted wastewater were fed to an MFC sequentially. Another MFC was fed with 
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non-diluted and two-fold diluted wastewater. When the voltage readings were stabilized 

after two days since the medium replacements, the corresponding polarization curves 

were obtained by varying external resistors on the circuits.     

Another pretreatment method was adsorption of potentially inhibitory components in 

swine wastewater, e.g., the high strength of organic matters indicated by COD or VFA, 

and ammonium using natural zeolite (St. Cloud Mining Company, Tucson, AZ) or 

granular activated carbon (GAC; Sigma-Aldrich, St. Louis, MO). The wastewater 

samples were shaken for 24 h in flasks filled with a zeolite dose of 75 g/L-wastewater, 

or with a GAC dose of 150 g/L, or a combination of both the zeolite and GAC. The 

pretreated wastewater samples were then filtered through 1-mm mesh to remove the 

adsorbents, and the filtrates were used as substrates in different MFCs, which were 

operated until the generated voltages sharply declined.  

In order to evaluate the effect of external resistors on MFC performance such as 

wastewater treatment efficiency and power generation, the MFC was fed with 8-fold 

diluted swine wastewater but connected to different external resistors of 2200, 330, and 

33 Ω in each batch. Each experiment was repeated once.       

5.2.3 Characterization of swine wastewater 

Swine wastewater and MFC medium were collected and filtered through 0.25 μm 

syringe filters for characterization. The soluble chemical oxygen demand (COD), 

volatile fatty acids (VFA), ammonium-N (NH4
+-N), nitrate-N (NO3

--N), nitrite-N (NO2
--

N), and phosphate-P (PO4
3--P) were analyzed using a spectrophotometer (Hach DR 
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2800, Hach Company, Loveland, CO), pH a pHTestr10 pH meter (Oakton Instruments, 

Vernon Hills, IL), and conductivity an HI 8700 conductivity meter (Hannah Instruments, 

Woonsocket, RI).  

The acetate and butyrate concentrations were quantified using a gas chromatograph (GC; 

CP-3800, Varian Inc., Palo Alto, CA) equipped with a flame ionization detector. A 

fused-silica capillary column (HP-FFAP, 30 m×0.25 mm×0.25 μm) was used. The 

injector and detector temperatures were set at 220°C and 250°C, respectively. The 

temperature in the oven was kept at 60°C for 2 min, ascended to 140°C at 8°C min-1, and 

then kept constant at 140°C for another 6 min. Helium with a flow rate of 25 mL min-1 

was used as the carrier gas. 

5.2.4 Calculation  

Electrochemical performance 

The current (𝐼) and power (𝑃) outputs of MFC were calculated as follows: 

𝐼 = 𝑉𝑒𝑥𝑡
𝑅𝑒𝑥𝑡

   (5-1) 

𝑃 = 𝑉𝑒𝑥𝑡2

𝑅𝑒𝑥𝑡
   (5-2) 

The maximum power output can be calculated as follows:  

𝑃𝑚𝑎𝑥  =   𝑉𝑏2 (4⁄ 𝑅𝑖𝑛𝑡)  (5-3) 

where 𝑉𝑏 was the maximum voltage output, and 𝑅𝑖𝑛𝑡 was the internal resistance, both of 

which were estimated from polarization curves of 𝑉𝑒𝑥𝑡  =  𝑉𝑏 –  𝐼𝑅𝑖𝑛𝑡 [88].  
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The total power (𝑃𝑐𝑒𝑙𝑙) extracted by the electrical circuit of MFC, including both the 

power for the electrical energy and heat, was the product of the electromotive force 

(Eemf, assumed to be 0.8 V) and the measured current: 

𝑃𝑐𝑒𝑙𝑙 = 𝐸𝑒𝑚𝑓𝐼 (5-4) 

The total chemical energy [165] released from swine wastewater was estimated from the 

change of its COD concentration (𝛥𝐶𝑂𝐷) and its higher heating value (𝛥𝐻𝑐, -460 

kJ/mol) [167]:  

𝑈 = 𝛥𝐻𝑐𝛥𝐶𝑂𝐷𝑉/𝑀 (5-5) 

where 𝑉 was the liquid volume of an MFC reactor, and 𝑀 was the COD value (g-

COD/mol) of the organic matter which was expressed in the chemical formula of 

CH1.69N0.06O0.51 with the carbon normalized to be 1 [167]. Therefore, the MFC energy 

efficiency (𝜼𝒆) based on the generated electrical energy, and the total energy efficiency 

(𝜼𝒕) based on both electrical energy and heat, were defined as follows:  

𝜂𝑒 = ∫ 𝑃
𝑈
𝑑𝑡𝑡

0  (5-6) 

𝜂𝑡 = ∫
𝐸𝑒𝑚𝑓𝐼
𝑈

𝑑𝑡𝑡
0  (5-7) 

The Coulombic efficiency, defined as the ratio of the recovered charge to the total 

available charge in organic matter, was calculated as follows [14]: 

𝐶𝑒 = ∫ 𝐼
𝐹𝛥𝐶𝑂𝐷𝑉/8

𝑡
0 𝑑𝑡 (5-8) 

where 𝐹 was the Faradic constant (96,485 C/mol), and the number 8 denoted that 8 

grams of COD could donate 1 mol of electrons.  
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Decay kinetics 

The experimental data of COD, VFA, nitrite, nitrate, and total ammoniacal nitrogen 

(TAN) concentrations were fitted to the most suitable one of the following kinetic 

models, the pseudo zero-, first-, or second-order equations: 

𝐶 = 𝐶0 − 𝑘𝑡   (5-9) 

𝐶 = 𝐶0𝑒−𝑘𝑡   (5-10) 

𝐶 = 𝐶0
1+𝑘𝑡𝐶0

 (5-11) 

where 𝐶0 was the initial concentration of a wastewater characteristic (mg/L), 𝑘 was the 

rate constant different in each equation, and 𝑡 was the reaction time (d).  

5.3 Results and discussion  

5.3.1 Organic matter and nutrients removal  

Electricity generation, and COD and VFA degradation kinetics 

An external voltage of 249 mV on average (Figure 5-1A) was generated over the 40 d 

period when the pre-inoculated MFCs were fed with the un-pretreated, un-diluted swine 

wastewater. This wastewater was initially of high strength as indicated by its high 

soluble COD of 12700-14300 mg/L and total ammoniacal nitrogen (TAN) of 1370-1800 

mg/L. As the average voltage for the 40 mM acetate solution-fed MFC was 383 mV, 

there was a voltage reduction of 134 mV after the swine wastewater was induced as the 

MFC medium. The corresponding decrease of power output was more substantial, from 

66.7 to 28.2 μW by 58%. The trend of the monitored anode and cathode potentials 
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(Figure 5-1B) during the first 15 d suggested that when the swine wastewater replaced 

the acetate solution, both anodic and cathodic overpotentials increased, by about 30 mV 

and 90 mV on day 15, respectively. As such, this high strength wastewater probably 

impacted more on activity of the cathodic catalyst of Pt/C than on that of the anodic 

biofilm, which was quite a surprising result because a previous study revealed a more 

substantial impact on anode than on cathode, as suggested by delayed acetate 

consumption at higher ammonium concentrations [15]. Free ammonia was found toxic 

to Pt catalyst in some chemical reactions, e.g., combustion [168] or low temperature 

oxidation of methanol [169] due to the site competition between ammonia and methanol 

molecules on catalyst . More seriously, oxygen reduction reaction catalyzed by Pt was 

reported to be inhibited by the presence of ammonia/ammonium [170], while the 

mechanism was not clear. Nevertheless, the removal of ammoniacal nitrogen from swine 

wastewater can be beneficial to MFC power generation as a result of the reduction of 

inhibition effect either on anode biofilm or cathode catalyst Pt. The high concentration 

of VFA may also impose inhibitory effect to electricity generation due to reduced 

microbial activity, but the effect had not been directly tested yet in MFCs. Throughout 

the batch operation of 40 d, the average energy and Coulombic efficiencies were 0.37% 

and 1.50% (Table 5-1), respectively. These values, which were not optimized in this 

experiment, were lower than literature values for MFCs fed with pure organic substrates, 

e.g., energy efficiency about 5% and Coulombic efficiency >10% [165, 166].       
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Figure 5-1.  Electricity generation from swine wastewater in two identical microbial fuel 
cells (A) and the electrode potentials of one reactor (B).   
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Table 5-1.  Energy and Coulombic efficiencies of two MFCs fed with swine wastewater   
Parameters  MFC A MFC B Unit 
Recovered electrical energy  101  99.0 J 
Recovered charge 389 381 C 
COD removal  2.15 2.10 g 
Energy efficiency  0.37 0.37 % 
Coulombic efficiency 1.50 1.50 % 
 

The degradation of the soluble COD and VFA followed pseudo first-order kinetics 

(Figure 5-2). The time course of degradation can be categorized into two stages 

according to the scatterplots: during the first stage (before 30 d), the fitted curve showed 

a larger slope than that of the second stage (between 33 d and 48 d), illustrating that the 

organic matters were decomposed more quickly in the first stage. The resulting kinetic 

parameters were listed in Table 5-2. The half-life for COD and VFA degradation was 

7.36 and 4.99 d-1, respectively. After 24 d of operation, 91% of initial soluble COD was 

removed from the wastewater, while  92% of VFA removal was achieved in 18 d. 

Interestingly, the suspended biomass concentration (represented by volatile suspended 

solids, VSS; results not shown) of the wastewater did not increase when COD and VFA 

were decomposed, suggesting that the suspended sludge production in MFCs was 

negligible during organic matter degradation and that a substantial part of organic 

carbon was oxidized to carbon dioxide rather than converted to suspended biomass. It 

should also be noted that the prolific growth of biomass on cathode surface may take up 

some organic matter and nutrients, although it was not quantified in this study. The more 

rapid removal of VFA indicated by the shorter half-life time, especially the acetate 

removal evidenced in Figure 5-3, was consistent with previous studies that VFA was 
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less recalcitrant than other organic matter in swine wastewater [75] and that VFA was 

suitable substrate for microbial consortia in MFCs. Given the availability of high 

concentration of VFA, swine wastewater has a promising potential to provide substrate 

for MFC electricity generation compared to other wastewater sources [171, 172]. 

 
Figure 5-2.  Evolution of pH, conductivity, COD, and VFA concentrations in microbial 
fuel cells. 
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Figure 5-3.  Volatile fatty acids in swine manure, and acetate degradation in microbial 
fuel cells. 

Table 5-2.  Kinetic models and parameters for organic matters and nutrients decay of 
wastewater in microbial fuel cells  
Characteristics   Suitable models Initial value k t1/2 (d) * 
pH  Linear  6.7 - - - - 
Conductivity Pseudo-2nd order 12.3 mS cm-1 0.0082 L mg-1 d-1 9.96 
COD  Pseudo-1st order 14300 mg L-1 0.0942 d-1 7.36 
VFA  Pseudo-1st order 8680 mg L-1 0.139 d-1 4.99 
NH4

+-N  Pseudo-1st order 1370 mg L-1 0.0884 d-1 7.84 
NO2

--N  Pseudo-0th order 0.9 mg L-1 0.0173 mg L-1 d-1 26.0 
NO3

--N  Pseudo-1st order 2.2 mg L-1 0.0301 d-1 23.0 
PO4

3--P - 155 mg L-1 - - - 
*The half-time t1/2 is a term only suitable for use in pseudo first-order kinetics, but for 
other kinetic equations here it means the time required for the reduction of the first half 
amount of an initial concentration or a characteristic.  
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During the operation, the pH value gradually increased in a linear manner from 6.7 to 

7.4, while the conductivity of the wastewater decreased from 12.3 to 2.2 mS/cm 

following the pseudo second-order kinetics. This reduction in conductivity led to an 

increase of the Ohmic resistance of the liquid medium from about 30 to 170 Ω, which 

had little impact on the external voltage as it was still small compared with the 2200 Ω 

external resistor. But for MFCs connected to small external resistors, this decrease of the 

conductivity may theoretically have noticeable impact on external voltage output.   

Nutrients removal and kinetics 

Swine wastewater is characteristic of high concentrations of various nutrients, making 

its treatment more challenging. Ammonium was the major component of inorganic 

nitrogen compounds in swine wastewater, while the concentrations of nitrite and nitrate 

were otherwise as low as 1 mg/L and 7 mg/L, respectively (Figure 5-4). The TAN 

removal followed the pseudo first-order kinetics (Table 5-2) with 90% of the initial TAN 

(1370 mg-TAN/L) removed from the wastewater on day 27. The nitrite and nitrate 

concentrations, despite low, increased abruptly after the swine wastewater was fed to 

MFCs, and the decays of these compounds were slow and followed the pseudo zero- and 

first-order kinetics, respectively. So the oxidation of ammonium to nitrite/nitrate in 

swine wastewater in MFC was negligible throughout the experiment. This result was 

quite different from an earlier study using synthetic wastewater where nitrite 

accumulated to be high after acetate depletion [15], but consistent with another study 

using diluted swine wastewater that reported only a little amount of nitrite/nitrate 

accumulation, i.e., up to 11.3 mg-N/L in total [74].  
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The rapid ammonium removal in MFCs was impressive, and its mechanisms were 

diverse. As the assimilation of suspended biomass in MFCs was low, the conversion of 

ammonium as nitrogen source to organic nitrogen was deemed negligible. The 

conversion of the ammonium to nitrite or nitrate, either by biological or chemical 

pathways, was also unnoticeable because these concentrations were low and 

continuously declining after the first few days. Some abiotic processes may facilitate the 

ammonium removal as a result of spatial heterogeneity of the liquid body in MFCs, e.g., 

by ammonia volatilization on cathode proposed in a previous study [100] and by struvite 

formation [63]. Driven by an elevated local pH value near cathode [173] because of 

oxygen reduction reaction, the partial pressure of gas phase ammonia (NH3 (g)) increased 

and was finally volatized through the gas-diffusion layer of the cathode, with the 

equations shown as follows: 

NH4
+  < −− >  NH3 (l) + H+   (5-12) 

NH3 (l) < −− >  NH3 (g)    (5-13) 

So after 42 d operation, the analysis of the air captured from the outside of the MFC 

cathode in sulfuric acid solution detected an amount of 13.6% of the initial TAN in 

swine wastewater. The balance of the TAN loss may be a result of assimilation, and N2 

formation due to nitrification-denitrification process which was not quantified in this 

study. For comparison, anaerobic digestion of swine wastewater without MFC process 

had a stable TAN concentration but a little reduction due to biogas volatilization. 

Anaerobic digestion of synthetic wastewater (10 mM of sodium acetate and 10 mM of 

sodium chloride) resulted in a TAN concentration reduction in the two days and 
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approximately recovered to the initial level in the next three days, as a result of 

sequential assimilative and dissimilative metabolism of microorganisms. The idea of 

collecting ammonia through gas-diffusion or gas-permeable membrane, mostly PTFE 

materials, was tested in air cleaning [174] and livestock wastewater [175]. Compared to 

the direct use of the membrane, an obvious advantage of using MFC is the local pH 

elevation in vicinity of cathode, which accelerated ammonia volatilization. So MFC 

technology demonstrated its promising use in complete extraction of ammonia from 

wastewater. The released ammonia then can be captured by sulfuric acid to generate 

ammonium sulfate [(NH4)2SO4] solution that can be used as a fertilizer provided suitable 

concentrations. However, since the recovered ammonia only accounted for 13.6% of the 

TAN loss, some modifications are needed to polish this process. For example, 

decreasing the thickness of the cathodic biofilm, which imposes resistance to ammonium 

transfer to cathode surface, may increase the ammonia flux through the diffusion layer. 

Alternatively, increasing the ratio of the surface area of the cathode to liquid volume will 

theoretically increase the flow of ammonia through the diffusion layer.  

Phosphate was gradually removed in the first 10 d operation, and its concentration 

thereafter remained quite stable, but the removal was far from completion even after 42 

d operation, resulting in PO4
3--P concentration of 94 mg/L or a 39% reduction of the 

initial concentration of 155 mg/L. The removal was realized by phosphate salt 

precipitation and struvite formation on cathode [64]. The solid collected on the air-

facing side of the cathode was dissolved in water for analysis, and it collected 95.5% of 

the removed phosphate, and also 1.4% of the removed inorganic nitrogen compounds. 
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Even though MFC can play an effective role in TAN removal for swine wastewater, it is 

not very efficient in phosphate removal. If the solid precipitation or struvite formation 

on cathode can be accelerated and improved by optimizing reaction conditions, the 

phosphate removal may be improved as well. The precipitate needs further analysis by 

X-ray diffraction (XRD), which will qualitatively determine the type of the crystalline 

after comparing to synthesized struvite and other salt samples [176].  

 
Figure 5-4.  Nutrients (ammonium, nitrite, nitrate, and phosphate) removal in microbial 
fuel cells. 

 
5.3.2 Effects of dilution 

It was mentioned above that the MFC fed with swine wastewater generated less external 

voltage than that fed with acetate solution, due to the increased electrode overpotentials 

as a result of certain types of inhibition induced by swine wastewater (Figure 5-1). To 

clarify this, swine wastewater diluted at different ratios (dilution factors between 2 and 

0

200

400

600

800

1000

1200

1400

1600

0 10 20 30 40 50
Reaction time, d

NH4
+-N, mg/L

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50
Reaction time, d

NO2
--N, mg/L

0

1

2

3

4

5

6

7

8

0 10 20 30 40 50
Reaction time, d

NO3
--N, mg/L

0

1

2

3

4

5

0 20 40

Time, d

ln(C0/C)

0

0.5

1

1.5

2

0 25 50

Time, d

ln(C0/C)

0

30

60

90

120

150

180

210

0 10 20 30 40 50
Reaction time, d

PO4
3--P, mg/L



 

 124 

10) was used as MFC substrate to see if the power output could be increased. The 

soluble COD, VFA, conductivity (as low as 1.8 mS/cm) and nutrients concentrations 

were proportionally decreased when the wastewater was diluted, and the resulting pH 

values were between 6.5 and 6.8.  

Figure 5-5A showed the polarization curves of an MFC fed with wastewater of different 

dilution factors in a descending order. The diluted swine wastewater, from 10 to 2 folds, 

generated comparable power output at 2.2 kΩ, with a decrease of power from 50 to 40 

μW when less diluted; however, when the undiluted wastewater was used as the 

substrate, the power output was abruptly reduced to only 11 μW, which was only about 

20% of the power generated in the 10-fold diluted wastewater and clearly demonstrated 

an inhibitory effect on power generation by the high strength swine wastewater. The 

similar effect happened to the maximum power output, which was determined at an 

optimized external resistor according to polarization curves. Again, as free ammonia was 

found toxic to anodic bacteria [15] and also possibly to Pt-catalyst on cathode, the high 

TAN (1370 mg/L) in swine wastewater can be attributed to the occurrence of inhibition 

to electricity generation. High concentration of VFA, especially the propionate, an anion 

of three-carbon volatile fatty acid, showed inhibition to methanogens as a result of end-

products inhibition [177]; however, it was not clear if the VFA displayed any toxicity to 

MFCs here. Dilution of the wastewater reduced the inhibition to electricity generation, 

but also increased the amount of the waste stream and, consequently, the burden of 

treatment.  
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This finding that a lower substrate concentration stimulated power generation was 

inconsistent with previous results based on acetate or swine wastewater [74, 165]. 

Assuming there are three factors playing roles in the power output, i.e., TAN inhibition, 

Ohmic resistance of the solution, and the external resistors, these contradictory results 

can be explained by the overall effects of the varying levels of these three influential 

factors. Simply put, when the value of the external resistor was comparable to or less 

than the Ohmic resistance of the solution (depending on the solution conductivity or 

dilution factors), the more diluted medium generated less external voltage and power as 

more voltage was distributed to the Ohmic resistance; however, when the external 

resistor was much higher than the Ohmic resistance, most of the voltage was distributed 

to the external resistor, so the inhibition of ammonia on the overall voltage was reflected 

on the reduced external voltage and power.   
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Figure 5-5.  Polarization curves of microbial fuel cells fed with swine wastewater of 
different dilution factors. 
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5.3.3 Effects of external resistors 

The external resistor was another factor that might impact the MFC performance, so this 

study evaluated MFCs which were fed with the same diluted swine wastewater (a 

dilution factor of 8) but sequentially operated at external resistors of 2200, 330, and 33 

Ω (Figure 5-6). The average internal resistance of these two reactors, regardless of the 

external resistors, was 547 Ω. As expected, the lowest external resistor (33 Ω) generated 

the largest electrical current, and the external resistor (330 Ω) closest to the internal 

resistance produced the largest power (Table 5-3). The energy efficiency of the MFC 

connected to 330 Ω was 1.10%, the highest among the three. However, the total energy 

efficiency achieved was highest (7%) with the lowest external resistor of 33 Ω. 

Similarly, the highest Coulombic efficiency was achieved (8.96%) also with the lowest 

resistor. As more chemical energy was converted to electricity and heat for lower 

resistors, the substrate was consumed at higher rates. As a result, the required operation 

time of MFCs was shortened by 5.3% from 4.33 to 4.10 d when the 2200 Ω external 

resistor was changed to 33 Ω, demonstrating a little higher rate of organic matter 

removal. The further reduction of the external resistor, e.g., to 0 Ω as in a short circuit, 

would not substantially reduce the operation time because the internal resistance would 

override the external resistor. Smaller external resistors of MFCs were previously 

observed being able to expedite the glucose degradation [161]. The effect of reducing 

external load was also found useful in electron donor removal. When nitrate was used as 

the electron donor, the lower external resistor of 10 Ω removed all nitrate in 25 h while 

the higher external resistor of 1000 Ω removed only 38% [111]. It can be concluded 
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from those results that although the power and energy efficiency decrease with a lower 

external resistor, the wastewater treatment performance is expedited. Even though it was 

not experimentally demonstrated, a reduction in internal resistance should also improve 

MFC performance in both energy efficiency and wastewater treatment.    

 
Figure 5-6.  External voltage and power of microbial fuel cells fed with swine 
wastewater at different external resistors. 
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Table 5-3.  Effects of external resistors on MFCs performance  
External resistor Voltage  Power Reaction time Efficiencies*, % 
Ω mV μW d Energy Cell energy Coulombic 
2200  384  67  4.33 0.73 1.62 2.07 
330  179  100  4.14 1.10 5.00 6.40 
33  28  28  4.10 0.21 7.00 8.96 

*The efficiencies were calculated based on the COD concentration of the diluted swine 
wastewater.  
 

5.4 Conclusions 

This study modeled the kinetic data of swine wastewater characteristics in MFCs, 

including conductivity, COD, VFA, total ammoniacal nitrogen (TAN), nitrite, nitrate, 

and phosphate concentrations. The removals of VFA and TAN had the half-life times of 

4.99 and 7.84 d, respectively. Among the removed TAN, 13.6% was recovered from the 

evaporated air outside of MFC cathode, indicating its potential use for ammonium 

recovery from animal wastewater. The mechanism for phosphate removal was 

principally the salt precipitation from cathode, and needed improvement as the removal 

was far from completion. MFC with an external resistor of 2.2 kΩ and fed with raw 

swine wastewater generated relatively small power (28.2 μW), energy efficiency 

(0.37%) and Coulombic efficiency (0.15%). The main reason for the impaired 

performance was the inhibitory effects associated with TAN on Pt activity and VFA on 

anodic biofilm activity. Diluted swine wastewater, with a dilution factor of 2 or higher, 

dramatically improved the power generation as the inhibitory effect was reduced. 

Smaller external resistor in the circuit promoted the organic matter degradation and 

shortened the required reaction time in the batch mode.  
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Chapter 6. Selective Sorption of Ammonium and Volatile Fatty Acids 

from Swine Wastewater: Kinetics, Equilibrium, and Improvement in 

Electricity Generation  

6.1 Introduction 

Swine wastewater (SW) is a relatively concentrated wastewater source in both chemical 

oxygen demands (COD) and total ammoniacal nitrogen (TAN) compared to most other 

wastewater sources such as domestic wastewater, landfill leachate and grey water. When 

biological treatment processes are adopted for SW treatment, the high-strength level of 

contaminants can inhibit microbial activities and result in an impaired performance. For 

example, ammonia inhibition can happen to anaerobic digestion. A 50% reduction of 

methane generation may occur due to the TAN concentration exceeding 1700 mg/L 

[178]. Excessive ammonia (TAN higher than 5000 mg/L) was also reported to delay 

biohydrogen production in dark fermentation [179]. For microbial fuel cells, the 

inhibition to the power density was observed for TAN levels of 1000 mg/L [15] and 

3500 mg/L [180]. Despite not being completely removed in pretreatment, partial 

reduction of TAN to 1000 mg/L, regardless of the mitigation methods used, is beneficial 

to the subsequent biological processes.  

There are several options for ammonium removal from swine wastewater, such as air 

stripping, nitrification-denitrification, anammox, and sorption [95]. Among these 

methods, ammonium sorption can be a superior way because an excessive loading of 

TAN will not damage reactor systems, and it is a rapid and reversible process: the 
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ammonium absorbed can be released [93] to the aqueous phase again when its 

counterpart in water is consumed. Another advantage of sorption is that this process can 

be easily incorporated into other biological processes through packed-bed columns or 

teabags [96, 181]. 

Zeolite is a natural alumino-silicate mineral, found to be an effective and selective 

sorbent for ammonium in wastewater [93-95]. The sorption is a result of its building 

block, a tetrahedron structure, where a silicon or aluminum atom is located at the center 

and four atoms of oxygen outside. The substitution of Si4+ by Al3+ leaves the structure a 

negative charge, and thus allows cation exchange and sorption with the external 

environment. The ammonium sorption performance depends on factors such as chemical 

components of zeolite, modification methods used, initial ammonium concentrations, 

presence of other competing cations, the amount of zeolite added, reactor types, pH, 

temperature, and reaction time. In a sorption study based on batch operation of stirred 

shakers, 4.5 mg/g of sorption capacity was achieved in 24 h reaction for synthetic 

wastewater containing 500 mg/L initial TAN [96]. The Langmuir model fitting showed a 

maximum sorption capacity up to 10.84 mg/g. Another study using high TAN (4500 

mg/L) swine wastewater also revealed a 46% ammonium removal within 24 h with a 

zeolite loading of 5 g/25 mL [98]. All these results show a possibility of using zeolite as 

sorbents to reduce ammonium nitrogen for swine manure.   

Literature survey shows that studies on zeolite for ammonium sorption in swine 

wastewater are relatively rare [98, 181], let alone studies on isotherm, kinetics, and 

thermodynamics regarding this high-strength wastewater source. The objectives of this 
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study were to evaluate the performance of zeolite for ammonium removal in high-

strength swine wastewater at various experimental conditions, e.g., at different dosages, 

TAN concentrations, pH, and temperatures, and with the addition of granular activated 

carbon (GAC). Sorption isotherm, kinetics, and thermodynamics were investigated for 

the first time in literature to fully understand ammonium sorption for swine wastewater 

treatment. Finally, the selectively treated swine wastewater by zeolite and GAC were fed 

into MFC to see its improvement on electricity generation  

6.2 Materials and methods 

6.2.1 Natural zeolite and GAC 

Natural zeolite used in this study was bought from St. Cloud Mining Company, Tucson, 

AZ. It was a granular product prepared from natural minerals, with 8-14 mesh, which 

corresponded to 1.40-2.38 mm of sieve size. The major oxides components were SiO2 

(70%) and Al2O3 (12%). Granular activated carbon (GAC), with 8-20 mesh, was 

procured from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO).  

6.2.2 Swine wastewater 

The swine wastewater (SW) was collected from a temporary container in a swine barn 

located in Waseca, MN, which was then screened through 1-mm sieve and kept in a 

refrigerator at 4 oC before use. The initial TAN concentrations of the swine wastewater 

were between 1310 and 2080 mg/L.    
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6.2.3 Experimental design for batch studies 

Different doses of zeolite were added into 40 mL of SW in 125-mL flasks, from 1 g to 6 

g with 1 g increment. The flasks were then shaken on a continuously stirred mechanical 

shaker for 12 h at room temperature, followed by 36 h settling. The initial and final 

COD and ammonium nitrogen concentrations were evaluated using a spectrophotometer 

(Hach DR 2800, Hach Company, Loveland, CO).  

For adsorption kinetics studies, 3 g zeolite in 40 mL SW was added to a flask with 250 

mL SW. The flask was then subject to shaking in a mechanical shaker reactor, and the 

supernatant was sampled for analysis at 5, 10, 20, 30, 45, 60, 90, 120, 180, 240, and 300 

min.  

In order to investigate the effects of initial ammonia concentration, pH, and temperature 

on ammonia removal, sorption experiments were conducted at different dilution factors 

(1, 2, 4, 8, and 16), initial pH values (5, 6, 7, 8, and 9), temperatures (25 °C, 35 °C, 45 

°C, and 55 °C), and filtration pretreatment (filtered through sieves of 1, 0.25, 0.15, and 

0.075 mm).  

6.2.4 Analysis for sorption kinetics 

Multiple steps or mechanisms occur in sorption processes, so it is necessary to evaluate 

and choose suitable kinetic models. Four kinetic models, including pseudo first-order, 

pseudo second-order, intra-particle diffusion, and Elovich equations, were chosen to 

describe the sorption processes of ammonium onto zeolite. The experimental data were 
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fitted to these models for kinetic parameter estimation. The pseudo first-order model 

[182] is widely used for adsorption kinetics, and its equation is given as follows: 

dqt
dt

= 𝑘𝑓(𝑞𝑒 − 𝑞𝑡)  (6-1) 

After integrating the above equation by applying boundary condition (𝑞𝑡= 0 at t = 0), it 

can be arranged and linearized as: 

ln(𝑞𝑒 − 𝑞𝑡) = ln𝑞𝑒 − 𝑘𝑓t   (6-2) 

where 𝑞𝑡 (mg/g) is the adsorbed amount of adsorbate at time t, 𝑞𝑒 is the equilibrium 

adsorption capacity (mg/g), and 𝑘𝑓 is the rate constant (h-1) of the pseudo first-order 

kinetic model.  

The pseudo second-order model [183] assumes that adsorption follows a second-order 

reaction: 

dqt
dt

= 𝑘𝑠(𝑞𝑒 − 𝑞𝑡)2  (6-3) 

After integrating the above equation and applying boundary condition, it can be arranged 

in a linear form: 

𝑡
𝑞𝑡

=  1
𝑘𝑠𝑞𝑒2

+ 𝑡
𝑞𝑒

  (6-4) 

where 𝑘𝑠 is the rate constant (g mg-1 h-1) of the pseudo second-order kinetic model. 

Please note that both 𝑞𝑒 values of the first- and second-order models were chosen to be 

the sorption capacities of the very last samples during kinetic experiments.   
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The experimental data were also fitted to intra-particle diffusion model [95], which is 

expressed as follows: 

q𝑡 =  k𝑑𝑡1/2 +  𝐶  (6-5) 

where 𝑘𝑑 is the rate constant (mg g-1 h-1/2) of intra-particle diffusion, and 𝐶 is the 

intercept. 

The Elovich equation [95] was expressed as follows:  

dqt
dt

= αe−β𝑞𝑡  (6-6) 

The linear form of the Elovich model is as follows: 

qt = (1/β) ln(αβ) +  (1/β) ln t  (6-7) 

where α is the initial adsorption rate (mg g-1 h) and β is a parameter (g mg-1) considered 

to be related to desorption constant [184]. 

6.2.5 Analysis for adsorption isotherms  

Parameters, such as the maximum adsorption capacity and energy constant, are also 

important to understand sorption process and essential for designing sorption-based 

reactors. These parameters can be determined in sorption isotherms studies which model 

the amount of absorbed sorbate in sorbents and sorbate concentrations in solution at 

equilibrium. Various empirical or theoretical models were considered in this study for 

their adequacies for modeling ammonium sorption. The Freundlich model is one of the 

most widely used empirical models for sorption, expressed as follows: 
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qe = KFCe
1/n  (6-8) 

The linearization of the Freundlich [185] model is as follows: 

lnqe = lnKF + 1
n

lnCe  (6-9) 

where qe is the amount of substrate sorbed (mg/g), KF is the Freundlich absorption 

constant (L/mg) related to bonding energy, Ce is the equilibrium sorbate concentration in 

solution (mg/L), and 1
n
 is the heterogeneity factor.  

The Langmuir model [186] is represented as follows:  

qe = qmKLCe
1+KLCe

  (6-10) 

The linearization of the Langmuir model is as follows: 

1
qe

= 1
qm

+ 1
qmKLCe

  (6-11) 

where qm is the maximum adsorption capacity (mg/g), and KL is the Langmuir constant 

relating to binding energy (L/mg).  

The Temkin model is given as follows: 

qe = RT
b

ln (KTCe)  (6-12) 

The linear form of the Temkin equation is as follows: 

qe = RT
b

ln KT + RT
b

ln Ce  (6-13) 
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where RT
b

 is a term relating to the heat of sorption, R is the ideal gas constant (8.314 J 

mol-1 K-1), T is the absolute temperature (K), and KT is the binding constant (L/mg) 

relating to binding energy.  

In order to calculate mean sorption energy, the Dubinin-Radushkevish (D-R) model 

[187] was used for some sets of isotherm data: 

qe = qme−β′ε2  (6-14) 

where qm is the maximum adsorption capacity (mg/g), β′ is a constant related to 

sorption energy (mg2 J-2), and ε is the Polanyi potential ( defined as ε = RTln(1 + 1
Ce

)). 

Note that sorbate concentration needs converted to mol unit for this model. Through this 

model the mean sorption energy (E) of unit amount of sorbate separation from solution 

to solid can be calculated as follows: 

E = 1
�2β′

  (6-15) 

6.2.6 Analysis of adsorption thermodynamics  

Thermodynamic parameters, including the change of the Gibbs free energy of adsorption 

(ΔGo, in kJ/mol), enthalpy (ΔHo, in kJ/mol), and entropy (ΔSo, in kJ/mol/K), can be 

obtained by sorption constants calculated from Langmuir or Temkin isotherm models 

[95]: 

ΔGo = −RTlnK  (6-16) 

ΔGo = ΔHo − TΔSo (6-17) 
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where K (L/mol) is the sorption constants.  

6.2.7 Statistic analysis 

When experimental data were transformed and fitted to linearized models, the lease 

square method was used to determine a best fit. This method minimizes the objective 

function of the residual sum of squares (RSS; or sum of squared errors, abbreviated as 

SSE or ERRSQ):  

RSS = ∑ (ycal,i − yexp,i)2n
i=1  (6-18) 

where ycal,i is the i-th estimated value and yexp,i is the i-th experimental value. The 

coefficients of determination (r2) were calculated as follows: 

 r2 = ∑ (ycal,i−y�)2n
i=1

∑ (ycal,i−y�)2n
i=1 +∑ (yexp,i−y�)2n

i=1
  (6-19) 

where y� is the average value of the experimental variable. Non-linear regression was 

also performed in order to avoid the distortion of error functions during the data 

transformation in linearized models, and here χ2 test was adopted as an error function for 

non-linear regression: 

χ2 = ∑ (ycal,i−yexp,i)2

yexp,i

n
i=1     (6-20) 

Another error function, the hybrid fractional error function (HYBRID), was used to 

compare different regression models. The advantages of this error function are that it 

improves the fit of RSS at low values of dependent variable values, and that it accounts 

for the degrees of freedom in its definition [188]:  
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HYBRID = 100
n−p

∑ (ycal,i−yexp,i)2

yexp,i

n
i=1     (6-21) 

where p is the number of parameters in a model. For the same set of data, HYBRID and 

χ2 test of non-linear regression would yield the same result about the order of the model 

preference, because the degrees of freedom (n - p) of the three regression models were 

identical.  

6.3 Results and discussion  

6.3.1 Sorption kinetics of TAN on zeolite 

The porous morphology of natural zeolite was revealed by scanning electron microscopy 

(Figure 6-1A), and this structure was considered facilitating the sorption process. The 

sorption of TAN in SW on zeolite continued for about 5 h until it was complete (Figure 

6-2). This result showed a longer sorption time of ammonium than literature values, e.g., 

1.3 h [93] and 2 h [95], which were based on either synthetic wastewater or wastewater 

with substantially lower ammonium concentrations. When the ammonium concentration 

increased in real wastewater in which other contaminants were also in presence, the time 

to reach equilibrium was elongated.   
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Figure 6-1.  Scanning electron microscopy (SEM) of natural zeolite (A) and activated 
carbon (B).  

 

 
Figure 6-2.  Regression analysis of ammoniacal sorption on zeolite. A, results of non-
linear regression; B, results of linear regression.   
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The four chosen kinetic models, including the pseudo-first-order, pseudo-second order, 

intra-particle diffusion, and Evolich, fitted experimental data with varying accuracies, 

shown in Figure 6-2 and Figure 6-3. For each model, both linear and non-linear 

regression methods were examined to fit experimental data with better estimated 

parameters. The rate constants, equilibrium sorption capacities, and other estimated 

parameters were listed in Table 6-1. The χ2 values of the non-linear regressions indicate 

that the pseudo-second-order model best described the sorption process among the four 

models (χ2=0.0899), followed in a descending order by Elovich, pseudo-first-order, and 

intra-particle diffusion models, which agreed well with the results of the linear 

regression. The non-linearly estimated equilibrium sorption capacity, qe, was 10.85 mg 

g-1 by the pseudo-first-order and 11.60 mg g-1 by the pseudo-second-order model. The 

latter was more close to the experimental value of 11.58 mg g-1. Under these sorption 

capacities and the zeolite dose (75 g L-1 wastewater), about 800 mg L-1 ammonium 

nitrogen can be removed from the initial wastewater.   
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Figure 6-3.  Linear regression of ammoniacal nitrogen sorption. A, pseudo-first-order 
kinetic model; B, pseudo-second-order kinetic model; C, intra-particle diffusion model; 
and Elovich model. 

 

Table 6-1.  Results of regression analysis using various kinetic models for ammonium 
sorption on zeolite 
  Pseudo-1st order Pseudo-2nd order Intra-particle Elovich 

Non-
linear 

Parameters 
kf, h-1 6.28 ks, g mg-1 h-1 0.861 kd, g mg-1 h-1 3.83 α, mg g-1 h 1800 
qe, mg-1 

g  10.85 qe, mg-1 g 11.60 C, mg g-1 5.01 β, g mg-1 0.72 

χ2 0.391 0.0899 6.05 0.184 
HYBRID 8.06 1.96 21.9 4.11 

Linear 
Parameters kf, h-1 0.8209 ks, g mg-1 h-1 0.768 kd, g mg-1 h-1 3.83 α, mg g-1 h 1800 

  qe, mg-1 g 11.71 C, mg g-1 5.01 β, g mg-1 0.72 
r2 0.767 0.999 0.635 0.909 
HYBRID 12.1 2.70 21.9 4.11 

 

The suitability of the pseudo-second-order model for ammonium sorption was 

previously reported elsewhere [183, 189], which indicated that the sorption overall 

followed a second-order reaction. However, it cannot be concluded that there is no 
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model can be a mathematical coincidence [93] due to the severe simplicity of the model, 

and more importantly, this model does not elucidate the mechanisms of SW ammonium 

sorption on zeolite. As the intra-particle diffusion model poorly fitted to experimental 

data, the assumption of this model may not really hold in ammonium sorption, so the 

intra-particle diffusion may not be the sole rate-controlling step. In fact, when the linear 

regression curves were examined (Figure 6-3C), it can be found through the intra-

particle diffusion model that there were two separate stages happening: the fitting curve 

for the data before 0.5 h passed the origin, indicating that the intra-particle diffusion 

dictated the sorption; afterwards, the curve was still straight but the intercept C 

increased, indicating that the surface diffusion is the rate limiting step. Similar results 

were observed for other sorbents and sorbates in liquid/solid sorption studies [95, 190].      

The different regression models and methods yielded substantially different HYBRID 

values. The smaller HYBRID values corresponded to smaller χ2 values in non-linear 

regression and larger r2 values in linear regression. For both the pseudo-first- and 

second-order models, the non-linear regression resulted in lower HYBRID values than 

linear regression. For the intra-particle diffusion and Evolich models, linear and non-

linear regressions generated the same HYBRID. So when HYBRID was used as a 

criterion for choosing better model parameters, non-linear regression performed better 

than linear regression. This finding is in accordance with literature reports in which non-

linear regression was recommended to achieve better fitting [191], as the data 

transformation for the linear regression usually implicitly distorted error functions. 
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Besides ammonium ion removal, phosphate-P in swine wastewater was substantially 

absorbed by zeolite (Figure 6-4). After 5 h reaction, 46% of initial phosphate-P was 

removed, reduced from 342 to 186 mg/L with an equilibrium adsorption capacity of 2.08 

mg/g. Volatile fatty acids and COD were also slightly reduced by a percentage of 6% 

and 5%, respectively. As a result of ion removal, conductivity of the wastewater was 

decreased from 12.7 to 10.8 mS/cm; pH value was meanwhile increased from 6.79 to 

7.37, while it was still under the tendency of a slight increase.   

 
Figure 6-4.  Removals of other components (A: phosphate-P, volatile fatty acids, and 
COD) of swine wastewater by zeolite addition and the changes of pH and conductivity 
(B).  
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6.3.2 Sorption equilibrium of ammonium sorption on zeolite 

The results of linear and non-linear regressions for ammonium sorption on zeolite at 298 

K (25 °C), mainly in terms of sorption constants and adsorption capacities, were 

tabulated in Table 6-2. All the three isotherm models well fitted experimental data 

regardless of the regression analysis methods used. The Langmuir model was suggested 

to be the most suitable one as indicated by its smallest χ2 value (0.0188) and greatest r2 

(0.995) value, followed in a descending order by Temkin and Freundlich models. 

However, when the results of linear regression were examined by HYBRID, the Temkin 

model achieved the best fit (0.962) among the three models. Similar to the kinetics 

studies, non-linear regression produced HYBRID values smaller than those generated by 

linear regression, indicating non-linear regression can be a more accurate fitting method 

[192].   

Table 6-2.  Results of regression analysis using various isotherm models for ammoniacal 
nitrogen sorption on zeolite at 298 K 
  Freundlich Langmuir Temkin 

Non-linear 
Parameters 

KF * 1.63 KL, L mg-1 0.00104 KT, L mg-1 0.00805 

n 1.94 qm, mg g-1 34.2 b, mg mol g-1 J-

1 296 

χ2 0.058 0.0188 0.0193 
HYBRID 2.89 0.935 0.962 

Linear 
Parameters 

KF  0.405 KL, L mg-1 0.00098 KT, L mg-1 0.00806 

n 1.84 qm, mg g-1 35.3 b, mg mol g-1 J-

1 296 

r2 0.980 0.995 0.991 
HYBRID 2.90 0.968 0.962 

 

Isotherm models elucidate the sorbate distribution between liquid and solid phases at 

equilibrium, and the model parameters can provide information about binding energy 
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and binding capacity. The non-linear regression result of Freundlich parameter KF (mg 

g-1 (L mg-1)1/n) indicated that 1.63 mg TAN could be absorbed by every gram of zeolite 

for a unit increase in equilibrium concentration. The n value (1.94) greater than 1 

indicated a normal Langmuir isotherm [193]. The Langmuir sorption constant KL 

(0.00104 L mg-1) indicated the affinity of the ammonium sorption on zeolite, and the 

maximum sorption capacity qm (34.2 mg g-1) represented the amount of the saturated 

monolayer ammonium on unit weight of zeolite at equilibrium. The parameters of 

Temkin models were also listed in Table 6-2. Similar to the sorption constant in the 

Langmuir model, the Temkin sorption constant KT (0.00805 L mg-1) indicated the 

affinity of the ammonium sorption to zeolite, and can be used to calculate the change of 

Gibbs free energy.        

The non-linear regressions of the three models were further examined for the sorption 

isotherm data at higher temperatures, i.e., 308, 318, and 328 K, with the model 

parameters listed in Table 6-3. At these higher temperatures, all these models fitted well 

to the experimental data (Figure 6-5), while the Freundlich model slightly outperformed 

the other two. The higher the temperature, the smaller the adsorption constants are (KF, 

from 1.63 to 1.16 mg g-1 (L mg-1)1/n; KL, from 0.00104 to 0.000471 L mg-1; and KT, from 

0.00805 to 0.00517 L mg-1), and the larger the maximum sorption capacity (qm, from 

34.2 to 52.0 mg g-1). These trends of the change of adsorption constants and maximum 

sorption capacities were not in agreement with the results from a previous study of 

ammonium sorption in grey water using natural zeolite [95], and this discrepancy will be 

further discussed in the next section. The trend of the change of the maximum sorption 
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capacity was similar to that of the methylene blue adsorption onto zeolite [189]and the 

trend of the change of the sorption constant was similar to the result of the dye sorption 

onto cashew nut shell [190].     

 
Figure 6-5.  Non-linear regression of ammoniacal nitrogen sorption at different 
temperatures. A, 298 K; B, 308 K; C, 318 K; and D 328 K.  
 

Table 6-3.  Results of non-linear regression analysis using various isotherm models for 
ammoniacal nitrogen sorption on zeolite at different temperatures (308, 318, and 328 K) 
  Freundlich Langmuir Temkin 

308 K  Parameters 
KF  1.36 KL, L mg-1 0.00079 KT, L mg-1 0.00681 

n 1.72 qm, mg g-1 39.3 b, mg mol g-1 J-

1 273 

χ2 0.0109 0.0256 0.0388 

318 K Parameters 
KF  1.20 KL, L mg-1 0.000554 KT, L mg-1 0.00552 

n 1.53 qm, mg g-1 47.8 b, mg mol g-1 J-

1 246 

χ2 0.0177 0.0342 0.0774 

328 K Parameters 
KF  1.16 KL, L mg-1 0.000471 KT, L mg-1 0.00517 

n 1.46 qm, mg g-1 52.0 b, mg mol g-1 J-

1 241 

χ2 0.0272 0.0603 0.108 
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6.3.3 Thermodynamic parameters of ammonium sorption 

The Gibbs free energy change (ΔG°) of ammonium sorption onto zeolite was calculated 

from the sorption constants obtained in both Langmuir and Temkim models (Figure 6-6 

and Table 6-4). All the ΔG° values were negative (between -5.14 and -11.7 kJ/mol), 

which indicated that the ammonium sorption was a spontaneous process and naturally 

feasible at the tested temperature range. When plotting ΔG° against temperature, it was 

found that the intercept (the enthalpy change ΔH°) was -22.3 kJ/mol for the Langmuir 

model and -14.9 kJ/mol for the Temkin model. These negative values indicated that the 

sorption was exothermic in nature [194, 195]. But this result was opposite to some other 

studies [95, 196], indicating the complexity of ammonium sorption process by zeolite. 

The entropy change (ΔS°) associated with ammonium sorption was -0.0525 or -0.0107 

kJ/K mol depending on the selected model, comparable but less than a literature value of 

-0.0729 kJ/K mol [195]. This negative value indicated that even though the randomness 

of the whole system always tended to increase, the randomness of the subsystem 

concerning ammonium sorption decreased, which was a result of the sorption of 

ammonium ions into the tetrahedral crystal structure of zeolite. The mean sorption 

energy calculated from the Dubinin-Radushkevish (D-R) model was between 5.29 and 

5.59 kJ/mol. The literature reported that an E value between 1.0 to 8.0 kJ/mol was 

typical for physisorption, and a value between 9.0 to 16.0 kJ/mol was typical for 

chemical ion-exchange adsorption [197]. So this relatively low sorption energy, as well 

as ΔG° the absolute values of which were less than 20 kJ/mol, categorized the SW 



 

 149 

ammonium sorption on zeolite mainly as a physisorption process which was in 

accordance with sorption studies based on synthetic wastewater streams [194, 195, 198].     

 
Figure 6-6.  Gibbs free energy change of sorption at different temperatures. A, ΔG° 
estimated using Langmuir model; and B, ΔG° estimated using Temkin model.  
 

Table 6-4.  Thermodynamic parameters of ammoniacal nitrogen sorption on zeolite   
Temperature Langmuir model Temkin model D-R model 

KL ΔG° KT ΔG E 
K L/mol kJ/mol L/mol kJ/mol kJ/mol 
298 14.6 -6.65 113 -11.7 5.59 
308 11.1 -6.15 95.4 -11.7 5.47 
318 7.76 -5.42 77.3 -11.5 5.29 
328 6.59 -5.14 72.4 -11.7* 5.33 
ΔH° (kJ/mol) -22.3 -14.9 na 
ΔS° (kJ/mol) -0.0525 -0.0107 na 
* This data point was not included for estimation of ΔH° and ΔS°. 
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6.3.4 Effects of operational parameters on ammonium sorption on zeolite 

When zeolite is used to mitigate ammonium nitrogen in swine wastewater, the 

performance of sorption either in batch mode or continuous mode may be dependent on 

several operation parameters. As the kinetic of ammonium sorption was rapid and 

usually not the rate limiting step in a reactor, the performance of zeolite was mainly 

compared based on the final ammonium concentration and removal efficiency.   

Effect of ammonium concentrations and sorbent doses 

The swine wastewater was diluted into distilled water at different dilution rates, resulting 

in a series of concentrations: 130, 260, 520, 1040, and 2080 mg-TAN/L. The ammonium 

removal efficiencies were recorded to be higher than 90% when the initial concentration 

was lower than 520 mg/L (Figure 6-7). The corresponding final concentrations were 

lower than 48 mg/L after 24 h or 46 mg/L after 48 h. Even for the non-diluted SW, the 

final TAN concentration at 48 h can reach 780 mg/L, which value did not cause 

ammonia inhibition for most bioreactors.   
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Figure 6-7.  Ammoniacal nitrogen removals at different initial TAN concentrations 
between 130 and 2080 mg/L.  

 
The amount of TAN that can be absorbed from the wastewater increased with increasing 

the zeolite doses (Figure 6-8). For doses greater than 3 g-zeolite/40 mL-wastewater (or 

75 g/L), the final TAN concentrations reached values lower than 848 mg/L after 24 h. 

Again, although this performance was acceptable for avoiding ammonia inhibition in 

bioreactors, it was insufficient for ammonium removal.  
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Figure 6-8.  Ammoniacal nitrogen removals at different zeolite doses between 0 and 6 
g/40 mL (or 0 to 150 g-zeolite/L).  

 

Effects of pH, filtration treatment, and temperatures 

Figure 6-9 showed that the initial pH value had a slight impact on ammonium removal. 

When the pH varied from 5 to 9, the removal efficiencies were between 53% and 61% 

and peaked at pH 7 to 8, which was the pH range of the unadjusted wastewater samples. 

These effects were also reported by other studies using zeolite as sorbents [95]. This 

slight change in removal efficiency could be attributed to the fact that zeolite helped 

maintain neutral pH in the liquid: the final pH all recovered to between 6.9 and 7.6 

except for the case with the initial pH of 5 (Figure 6-9). It was not recommended to 

adjust pH beyond the range tested in this study basically because extreme pH values 

would be detrimental to the sorption process: zeolite may be partially dissolved at lower 
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pH, while at higher pH the ammonium/ammonia dissociation equilibrium would be 

shifted towards the direction favoring ammonia formation.  

 
Figure 6-9.  Ammoniacal nitrogen removals at different initial pH.  

 
As suspended solids of various sizes could be present in swine wastewater, the 

wastewater samples were filtered though sieves from 0.075 mm to 1 mm of pore sizes. 

The filtration of suspended solids displayed complex effects on ammonium sorption 

(Figure 6-10). Generally speaking, filtrated wastewater speeded up the rate of 

ammonium sorption on zeolite: suspended solids of larger sizes may attach to zeolite 

particles and block ammonium ions to diffuse further inside. So the existence of 

suspended solids may explain the longer time needed to reach equilibrium in this study 

than those of other studies using synthetic wastewater that were actually water solution 

[93].   
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Figure 6-10.  Ammoniacal nitrogen removals after filtration treatment using sieves of 
different sizes.  

 
Ammonium removals were investigated with respect to the effect of temperatures (Fig. 

A5). For most zeolite doses, ammonium removals decreased when the temperature 

increased, except for the data set of 1 g/40 mL wastewater; however, the effect was 

small in that the greatest decrease was only 3.8%, which occurred for the data set of 3 

g/40 mL. So when designing and operating ammonium sorption reactors using zeolite, 

the effect of temperature can be practically neglected.     

6.3.5 Effect of adding GAC on ammonium sorption  

The experimental data and fitted kinetic models of COD sorption on GAC were 

presented in Figure 6-11A and Table 6-5. Different from zeolite sorption, the pseudo-

first-order kinetic model achieved the smallest χ2 value (1.91), followed in an ascending 
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equilibrium COD sorption capacity qe was experimentally measured to be 62.7 mg/g, 

which was close to the estimation (59.5 mg/g) by the pseudo-second-order model.   

 
Figure 6-11.  COD and ammoniacal nitrogen removal using GAC and zeolite, and 
mixture of GAC and zeolite. A, COD sorption on GAC alone; B, COD sorption on GAC 
and zeolite mixture; and C, TAN sorption on GAC and zeolite mixture. 
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Table 6-5.  Results of non-linear regression analysis using various kinetic models for 
COD and ammoniacal nitrogen sorption  
  Pseudo-1st order Pseudo-2nd order Intra-particle Elovich 

GAC for COD 
removal 

 
kf, h-1 4.86 ks, g mg-1 h-1 0.115 kd, g mg-1 h-1 21.1 α, mg g-1 h 2140 
qe, mg-1 

g  54.8 qe, mg-1 g 59.5 C, mg g-1 21.7 β, g mg-1 0.113 

χ2 1.91 3.20 34.8 6.82 

GAC + Zeolite for 
COD removal 

 
kf, h-1 4.34 ks, g mg-1 h-1 0.0815 kd, g mg-1 h-1 27.5 α, mg g-1 h 2290 
qe, mg-1 

g 68.3 qe, mg-1 g 74.7 C, mg g-1 25.4 β, g mg-1 0.0886 

χ2 3.25 0.867 32.8 1.73 

GAC + Zeolite for 
TAN removal 

 
kf, h-1 1.05 ks, g mg-1 h-1 0.0675 kd, g mg-1 h-1 6.91 α, mg g-1 h 53.1 
qe, mg-1 

g 14.1 qe, mg-1 g 17.1 C, mg g-1 0.955 β, g mg-1 0.300 

χ2 0.621 0.189 1.58 0.384 

 

Zeolite and GAC, mixed in quantities of 3 g-zeolite and 6 g-GAC in 40 mL wastewater, 

were used as sorbents for both ammonium and COD sorption. The fitted models were 

shown in Figure 6-11C for COD and 10D for TAN, and parameters were summarized in 

Table 6-5. The pseudo-second-order was the best fitted model, with χ2 values of 0.867 

and 0.189 for COD and TAN, respectively. The equilibrium sorption capacities (qe) for 

both COD and TAN were increased in the mixed sorbents, based on the pseudo-second-

order model, from 59.5 to 74.7 mg/g for COD and from 11.6 to 17.1 mg/g for TAN. This 

could resulted from the facts that GAC alone showed a capability of ammonium sorption 

for swine wastewater (15% reduction in 24 h), and zeolite alone also showed slight COD 

removal, as confirmed in this study. However, the rate constants (ks) of both COD and 

TAN decreased after sorbents were mixed, based on the pseudo-second-order model, 

from 0.115 to 0.0815 g mg-1 h-1 for COD and from 0.861 to 0.0675 g mg-1 h-1 for TAN. 

The reduction on the TAN sorption rate was substantial, which obviously was reflected 

in the shape of the experimental data shown in Figure 6-2A and Figure 6-11C. The 

possible reason can be the exchange of liquid between the bulk liquid phase and the 

highly porous GAC particles (shown in Figure 6-1B), and this process could delay the 
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TAN sorption between liquid phase and zeolite. This change was also accompanied by 

the improved fit of intra-particle diffusion model for the mixed sorbents, indicated by 

the substantial change of χ2 value from 6.05 to 1.58. It can thus be concluded that the 

mixed sorbents disturbed the sorbate diffusion process, especially the ammonium 

diffusion to zeolite.  

6.3.6 Effects of pretreatment by selective adsorption 

The swine wastewater was treated prior to being fed in MFCs, by selective removal of 

potentially inhibitory components from it, i.e., TAN removal by zeolite and VFA 

removal by granular active carbon (GAC). Four MFC reactors performed almost 

identically when fed with 40 mM acetate at the beginning, and then was fed with 

different swine wastewater (untreated, zeolite treated, GAC treated, and both zeolite and 

GAC treated) and examined with respect to power output, energy efficiency, and 

Coulombic efficiency. The wastewater characteristics were listed in Table 6-6. The 

soluble COD was substantially absorbed by GAC, and lowered by 40% from 12700 to 

7610 mg/L. Zeolite neither absorbed COD from the wastewater, nor prevented COD 

adsorption by GAC when it was added to GAC. The adsorption of VFA followed the 

same trend as that of COD although the adsorption capacity was smaller, and VFA was 

reduced by 16% from 7050 to 5900 mg/L. The TAN was reduced by 52% by zeolite 

alone from 1800 to 865 mg/L, and by 17% to 1490 mg/L by GAC if used. Phosphate, 

with an initial concentration of 401 mg-PO4
3-/L (or 131 mg-P/L), was reduced by zeolite 

or GAC by 65% or 57%, respectively. The removal of these ions yielded reduced 
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solution conductivity, but the resulting increase of Ohmic resistance was insignificant 

compared to the external resistor of 2.2 kΩ. The pH value was between 7.5 and 7.7.  

For the untreated swine wastewater, the inhibitory effect was obvious and the generated 

voltage and power were substantially smaller than those of the reactors fed with the 

pretreated wastewater (Figure 6-12 and Table 6-6).  

Table 6-6.  Effects of swine wastewater pretreatment on characteristics and MFCs 
performance after zeolite or GAC adsorption  
 Pretreatment  COD VFA TAN PO4

3--P Cond. Power Efficiencies*, % 

 mg L-1 mg L-1 mg L-1 mg L-1 mS cm-1 μW Energy Coulombic 
Zeolite & GAC  7620 5880 760 49.9 12.8 51.2 0.59 1.98 
Zeolite  13500 7120 865 45.7 14.2 51.1 0.51 1.75 
GAC  7610 5900 1490 58.1 12.8 49.7 0.71 2.30 
Untreated  12700 7050 1800 131 16.2 27.3 0.40 1.68 
*All of the efficiencies were calculated based on the COD concentration of the untreated 
swine wastewater.  
 

For the average power, the untreated wastewater generated a value of 27.3 μW, while 

the others generated 51.2, 51.1, and 49.7 μW after the treatments by adsorption of 

zeolite and GAC, zeolite alone, and GAC alone, respectively. The improvements on 

power generation were 88%, 87%, and 82% by the selective adsorption processes, 

respectively. Given the data in Table 6-6, the improvements of energy efficiency and 

Coulombic efficiency were also remarkable, each by 48%, 28% and 78%, and 18%, 

4.2% and 37%, respectively. Therefore, the selective removal of the overloaded 

components in swine wastewater, either TAN or COD, was very effective in reducing 

their inhibitory effects, and consequently beneficial to improving MFC performance 

with respect to voltage, power, energy and Coulombic efficiencies. Similarly, 
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advantages of zeolite addition were observed in methane production in various types of 

anaerobic digestion, most possibly as a result of the adsorption of overloaded 

ammonium in swine wastewater [199-201].  

 
Figure 6-12.  External voltage evolutions in microbial fuel cells fed with swine 
wastewater after different pretreatment. 

 

6.4 Conclusions 

This study showed that sorption using natural zeolite was an effective way for 

ammonium mitigation in swine wastewater. The kinetic process of the ammonium 

sorption on zeolite was best described by the pseudo-second-order model, and the 

resulting TAN sorption capacity at equilibrium was 11.6 mg/g. The isotherm data were 

best fitted by the Langmuir model, and the maximum TAN sorption capacity was 34.2 

mg/g. For both kinetic and equilibrium studies, the non-linear regression yielded better 

model parameters than the regression after linear transformation, with respect to the 
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HYBRID values. The thermodynamic parameters indicated the spontaneity (ΔG° = -6.65 

kJ/mol by the Langmuir model) and exothermic nature (ΔH° = -22.3 kJ/mol) of 

ammonium sorption on zeolite. The small values of the ΔG° and the mean sorption 

energy (E, obtained using the D-R model) indicated that the swine wastewater 

ammonium sorption on zeolite tended to be more of a physisorption process. Addition of 

GAC in zeolite decreased ammonium diffusion to zeolite particles, but it enhanced the 

maximum zeolite sorption capacity and COD removal.  

For the practical use of zeolite for swine wastewater ammonium sorption at an initial 

TAN concentration of 2080 mg/L and zeolite dose of 75 g/L-wastewater in a batch-

shaken reactor, a reaction time of 1 h was enough to achieve an ammonium 

concentration below the level causing ammonia inhibition, or less than 1000 mg/L. 

Operational parameters such as pH and temperature did not have a substantial effect, 

while the removal of suspended solids through filtration reduced the time for reaching 

equilibrium. Zeolite and granular activated carbon were effective in the selective 

adsorption of ammonia and organic matter in swine wastewater, and consequently 

improved the power generation, energy efficiency, and Coulombic efficiency in 

microbial fuel cells substantially.    
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Chapter 7. Improved ammonia removal from wastewater in microbial 

fuel cell-based membrane contactors 

7.1 Introduction 

Animal industry is thought to contribute over 50% of annual anthropogenic ammonia 

emission globally and in the US [202]. In concentrated animal feeding operations, 

ammonia originates from the input step of nitrogen uptake and the output step of manure 

excretion, and is later emitted from animal housing, manure storage and treatment 

facilities, and manure land application [203]. The nitrogen in fresh swine manure mainly 

exists in the forms of urea and uric acid, and these components go through hydrolysis 

via the enzyme urease to be converted to ammonium [203]. The direct discharge of 

swine wastewater to water bodies or land releases the most part of ammonium in manure 

to the environment. When swine slurry is subjected to storage or anaerobic digestion, the 

produced biogas also contains gaseous ammonia with typical concentrations of 10-100 

ppm (volume-based). Ammonia emissions from animal housing and manure 

storage/treatment are comparable, for example, 3.7 kg-NH3/year-finisher pig for swine 

housing and 2.4 kg-NH3/year-pig from lagoon [204]. 

Ammonia is a chemical agent that can cause adverse environmental impacts through 

deposition of acidifying species and aerosol formation [205] and through indirect N2O 

emission which is a greenhouse gas [206]. According to results of life cycle assessment 

for swine slurry from finishing pig farms, the release of ammonia is the dominant 

contributor both to eutrophication and acidification, equivalent to 498 g-PO4/m3-slurry 
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and 2276 g-SO2/m3-slurry, respectively [207]. Effective ammonia emission control 

technologies are further needed due to two supplemental air quality laws, CERCLA and 

EPCRA, that require any stationary major source to report NH3 emissions exceeding 

45.4 kg in any 24 h period [208]. 

The corresponding ammonia mitigation strategies can be incorporated in these emission 

stages, and manure and wastewater management and mitigation is a critical step in 

controlling the emission from swine farms. Microbial fuel cells may offer a potential 

application in ammonium removal from swine wastewater according to the Literature 

Review section, as the air cathode provides a microenvironment that favors the ammonia 

volatilization. The mechanism for ammonia removal through MFC cathode resembles a 

membrane contactor, which offers a large and stable interfacial area of hydrophobic 

membrane for ammonia volatilization.  

So this study tried to modify the regularly used air-cathode and MFC configuration (i.e., 

membrane contactor mode) for improving ammonium removal. A suitable level of 

hydrophobic treatment on cathode should allow the best ammonia volatilization. 

Increasing the cathode surface area may also improve the ammonium removal efficiency. 

At last, the volatilized ammonia from cathode may be captured by sulfuric acid solution 

after channeling the striping air to it.  
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7.2 Materials and methods 

7.2.1 MFCs and cathode treatment 

The configuration of MFCs A, B, and C were the same as previously reported [209]. The 

reactors were inoculated with anaerobic sludge obtained from a swine manure lagoon at 

the University of Minnesota Southern Research and Outreach Center in Waseca, MN. 

The sludge was sieved through a 1 mm mesh to remove sand, gravels, and plant residues 

prior to use.  

The anode material of the three MFCs was plain carbon cloth, and the cathodes had the 

same Pt/black carbon catalyst layer with 0.5 mg-Pt/cm2. The cathode carbon cloth for 

MFC A and C was with 20% PTFE treatment (Figure 7-1), while the cathode carbon 

cloth for MFC B was with 5% PTFE treatment. To prevent potential water leak, the 

cathode carbon cloth of the MFC A and B was applied with three layers of PTFE.  

 
Figure 7-1.  Different cathode structures and different layers. A: wet-proofed carbon 
cloth; B: Pt/black carbon catalyst; C: diffusion (hydrophobic) layer; D: ion exchange 
membrane. Schematics of commonly used carbon-cloth cathodes: 1, wet-proofed carbon 
cloth; 2, Pt-containing wet-proofed carbon cloth; 3, carbon cloth with a hydrophobic 
diffusion layer; 4, membrane electrode assembly.  

1 2 3 4 
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7.2.2 Design of MFC-membrane contactor 

The electrode materials in MFC-membrane contactor were the same as in the MFC C, 

with plain carbon cloth as anode (20 cm2) and 20% PTFE treated carbon cloth (45 cm2) 

as the cathode. The total liquid volume of this MFC was 50 mL. The cathode formed the 

tubular surface of the MFC column supported by plastic tubes at both ends (Figure 7-2). 

The MFC column was encompassed by a plastic bottle which had inlet and outlet ports 

for stripping gas which was pumped by a peristaltic pump. The stripping gas was 

induced to 1 M sulfuric acid solution to recover ammonia. The reactor was inoculated as 

previous described for other MFCs.  

 
Figure 7-2.  Diagram and photo of MFC-membrane contactor used in this study.   

 
7.2.3 Description of ammonia volatilization 

According to Fick’s law of diffusion, the mass balance of ammoniacal nitrogen in the 

lumen [210] is expressed as follows:  

𝜕𝐶𝑡𝑎
𝜕𝑡

+ 𝑈��⃗ ∇𝐶𝑡𝑎 = 𝐷𝑡𝑎∇2𝐶𝑡𝑎 + 𝑅𝑡𝑎  (7-1) 
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where 𝐶𝑡𝑎denotes the local nitrogen concentration of ammoniacal species, 𝑈��⃗  is the 

velocity vector, 𝐷𝑡𝑎is the diffusivity of ammoniacal component in water, and 𝑅𝑡𝑎 is the 

rate of ammoniacal species generation due to chemical or physical reactions. When the 

reactor is operated in a batch mode without mixing, the Equation (7-1) can be simplified 

to Fick’s second law of diffusion: 

𝜕𝐶𝑡𝑎
𝜕𝑡

= 𝐷𝑡𝑎∇2𝐶𝑡𝑎  (7-2) 

Ammonium ion is a weak acid and ammonia is a gas dissolvable in water, so the 

equilibrium of ammonia concentration is dictated by the ammonium dissociation 

constant (Kd =  𝐶𝑁𝐻3∗10
(−pH)

𝐶𝑁𝐻4+
) and the Henry’s law constant (Kh  =  

PNH3 (g)

CNH3 (l)
, in 

atm·(mg/L)-1, where PNH3 (g)=RTCNH3 (g)) through ammonium-ammonia dissociation 

equilibrium (Equation 4) and gas-liquid equilibrium (Equation 5): 

NH4
+  < −− >  NH3 (l) + H+   (7-3) 

NH3 (l) < −− >  NH3 (g)    (7-4) 

Both of these two constants are temperature-dependent [211]: 

Kd = 10−(0.09018+2729.92
T )  (7-5) 

Kh = 1.1561 × e−
4151
T    (7-6) 

As a result, the total concentration is the sum of the concentrations of the protonated 

form, ammonium, and the unprotonated form, ammonia: 

𝐶𝑡𝑎 = 𝐶𝑁𝐻3 + 𝐶𝑁𝐻4+ (7-7) 
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The total unprotonated ammonia includes the dissolved gaseous ammonia and dissolved 

liquid ammonia: 

𝐶𝑁𝐻3 = 𝐶𝑁𝐻3(𝑙) + 𝐶𝑁𝐻3(𝑔) (7-8) 

The flux of total ammoniacal nitrogen to the inner side of cathode is equal to the gaseous 

ammonia diffused outside the cathode, so the mass balance across the cathode can be 

expressed as follows: 

�−𝐷𝑡𝑎
𝜕𝐶𝑡𝑎
𝜕𝑥
�
𝑥=0

= 𝑘𝑔
PNH3(g),int

RT
  (7-9) 

where 𝑘𝑔denotes the overall mass transfer coefficient of gaseous ammonia in carbon 

cloth and gas diffusion layer, and PNH3(g),int is the partial pressure of gaseous ammonia 

at the interface of the liquid and cathode. 

7.3 Results and discussion  

7.3.1 Power generation 

The MFC using 5% PTFE-treated carbon cloth as cathode material did not well function 

due to heavy liquid leak. To prevent liquid leak, diffusion layers are necessary to apply 

to the air-facing side of the cathode. The other four MFCs did not have the leak problem, 

and the results of the overall electrochemical performance were summarized in Figure 

7-3 and Table 7-1. When fed with the same feed, the MFCs had very different 

electrochemical performance with regard to maximum power, maximum current, 

internal resistance and open circuit voltage (OCV). Among the four MFCs, the MFC A 

with 20% PTFE and GDLs had the largest internal resistance of 469 Ω, and the smallest 
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maximum power of 106 μW, maximum current of 0.95 mA, and OCV of 472 mV. When 

using 5% PTFE and GDLs in MFC B, the electrochemical performance was 

substantially improved, so it can be concluded that too much hydrophobic treatment on 

carbon cloth intervened oxygen gas diffusion to the catalyst side which impaired the 

electrochemical performance of the MFC. The MFC C did not have additional GDLs 

except the 20% PTFE treatment, and it achieved better performance than MFC B. So the 

cathode used in the MFC-membrane reactor adopted the same structure as in MFC C. 

The MFC-membrane contactor achieved the best performance among the four reactors: 

the internal resistance of 189 Ω, the smallest maximum power of 815 μW, maximum 

current of 415 mA, and OCV of 825 mV. This improvement was mainly a result of the 

increased cathode surface area from 20 cm2 to 45 cm2, which reduced the activation 

overpotential of cathode [212], and a result of the reduced electrode spacing, which 

reduced Ohmic resistance of the medium [165].  

Table 7-1.  Power generation of microbial fuel cells with different cathode materials or 
configurations 

Configuration Cathode Calc. max. P Calc. max. I Int. resistance OCV 

  μW mA Ω mV 
Regular, MFC A 20% PTFE+GDLs 106 0.95 469 472 
Regular, MFC B 5% PTFE+GDLs 197 1.57 319 541 
Regular, MFC C 20% PTFE 368 2.29 280 753 
Membrane contactor 20% PTFE 815 4.15 189 825 

 



 

 168 

 
Figure 7-3.  Polarization curves of different microbial fuel cells.   
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7.3.2 Effect of current on ammonium removal 

Two parallel experiments were conducted with the regular reactors MFC A and MFC C, 

the former achieving the lowest electrochemical performance and the latter achieving the 

best. Three levels of electrical current were chosen: the first level was with a small 

current (< 0.1 mA), the second level was with a current where maximum power density 

was obtained, and the third one was the one close to the maximum current. Each of these 

current was controlled by choosing a suitable external resistor (Table 7-2). The profile of 

the total ammoniacal nitrogen concentrations in MFCs media were reported in Figure 

7-4. In both reactors, the TAN removal can achieved more than 0.6 (or 60%) when 

MFCs finished electricity generation, and denitrification was found not obvious (both 

NO2
--N and NO3

--N less than 1.0 mg/L). In the control group, the highest TAN removal 

of 31% was achieved on day 3, and the TAN concentration started to recover when 

bacteria decayed and hydrolyzed to release ammonium from the nitrogen of organic 

form such as proteins. So the TAN removal was most possibly by cathode volatilization 

[100], and the TAN removal was the most rapid when the largest electrical current was 

employed in both MFC reactors, indicating the current generation improved ammonia 

removal.  
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Figure 7-4.  Total ammoniacal nitrogen removal in MFCs and the kinetic estimations.   
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current indicated a more rapid ORR. The equilibrium of ammonium/ammonia would 

then shift to the direction favoring the formation of ammonia as a result of increased pH, 

which then improved ammonia volatilization through cathode (Figure 7-5). A useful 

index for ammonia removal was the half-life time based on pseudo-first order reaction, 

which indicates the time needed to remove half an amount of initial TAN from the 

medium. So the relationship between these two variables was further confirmed by 

plotting the half-life time of TAN against electrical current, which showed a strong 

correlation between them (R2 = 0.9908 for MFC A and R2 = 0.9992 for MFC C, Figure 

7-6). An increase of 1 mA in current reduces half-life time by 2.8 and 0.85 d on average, 

for MFC A and MFC C, respectively. Therefore, when using air-cathode MFCs for TAN 

removal, the current density should be set large or external resistors set smaller to 

accelerate the ORR at cathode.     

 
Figure 7-5.  Ammonia and total ammoniacal nitrogen concentration profiles at the MFC 
cathode.   
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Figure 7-6.  Half-life time for total ammoniacal nitrogen removal at different currents.   
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discussion in previous section. The TAN removals of these MFCs were plotted in Figure 

7-7. 

 
Figure 7-7.  TAN removal in MFCs of different cathodes.   
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Figure 7-8.  Half-life times of MFCs of different cathodes.   

 
7.3.4 Ammonium removal in MFC-membrane contactor 
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Figure 7-9.  TAN removal in an MFC-membrane contactor and in a normal MFC.   

 

7.4 Conclusions 

Different MFC air-cathode structures were compared in this study to evaluate their 

ammonia removal efficiency. The 5% PTFE-treated cathode had the problem of water 

leak. The other cathodes, including the 20% PTFE+GDLs, 5% PTFE+GDLs, and 20% 

PTFE, did not have the problem of water leak, and the last one performed best both in 

power generation and ammonia removal. Tests in MFC A and C revealed that the half-

life time of the total ammonium was proportional to electrical current, a strong evident 

demonstrating that the oxygen reduction reaction at cathode promoted ammonia 

volatilization by elevating pH nearby. On average, an increase of 1 mA in electrical 

current would reduce the half-life time by 2.8 d and 0.85 d for MFC A and C, 

respectively. Modifying regular MFCs to membrane contactor mode improved ammonia 

removal, because the surface area of hydrophobic membrane was increased. This 

improvement was indicated by the substantially reduced half-life time from the best case 

of 2.54 d of the best performed regular MFCs to only 0.67 d. The modification also 

allowed ammonia recovery from wastewater, and 78% of the removed ammonia was 

captured in sulfuric acid solution. This study demonstrated a novel way of ammonium 

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4

TA
N

 re
m

ov
al

Time (d)

MFC C
MFC-membrane contactor

A

y = 0.2726x + 0.0345
R² = 0.9862

y = 1.034x - 0.0007
R² = 1

-0.5

0

0.5

1

1.5

2

2.5

0 1 2 3 4

ln
(C

0/
C)

Time (d)

MFC C
MFC-membrane contactor

B



 

 176 

removal and recovery from wastewater by MFC based on membrane contactor mode, 

and better performance is still expected through optimizing the gas-diffusion materials 

and reactor structure.   
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Chapter 8. Conclusions and Future Work 

8.1 Introduction 

Wastewater from swine farms contains high concentrations of organic matters, nitrogen 

and phosphorus, which may lead to severe environmental issues to soil, water, and air. 

Developing effective treatment approaches for swine wastewater is urgent and crucial to 

sustain the hog industry. Microbial fuel cell (MFC) is a promising technology that shows 

a potential use in swine wastewater treatment because it can degrade organic substrate in 

wastewater biologically and electrochemically, and remove ammonium by volatilization 

at air cathode. MFC technology is also sustainable because it converts waste to 

electricity besides its function for wastewater treatment. This study developed effective 

MFCs for treating synthetic and swine wastewater to generate electrical energy and to 

achieve efficient removal of COD and total ammonium nitrogen. 

8.2 Summary of the dissertation 

Lab-scale single-chamber MFCs were developed in this study. MFCs were inoculated 

with different sludge/sediment and subject to electric stimulation (+2 V), and impact of 

inoculum type and electric stimulation on anodic biofilm, the internal resistances, and 

power generation were compared. Activated (AC) and anaerobic (AN) sludge showed 

faster enrichment of MFC anodic biofilm by 2 to 3 d than river sediment (RS), while 

AN-MFC presented highest VFA degradation rate. RS-MFC anode surface was covered 

with well-developed layers of biomass and had a much larger power output (195 μW or 

98 mW m-2) than AC- and AN-MFC after one month operation. For mature MFCs that 
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were under long-time operation, a transient application of negative voltages (-3 V) 

improved the cathode activity and maximum power output by 37%, due to the 

bactericidal effect of the electrode potential higher than +1.5 V vs. SHE. 

The electrochemical and biological properties of MFC were modeled in this study. 

Current models in the literature did not provide tools to simulate or predict the change of 

overpotentials and other electrochemical properties on the assumption that the anodic 

biofilm catalyzes organic oxidation. Inclusion of activation overpotential and exchange 

current density in the model successfully described the performance of MFCs with 

regard to electricity generation and organic matter removal, suggesting a smaller 

external resistor accelerates organic matter removal and reduces sludge generation.  

The removals of VFA and TAN in swine wastewater by MFCs had the half-life times of 

4.99 and 7.84 d, respectively. But MFCs fed with raw swine wastewater generated 

relatively small power (28.2 μW), energy efficiency (0.37%) and Coulombic efficiency 

(0.15%). As the high strength of contaminants (e.g., ammonium and VFAs) swine 

wastewater showed inhibitory to electricity generation bacterial activity, zeolite/GAC 

were tested for their effects in controlling the contaminant levels, and further tested for 

MFCs performance with the indicators of power generation, energy recovery, and 

Coulombic efficiency. All of these indicators were substantially improved a lot by 

selective adsorption of contaminants, clearly showing the reduction of inhibitory effect 

of swine wastewater on MFC performance: power generation by over 80%, energy 

efficiency by up to 78%, and Coulombic efficiency by up to 37%.  
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To improve the ammonium removal, different cathode structures and hydrophobic 

treatment on cathode were designed, and the electricity generation in MFCs was found 

to promote ammonia removal as a result of improved volatilization at cathode. The use 

of 20% PTFE treated carbon cloth showed the best performance with a half-life time of 

2.54 d for ammonium removal, while modification of the MFC to membrane contactor 

mode further reduced the half-life time to 0.67 d and recovered 78% of the removed 

ammonium.  

8.3 Future work 

Several obstacles must be overcome before MFCs can be theoretically better understood 

and practically used for wastewater treatment as a cost-effective technology. These 

obstacles include the energy loss, reactor scale-up, and specific issues related to swine 

wastewater treatment.  

First, energy losses through overpotentials and other ways need be reduced. Open circuit 

potential of an MFC is usually observed much less than its electron motive force as the 

theoretical value at equilibrium. This phenomenon means that part of electrical energy 

generated by exoelectrogenic bacteria is lost. Activation overpotential, a term describing 

the electron transfer limit, causes substantial part of energy loss. Applying effective 

anode or cathode catalyst, cultivating and genetically modifying the electrochemically 

active bacterial consortia, and increasing the surface area of electrodes for microbial 

attachment and redox reactions may reduce this overpotential. Coulombic and cathodic 

losses, two types of energy loss rather than overpotentials, widely exist in MFCs. 
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Coulombic loss is caused when attached or suspended bacteria use substrate for 

metabolism but not for exoelectrogenesis, e.g., biomass growth which is almost 

unavoidable. Similarly, it is also possible that certain bacteria utilize cathode electrons 

as reducing power, which competes with oxygen reduction reaction. Therefore, effective 

electricity generation in MFCs should further reduce the overpotentials, Coulombic loss, 

and cathode loss.  

Second, reducing costs of MFC reactors is critical when MFCs are up-scaled for real 

application. The cost of catalyst is among the most urgent ones: Pt/carbon black is used 

as catalyst for oxygen reduction in most MFC studies, while Pt is non-abundant and 

previous metal which has a high price. Catalysts that do not contain Pt and are of lower 

prices, such as Pd, Fe and Co based materials, are attracting attention over the years. 

Studies on CoTMPP, FePC, biocathodes, and activated carbon revealed that they may 

serve as Pt replacement with lower cost and of more sustainable, but more work is 

needed to optimize results and overcome the technical difficulties.  

Finally, there are several issues related to swine wastewater as substrate in MFCs and 

related to its organic matters and nutrients removal. First, the inhibition of swine 

wastewater in electrochemical performance was evident, and selective adsorption 

substantially improved the performance; however, it was not yet clear which component 

played the critical role in the inhibition and how. Second, the ammonium removal was 

substantially improved by designing the MFC-membrane contactor, but the effects of 

operational parameters, such as flow rate, pH, and initial COD and ammonium 

concentration have not yet been evaluated by experiment or by simulation. The use of 
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other gas-diffusion materials rather than PTFE may further improve ammonium removal 

efficiency, and is worthwhile as future studies. Third, phosphorus removal in MFCs was 

not effective as the operation of 42 d only removed only 39%, so subsequent treatment is 

needed or the struvite precipitate from cathode needs further optimization. And fourth, 

the MFC model suggested that electricity generation consumed part of the organic 

substrate and reduced biomass production. As the sludge handling is costly in 

wastewater treatment, the sludge reduction is beneficial and is worthwhile for further 

confirmation.  
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