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ABSTRACT 

 

 
Sediment microbial fuel cell (SMFC) is a special type of microbial fuel cells that can be 

deployed in a natural water body for energy production and contaminant removal. This MS 

project aims to explore whether it will be viable to apply SMFCs for wastewater treatment. 

Experimental SMFCs were studied in several configurations and operational modes for organic 

removal, nitrate reduction, and energy recovery. When treating an artificial secondary effluent 

for nitrate removal, the SMFC could remove 44% of the nitrate, higher than that without 

electricity generation. The enhanced removal was attributed to the supply of electrons to nitrate 

reduction in the aqueous phase through oxidizing the organics in the sediment.  The lack of a 

proper separator between the anode and the cathode led to the failure of the SMFC when treating 

an artificial raw wastewater. Ion exchange membranes were incorporated into the MFCs that 

were installed in a lab-scale open water pond (150 L in volume). Such a system achieved 100% 

COD removal and more than 75% removal of ammonium nitrogen. However, denitrification 

remained as a challenge because of a lack of anoxic zone. To reduce the cost of the cathode 

catalysts, a polymer-based carbon cloth was investigated and exhibited better performance than 

bare carbon cloth. The results of this MS project have demonstrated that SMFCs in the absence 

of a proper separator cannot be applied for wastewater treatment. A membrane-based MFC 
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system integrated with open pond may function as a wastewater treatment system, though 

nitrogen removal efficiency must be improved. 
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Chapter 1 – Introduction 

1.1 Introduction to MFC 

Microbial fuel cell (MFC) is an emerging technology in recent years and has attracted a 

lot of attention from researchers in the fields of wastewater treatment and bioenergy production.  

As an innovative technology, microbial fuel cell is able to utilize the microorganisms to degrade 

organic waste in the wastewater and turn it into electricity. Generally, MFC can be divided into 

two important parts: anode and cathode. Microbes living in the anodic chamber are capable of 

degrading organic matters and transfering the electrons generated during the oxidation process to 

cathode via metal wires. During the break-down process, carbon dioxide is generated as an 

oxidation product. However, there is no carbon dioxide emission due to the fact that the carbon 

from biomass is originally from the atmosphere [1]. With proton exchange membrane (PEM), 

between anode and cathode, a proton is able to transfer from anodic chamber to cathode 

chamber.  In the cathode chamber, electrons can be used by electron acceptors, for example, 

oxygen combines with protons transferred from anode to cathode to produce water. On the 

contrary, oxygen present in the anodic chamber may lead to the failure of the whole system, 

therefore, it is essential to assure that the anodic chamber is under anaerobic condition. For 

example, if using sodium acetate in the anodic chamber, an anodic reaction could happen as 

follows: 

2HCO3
-
 + 9H

+
 +8e

-
 = CH3COO

-
 +4H2                              (1.1)                                      

For cathodic reaction: 

 O2+ 4H
+
 + 4e

- 
= 2H2O                                             (1.2) 
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For pilot-scale microbial fuel cell design, stackable and tubular structures were the most 

applicable ones, and tubular microbial fuel cells have been scaled up to take pilot tests in a 

wastewater treatment facility [2]. Different materials of anode and cathode, different 

configurations, organic loading rates, hydraulic retention time, types of substrates, as well as the 

size of the reactors will all cause variations in electricity generation.  

As one of our major fuels we are using today, fossil fuel is depleting rapidly. The 

combustion processes of fossil fuels produce a greater amount of harmful gas and volatile 

particles that are the major sources of air pollution. The energy crisis is a serious problem and 

will put a limit in the future development of our society and world, therefore, obtaining energy 

by clean methods is imperative for survival. Thus, obtaining energy by clean methods is 

imperative. MFC can remove organic contaminants in the wastewater by simultaneously 

generating electricity. Other than generating electricity, MFC also has the advantage of 

producing much less sludge compared to the generally applied activated sludge treatment process 

in current wastewater treatment plants. In most wastewater treatment plants, sludge generated by 

aerobic process in the second treatment process needs a particular process to be treated, and this 

process needs mechanics, labor, and energy. In addition, aeration process consumes the most 

energy, and has been reported that up to 60% of the total energy consumption used in a 

wastewater treatment plant is for aeration. By applying MFCs, energy consumption in aeration 

and sludge treatment processes can be cut down, thus energy consumption will be significantly 

reduced. 

1.2 Introduction to Sediment Microbial Fuel Cells 

Sediment microbial fuel cells (SMFCs), also referred to as benthic MFCs in some cases, 

is a special application of MFC to generate electricity by degrading organic matter in sediment as 
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well as by utilizing the electron acceptors in the cathode area. An anode of such SMFC is 

embedded in the sediment and the cathode is placed in overlying water. SMFCs follow a certain 

mechanism: microorganisms degrade organic compounds present in sediment and wastewater, 

generating electrons and protons. Electrons are transferred from anode to cathode through an 

external circuit, and protons flow from sediment side to the cathode side and combine with 

oxygen on the cathode side to produce water. Sediment MFCs are deployed in a natural system 

or where there is less engineering management (e.g., constructed wetland). Unlike reactor MFCs 

that have a clear boundary between anode and cathode by using membranes or separators, 

SMFCs rely on a naturally occurred oxygen gradient to separate anode and cathode. To achieve 

that, the anode electrode is embedded in sediment where dissolve oxygen (DO) is depleted, while 

the cathode electrode is installed in the water phase with a relatively higher DO. In the presence 

of aquatic plants in some cases (e.g. SMFC coupled with constructed wetland), the cathode 

electrode can also be set up near the rhizosphere to take advantage of oxygen excreted from the 

plant roots.  

 

Figure 1.1 Fundamental configuration of SMFC 
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A major interest in SMFCs lies in power supply for sensors in remote areas or deep 

waters. Zhang et al. has successfully applied temperature sensor by taking the advantage of 

electricity produced by SMFCs [3]. To achieve this, a power management system (PMS) is 

required to collect and store electricity generated by sediment MFC, and released all the energy 

at one time to start the electronic device. Beside the temperature sensor, the seawater oxygen 

sensor was powered to measure oxygen concentration in the ocean. Submersible ultrasonic 

receiver (SUR) had already been tested to detect fish movement [4].  

Due to large internal resistance of those systems, insufficient supply of electron 

donors/acceptors, and unfavourable conditions (e.g., pH and temperature), the power output from 

SMFCs is generally limited. However, those simple-structured bio-electrochemical systems can 

continuously generate electricity without significant demand for maintenance. This is an obvious 

advantage in remote areas or deep water where replacement or maintenance of power sources is 

challenging and consumes a large amount of time and human power with associated cost. As a 

result, the SMFCs are developing rapidly and there have been more reports of field/pilot tests of 

SMFCs than that of reactor MFCs. Examples of SMFC advancement include a demonstration of 

SMFC deployed in ocean to power a meteorological buoy [5] and a SMFC installed in deep 

ocean using cold seep as a fuel for power production [6]. The majority of the efforts in SMFC 

development are focused on extracting electrons from organic compounds that are present in 

sediment, which have limited availability which restricts power production, although there are a 

few earlier studies that had proactive supply of substrates to SMFCs [7-9]. 

1.3 Objectives 

The main objective of the experiment is to employ MFC in wastewater treatment and 

investigate the performance of this technology. The intended purpose of the present work will 
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include: 1) investigation of the electricity production from MFCs with different configurations, 

2) explore the ability of MFCs coupled with water pond to remove contaminants not only from 

nitrified wastewater, but also from raw wastewater with different organic loading rates. The 

knowledge and results obtained from the experiments will allow for further investigation of this 

technology in future experiments and applications. 

1.4 Literature Review 

1.4.1 SMFC Generating Electricity 

As a special type of MFC, one of the basic characteristics of SMFC is electricity 

production. In the experiment conducted by Hong et al, [10], the effects of several factors were 

examined during the harvesting of electrical energy from SMFCs. In their study of SMFC, 

electrode spacing, electrical conductivity, and temperature were found to be influencing factors 

to SMFCs. It was found that current generation decreased with increasing distance between 

electrodes. In addition, the internal resistance could be decreased by adding solution in order to 

increase the electrical conductivity, therefore eventually improving electricity generation. 

Temperature is another factor that directly influences the activity of electrochemical bacteria, 

and low temperature accounts for less activity of bacteria, and thus leads to lower current 

generation.  

Low reduction rate of electron acceptors in cathodes is one of the major limiting factors 

that results in lower electricity production. However, the main reason for this problem is due to 

the insufficient electron acceptors in the cathode. A large number of studies have been done to 

improve the reduction rate by increasing the oxygen in cathode. He et al. designed a rotating 

cathode and proved a significant increase by 69% compared to immobile cathode in electricity 

generation [7]. Wang et al. [11] demonstrated that a SMFC with an algae-assisted (Chlorella 
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vulgaris) cathode was able to produce more electricity (21 mW·m
-2

) compared to typical SMFC 

with bare cathode (16 mW·m
-2

). In addition, power generation was further increased to 38 

mW·m
-2

 with additional carbon nanotube coating on the cathode. 

1.4.2 SMFC Treating Wastewater 

Sediment MFC is capable of extracting organic energy from all kinds of sources and 

converts it into electricity. Wastewater is one of the most important sources that SMFC can 

utilize, since SMFC can degrade organic contaminants in the anode chamber and remove them 

from wastewater and simultaneously produce power. SMFC applications for treating wastewater 

are always coupled with other engineering technologies, for example, constructed wetland, the 

coupled system with a little modification compared to the original one not only improves 

contaminants removal efficiency, but also harvest or recover a certain amount of energy. Details 

about SMFC treating wastewater will be discussed in the following chapter. 

1.4.3 SMFC Powering Sensors 

Sediment MFC is proven to be able to generate electricity, but the limited production of 

energy imposes restrictions on its applications. In this case, sediment MFC can be at least used to 

support small electronic devices in some applications.  A Power Management System (PMS) was 

designed to store the electricity that SMFC produced and boost the energy for application of 

electronic devices. PMS is consisted of an ultra-capacitor, a charge pump, and a DC-DC 

converter. The ultra-capacitor is used to store the electricity, and DC-DC converter is required to 

boost the low voltage to a higher level which is needed to drive the load. The charge pump acted 

as a switch to extract the energy stored in ultra-capacitor as long as the voltage reaches a certain 

level, and turned back into still when the system was in charging mode.  
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Tender et al., for the first time, employed SMFCs to power a meteorological buoy in a 

marine environment [5]. In their research, two SMFCs with different configurations were 

investigated, and the SMFCs showed power productions of 24mW and 36mW. As the first 

research in using SMFCs to power small electronic devices for a long period of time, their 

success indicated that there can be a lot of research applications in this field. Zhang et al. [3] 

reported a successful constant electricity production in lab-scale SMFCs to power a wireless 

temperature sensor. In Zhang’s experiment, the anode was embedded in the lake sediment from 

Lake Michigan, and they observed a higher electricity generation in SMFCs with floating 

cathodes, compared to cathodes in the bottom of the water. Donovan et al. [4] developed a PMS 

that can power a real-time clock (RTC) continuously and power a submersible ultrasonic 

receiver intermittently. Their studies demonstrated that developed PMS with a special design can 

support the energy consumption of an underwater hydrophone for long-term environmental 

monitoring.  

1.4.4 SMFC Applied in Bioremediation 

Attention for the application of sediment MFCs in the fields of bioremediation, including 

groundwater, soil, and sediment remediation has increased through the past years. Morris and Jin 

[12] demonstrated that the removal rate of total petroleum hydrocarbon (TPH) in contaminated 

soil increased 12-fold by applying SMFC technology. In this process, TPH was oxidized by 

electrochemically active bacteria (EAB) and electrons were transferred to the cathode, where 

reduction happened and oxygen acted as electron acceptor. Wang et al. [13] observed an increase 

in TPH removal from 6.9% to 15.2% for water saturated saline soil by applying a U-tube MFC. 

Lu and Ren [14] showed that with the application of a pilot-scale SMFC, the degradation rate of 

total hydrocarbon reached up to 89.7%, compared to 21.2% of control. SMFC can also be 
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employed in fresh water sediment to degrade contaminants, and gain some energy as well. Yan 

et al. [15] demonstrated that the combined treatment of ferric addition and SMFC employment in 

fresh water sediment had the removal efficiencies of phenanthrene (99.47%) and pyrene 

(94.79%) after 240 days of experiment. Yang et al. also observed a significant improvement in 

total organic carbon (TOC) removal (22.1%) with the employment of a scale-up SMFC, which 

has the volume of 100L, compared to the control (3.8%) [16]. Besides, a PMS was designed to 

collect the electricity produced by this relatively large SMFC and charge lithium-ion battery 

(3.7V, 850mAh), although this charging process may take up to 10 days to charge one battery. 

From the previous research, there is no doubt that SMFCs do help in bioremediation, and more 

research can be conducted to explore the potential applications in this field.  
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Chapter 2 – Sediment Microbial Fuel Cells for Wastewater Treatment: 

Challenges and Opportunities
1
 

2.1 Introduction 

Proper treatment of wastewater is important to human health and societal development, 

and the commonly applied wastewater treatment technologies based on aerobic treatment have a 

significant demand for energy. Thus, new treatment technologies with low energy consumption 

and possible recovery of valuable resources (e.g., energy and water) from wastewater become of 

strong interest. Among the newly developed concepts, microbial fuel cells (MFCs) appear to be 

very attractive because of direct electricity generation from organic compounds by taking 

advantage of microbial metabolism with solid electron acceptors or donors. [17] In an MFC, 

microorganisms donate electrons generated from organic oxidation to an electrode (anode), 

and/or accept electrons from an electrode (cathode) to reduce a terminal electron acceptor. [18] 

Electron flow, as a result of bio-electrochemical and electrochemical reactions, generates 

electrical current and power. In general, there are two types of MFCs, reactor MFCs and 

sediment MFCs.  

Reactor MFCs are engineered systems (Figure 2.1) that are designed and operated for 

energy-efficient water/wastewater treatment, or (after appropriate modification) production of 

specific compounds such as hydrogen gas (microbial electrolysis cells) and value-added 

compounds (microbial electrosynthesis cells). Wastewater treatment is a well-known function 

and objective for developing reactor MFCs, and tremendous efforts have been made to 

                                                 
1
 This section has been published as: Xu, Bojun, Zheng Ge, and Zhen He. "Sediment microbial fuel cells for 

wastewater treatment: challenges and opportunities." Environmental Science: Water Research & Technology (2015). 

RSC claims: If you are the author of this article you still need to obtain permission to reproduce the whole article in 

a third party publication with the exception of reproduction of the whole article in a thesis or dissertation. 
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understand and improve reactor MFCs from the aspects of microbiology, electrochemistry, 

materials, and configuration. The technology has been advanced with long-term operation of 

MFCs installed in wastewater treatment plants [19] and scaled up to several hundred liters.[20] 

Org.- C CO2

Anode

Cathode

O2 H2O

V
A

n
o

d
e

C
a

th
o

d
e

V

Org.- C

CO2

O2

H2O

Water-Sediment Interface

A B

 

Figure. 2.1 Schematics of reactor MFCs (A) and sediment MFCs (B). “Org.C”: organic carbon. 

 

Sediment MFCs (SMFCs), also referred to as benthic MFCs in some cases,[21] are 

deployed in a natural system or where there is less engineering management (e.g., constructed 

wetland).   Unlike reactor MFCs that have a clear boundary between anode and cathode by using 

membranes or separators, SMFCs rely on a naturally occurred oxygen gradient to separate anode 

and cathode.[22] To achieve that, the anode electrode is embedded in sediment where dissolve 

oxygen (DO) is depleted, while the cathode electrode is installed in the water phase with 

relatively higher DO (Figure 2.1(B)). In the presence of plants, the anode electrode is placed near 

the rhizosphere to use organic compounds excreted from the roots;[23] in some special cases, the 

cathode electrode can also be set up in the rhizosphere area to take advantage of oxygen released 

from the plant roots.[24] 

A major interest in SMFCs lies in power supply for sensors in remote areas or deep 

waters. Because of large internal resistance of those systems (e.g., several hundred ohm), 

insufficient supply of electron donors/acceptors, and unfavourable conditions (e.g., pH and 

temperature), the power output from SMFCs is generally very low (e.g., 10-50 mW cm
-2

); but 

those simple-structured bio-electrochemical systems can continuously generate electricity 
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without significant demand for maintenance, which is an obvious advantage in remote areas or 

deep water where replacement or maintenance of power sources is challenging and consumes a 

large amount of time and human power with associated cost. As a result, the SMFCs 

development is rapid and there have been more reports of field/pilot tests of SMFCs than that of 

reactor MFCs. Examples of SMFC advancement include a demonstration of SMFC deployed in 

ocean to power a meteorological buoy,[5] and a SMFC installed in deep ocean using cold seep as 

a fuel for power production.[6] The majority of the efforts in SMFC development are focused on 

extracting electrons from organic compounds that are present in sediment, which have limited 

availability that restricts power production. Except a few early studies that had proactive supply 

of substrates to SMFCs,[7-9] the major efforts to develop SMFCs for wastewater treatment 

occurred in past 2-3 years. Given much understanding of both SMFCs and wastewater treatment, 

combination of those two may provide an exciting solution if proper application niches are 

identified; meanwhile, problems also occurred with the existing studies. In the following, we will 

review the existing studies that are specifically focused on SMFC treating wastewater (either real 

or synthetic wastewater), and provide our perspectives on both opportunities and challenges for 

further developing this technology.  

2.2 SMFCs for Wastewater Treatment 

Applying SMFCs for wastewater treatment is through combination of SMFCs and natural 

wastewater treatment systems. Biological wastewater treatment mimics microbial degradation of 

organic compounds occurred in the nature. Thus, natural systems such as water ponds and 

wetlands have been used to treat wastewater, sometimes with modification (e.g., aeration). The 

combination creates a treatment approach that inherits the advantages of both technologies, such 

as energy production in SMFCs and less engineering management with a natural treatment 
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system. There are also additional benefits generated from this combination. First, wastewater 

provides more organic compounds (electron source) for anode oxidation of a SMFC, and helps 

improve electricity generation; second, the electricity-generating process could stimulate 

removal of some recalcitrant compounds contained in wastewater or sediment;[21] and third, the 

generated electricity may be applied to offset energy consumption by the treatment system, or to 

power sensors for continuous and automatic monitoring of the treatment system. Table 2.1 

summarizes major characteristics and findings of the studies of the SMFCs treating wastewater. 

The data of energy recovery (kWh m
-3

) [25] were estimated from power output, the volume of 

wastewater treated, and hydraulic retention time (HRT) obtained from literature (when available). 

One can see that the SMFC could achieve >90% removal of COD at a low organic loading rate 

less than 0.2 kg m
-3

 d
-1

. Those SMFCs are roughly grouped in two categories, depending on the 

use of plants. 
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Table 2.1. Major characteristics and findings in the studies of SMFCs treating wastewater. Some data 

represent high-end values when multiple values reported 
Wastewater  HRTa  

(day) 

V b 

(L) 

Flow 

Pattern 

Plant CODin
c 

(kg m-3 d-1) 

RCOD 
d 

(%) 

RN 
e 

 (%) 

CE g 

(%) 

Pmax 
h  

(W m-3) 

Energy i  

(kWh m-3) 

Ref. 

Synthetic 26.7 4.8 Horizontal None <0.001 - - - - - [26] 

Aquaculture - 9.5 Vertical None - 84.4 95.3 - 0.002 - [27] 

Aquaculture - 16.8 Vertical None - 96 84 0.45 0.038 - [28] 

Diary 19 75.7 Batch None <0.01 93 - - 0.019 0.0087 [29] 

Synthetic 3 1.4 Vertical Ipomoea  

aquatica 

0.08 >95 - 0.6-10.5 0.309 0.0222 [30] 

Synthetic 2 12.4 Vertical Ipomoea  

aquatica 

0.10 94.8 90.8 0.4-1.3 0.071 0.0034 [31] 

Synthetic 2 2.3 Vertical 
Canna indica 

2.24 65  <0.1 0.028 0.0014 [32] 

Swine 1.25 3.7 Vertical Phragmites  

australis 

0.85 76.5 49 0.1-0.6 0.042 0.0014 [33] 

Synthetic 3.2 150 Horizontal Phragmites  
australis 

0.18 95  0.3-0.5 0.094 0.0072 [34] 

Swine 1 8 Vertical Phragmites  

australis 

0.58 80 75f - 0.268 0.0064 [35] 

Synthetic 3 12.4 Vertical Ipomoea  

aquatica 

0.06 85.7 - - 0.302 0.0214 [36] 

Municipal 2.5 123 Horizontal Phragmites  

australis 

0.03 81.6 85f - <0.001 <0.0001 [37] 

Synthetic 1-4 12.4 Vertical Ipomoea  
aquatica 

0.10 85.7 - 0.5 0.852 0.0613 [38] 

a hydraulic retention time; b liquid volume of the SMFC; c COD loading rate; d COD removal efficiency; e total nitrogen removal; 

f ammonia removal; g Coulombic efficiency; h the maximum power density; i normalized energy recovery, estimated from the 

data in literature  

The SMFCs without plants are just like those conventional SMFCs deployed in lake or 

ocean, except active supply of wastewater. The SMFCs were studied for treating aquaculture 

water with observed effects of operating parameters on system performance.[28] Wastewater 

supply in a surface flow mode will have input organic compounds existing in both sediment and 

liquid phases, and the presence of organics in the liquid phase creates two problems: (1) some 

electrons will not be able to be used for electricity generation, because the anode electrode is 

usually located in the sediment; and (2) those organics will stimulate the growth of heterotrophic 

bacteria on the cathode electrode, which will decrease the cathode performance by competing for 

dissolved oxygen (DO) and covering the electrode surface to preclude oxygen transfer. To 

address the above problems, a SMFC with multiphase floating electrodes was developed and 
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investigated for electricity generation and organic removal.[26] This SMFC contained middle 

(anode) electrode that could use organic compounds in the liquid phase, and improved electricity 

generation was observed compared with conventional SMFCs or a floating-type MFC without 

middle electrodes. Another challenge for SMFCs operation is the supply of electron acceptors, 

saying oxygen in most cases. Active aeration can provide sufficient DO,[27] but it also requires 

significant energy consumption. Considering that SMFCs are generating electrical energy, 

aeration may be provided by using self-generated energy and this can be realized by 

incorporating an appropriately designed power management system. It was demonstrated that, 

aeration pump could be activated for a short period of time after about 20-min operation of a 

SMFC, and this aeration improved organic removal by 21%f for artificial wastewater or 54% for 

dairy wastewater.[29] The improved treatment may benefit from increased DO by intermittent 

aeration and the consequent agitation of water that better distributes organic substrate for 

biodegradation and increases reaeration with atmospheric oxygen.  

Incorporating plants into SMFCs create systems similar to constructed wetlands, which 

have been used for treating wastewater for a long time.[39] Those systems are also called “CW-

MFC” (constructed wetland – microbial fuel cells) in some studies. Plants have a number of 

functions in those systems, such as providing substrates for bacterial attachment and biofilm 

formation, supplying carbon to microorganisms, uptake of some contaminants (e.g., nutrients), 

and regulating water flow in the wetland. There are two major plants used in the SMFCs, 

Ipomoea aquatic and Phragmites australis, both of which have been applied and/or investigated 

for phytoremediation of wastewater in constructed wetlands. It has been demonstrated that the 

use of plant could significantly improve electricity generation, and the improvement was likely 

related to the increased DO excreted by the plant roots.[31, 36] The presence of plants also affect 
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microbial communities in the anode and the cathode: microbial density in the cathode zone was 

generally increased with the plant, possibly benefited from plant roots that support microbial 

growth and biofilm formation; however, in the anode, the (same) researchers observed increased 

microbial population of several major bacterial (including Geobacter sulfurreducens that is a 

proven electricigenic bacterium) in one study [31] while not significant change in another 

work.[36] Therefore, it is not conclusive how plants could affect the anode community; one 

hypothesis is that the improved cathode reaction with plants may stimulate the population of 

anode electricigenic bacteria via electron demand. On the other hand, the influence on the 

cathode community is obvious, and further investigation can explore whether bacteria that can 

catalyze oxygen reduction reaction are also promoted by plants. 

 

 

 

Figure 2. 2 A horizontal subsurface constructed wetland – SMFC system. Reproduction with permission from 

ref.[34] Villasenor, J., et al., Operation of a horizontal subsurface flow constructed wetland--microbial fuel cell 

treating wastewater under different organic loading rates. Water Res, 2013. 47(17): p. 6731-8. Used with 

permission of Elsevier, 2015 

Wastewater is usually fed into constructed wetlands via two hydrological patterns, 

surface flow and subsurface flow.[39] All the SMFC systems containing plants adopted 

subsurface flow, and most of them had vertical flow (upflow) of influent (Table 2.1). 

Surface flow pattern is not favourable for SMFC application, likely because organic 

substrates cannot easily reach an anode electrode that is embedded in sediment. 
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Subsurface flow introduces organics to the anode electrode first, and then the treated 

effluent flows to the cathode electrode, thereby creating a relatively effective separation 

between the two electrodes (or two environments, anaerobic and aerobic). To increase 

DO in the cathode region, the researchers examined the combined upflow (anode) and 

downflow (cathode) in a SMFC, and observed the increased power output and nitrogen 

removal.[35] However, such an arrangement decreased organic removal, compared with 

other SMFCs with upflow pattern, and might promote the growth of heterotrophic 

bacteria with organic flux on the cathode that will compete for oxygen with the cathode 

reaction and restrict autotrophic bacteria that may help catalyze oxygen reduction reaction. 

Vertical upflow can be easily applied in small-scale SMFCs, which are usually made in 

tubular column; however, vertical flow in a constructed wetland is usually in a downflow 

pattern, because of hydraulic flow based on gravity for less energy consumption by the 

pumps. For the large-scale SMFCs that were reported, a horizontal flow pattern was used 

for wastewater supply.[34, 37]  In a 150-L scale SMFC (Figure 2.2), it was found that 

organic input significantly affected the system performance in several aspects: the DO in 

the cathode zone decreased from 2 to 0 mg L
-1

 when the COD concentration increased 

from 250 to 1,100 mg L
-1

, and consequently electricity generation followed the same 

trend as that of DO.[34] This result confirms our previous statement that overload of 

organic compounds in the cathode zone can negatively affect the cathode reaction through 

stimulating heterotrophic bacteria to compete for DO (via aerobic degradation of 

organics) and block DO transfer (with biofilm covering cathode electrode).    

2.3 Challenges and Opportunities   
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SMFCs have been studied intensively in the past decade, but their application for 

wastewater treatment is brief. The limited studies have demonstrated the feasibility of this 

application, with both challenges and opportunities to address. A key to success is to 

identify proper application niche for this technology, and to achieve that, several critical 

factors/challenges must be well addressed and understood. 

2.3.1 Energy Balance 

 

An energy balance can reflect whether a SMFC is energy positive or negative: 

                                                      Enet = Ep – Ec                                                          (2.1) 

where Enet is the net energy of a SMFC, determined by the difference between energy 

production (Ep) and energy consumption (Ec). Ep is the generation of electrical energy, 

affected by various factors such as substrates, operating conditions, and the presence of 

plants (whose role in electricity generation is yet to be determined); Ec may involve 

energy consumed by pumps and/or aeration. Unfortunately, most studies report only 

power density and the data of energy production are generally not available. A new 

energy parameter, normalized energy recovery (NER) that was previously proposed,[25] 

was used here to express energy production (Table 2.1). If we use the highest energy 

recovery of 0.0613 kWh m
-3

 and treatment capacity of 250 m
3
 wastewater per day (for a 

small community of a few hundred people) as an example, the SMFC would generate 

about 15 kWh. Regarding energy consumption by SMFCs, wastewater flow by gravity 

will avoid energy requirement by the feeding pump, but recirculation or cathode aeration 

that was employed in some studies would create an energy demand. Therefore, evaluation 

of energy production in those systems should be properly conducted by considering 

energy consumption. If a SMFC can generate a positive Enet  (energy production is more 
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than energy consumption), then next question will be how to use this energy. Powering 

intermittent aeration with this energy is a promising approach,[29] and the long-term 

behaviour of aeration pumps in a continuously operated SMFC needs to be examined. It 

will also be practical to power wireless sensors for monitoring the key parameters of a 

wastewater treatment process. Other applications include powering LED lights or other 

low-power electronics.      

2.3.2 Relationship between Electricity Generation and Substrate Degradation.  

 

The Coulombic efficiency (CE) of the SMFCs treating wastewater is generally very low 

(<1%, Table 2.1), suggesting that the electricity-generating process contributes very little to the 

degradation of bulk organic compounds. However, it is also reported that SMFCs may stimulate 

the removal of some specific compounds.[21] For example, a plant-based SMFC achieved 15% 

more decolorization under a close-circuit condition (electricity generation) than that under an 

open-circuit condition (no electricity generation).[36] Another example is to use SMFCs for 

nitrate removal from the treated effluent, in which electricity generation improved nitrate 

removal by 10%, mainly because the SMFC was able to extract electrons from organics in 

sediment for nitrate reduction in the liquid phase (unpublished data). Those findings encourage 

further investigation of using electricity generation as a driving force to improve degradation of 

specific compounds in wastewater. To achieve that goal, SMFCs should be operated for 

maximum current generation, e.g., under a very small external resistor or short-circuit condition, 

which will lead to little energy recovery. Although the trade-off between energy recovery and 

removal of recalcitrant compounds should be further analyzed, given generally low energy 

production in SMFCs and environmental benefits of removing recalcitrant compounds, it could 
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be more beneficial to have SMFCs operated for high current generation for degradation purpose 

in those cases.    

2.3.3 Plants.  

 

The selection of plants for SMFCs largely depends on the region where the study is 

conducted and availability of the plants. It will be interesting to understand how the installing 

position and density of plants will maximize the electrode performance. Plants can physically 

affect water flow and increase oxygen concentration, thereby influencing the distribution of 

electron donors/acceptors. Rhizospheric microorganisms and the cathode community in the 

presence of plants should be further analyzed to understand their role in catalyzing oxygen 

reduction.  

2.3.4 Nutrients Removal.  

 

Several studies have reported effective nitrogen removal in SMFC when treating 

wastewater.[27, 28, 31, 33, 35] The removal was almost independent from the electricity-

generating process and mainly through nitrification that reduces ammonium but accumulates 

nitrate. Further investigation should link electricity generation to nitrogen removal, for example, 

accelerated ammonium transport from anode to cathode by electricity generation or 

bioelectrochemical nitrate reduction on the cathode.[40] Phosphorus removal appears to have a 

weak link to electricity generation, which may elevate the catholyte pH to assist phosphate 

precipitation.  

2.3.5 Optimized System Design and Operation.  

 

The absence of an effective separator and a certain flow patterns in a SMFC often expose 

its cathode to electron donors (e.g., organics) and its anode to electron acceptors (e.g., oxygen), 
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thereby decreasing efficiency of electrochemical reactions. Decreasing the gap between two 

electrodes, for the purpose of lowering internal resistance, may further increase the chance of 

crossover of electron donors/acceptors between two environments. System optimization may 

consider the use of ion exchange membrane to improve the separation and thus electricity 

generation, though at a cost of higher capital investment. Low cost cathode catalysts such as 

nitrogen-doped activated carbon[41] could be applied to improve the cathode reaction. Another 

factor for a better cathode reaction is to increase DO in the cathode zone. As previously 

discussed, intermittent aeration powered by SMFCs could be an option, and the aeration may 

also be powered by other renewable energy such as solar or wind energy if available. The DO 

may also be increased by using photosynthetic organisms such as algae, which will also help 

remove nutrient compounds;[42] algae separation or harvesting from the final effluent will 

remain a challenge. Flow pattern is another key factor to be optimized. Vertical flow may 

achieve effective delivery of substrate to the anode without significant influence on the cathode, 

while horizontal flow will be more suitable for large-scale systems; if gravity allows, one may 

consider combined vertical and horizontal flow.           

2.4 Conclusions 

 

We must admit that SMFCs do not generate much electrical energy, because of their 

inherent limitations (e.g., large internal resistance). Many data were obtained from synthetic 

wastewater and under laboratory conditions. According to our experience, the real wastewater 

and field conditions will result in much lower energy production. Therefore, it may not be 

realistic to expect massive energy production from the SMFCs treating wastewater. However, a 

clear understanding of the SMFCs’ limitation in energy production does not preclude their 

application for wastewater treatment; instead, it can help us to identify appropriate application 
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niches. Given advantages and limitations of SMFCs, there could be two potential applications for 

wastewater treatment that can be realized in near future: first, SMFCs may be used to generate 

energy to power sensors that monitor treatment systems, and this application does not require 

very large-scale SMFCs; and second, SMFCs may be applied to enhance the removal of some 

specific contaminants by electricity generation. Other applications can also be explored with 

further understanding and advancement of SMFC systems.    

Acknowledgements 

This work is supported by a grant from National Science Foundation (#1348424). We 

would like to thank Dr. Yaobin Lu (Virginia Tech) for his help with graphs.  



22 

 

Chapter 3 – SMFCs Treating Nitrified Wastewater 

3.1 Materials and Method 

3.1.1 SMFC Setup 

A tank with the dimensions of 100 cm×60 cm×40 cm was made out of board, and 3 

baffles were used to evenly divide the whole tank into 4 chambers which water is designed to 

flow through the four chambers. In each chamber, an 80 cm long carbon brush (Gordon Brush 

Mfg. Co., Inc., Commerce, CA, US) was used as an anode placing at the bottom. Mud from a 

pond in Blacksburg, VA was distributed into each chamber equally to form a 25 cm-high 

sediment layer and above the sediment layer, the water layer was approximately 20cm. Carbon 

brushes were used as anode and cathode and it was placed 5 cm below the water surface in the 

water layer in each chamber. All the carbon brushes were treated by acetone for 24 hours and 

went through annealing process at 450 ℃ for 30 min to remove the organic compounds. All the 

anode and cathode electrodes were connected by platinum wires separately in each chamber. 

 

Figure 3.1 Sediment microbial fuel cell configuration (Side View) 
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Figure 3.2 Sediment microbial fuel cell configuration (Top View) 

3.1.2 Operating Conditions 

The SMFC system was installed on the ground in the lab with the room temperature of 

roughly 22℃ (Blacksburg, VA). The SMFC was fed with the synthetic secondary wastewater 

treatment effluent containing less organic matter and ammonium but more nitrate than raw 

wastewater due to aeration in aeration tank to convert ammonium to nitrate. The difference 

between secondary nitrified wastewater and raw wastewater is that no ammonium existed, 

because ammonium in the raw wastewater has already been oxidized to nitrate. The flow pattern 

was determined to be horizontal, the influent was pumped through pipes continuously into the 

tank at the first channel, and the effluent was collected at the end of the fourth channel, with flow 

pattern shown in Figure 3.3.  
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Figure 3.3 Flow pattern of sediment microbial fuel cell 

 

The synthetic wastewater contained (per L of tap water): sodium acetate, 0.049 g, sodium 

nitrate, 0.182 g, and 50 ml 1M PBS buffer solution. Thus the influent contained 41 ± 7 mg·L
-1

 

COD and 31 ± 4 mg·L
-1

 nitrate. The hydraulic retention time (HRT) of the system was 2.3 d. The 

wastewater flow rate was 30 ml·min
-1

. The external resistors of the SMFC were set as 1000 ohm 

during setup and finally switched to 1 ohm when the system was working steadily and data was 

being collected. To investigate the ability of SMFCs in treating raw wastewater, synthetic raw 

wastewater containing relatively high COD (300 ± 40 mg·L
-1 

) and ammonium was fed as 

influent into the system for two weeks. Thus in the system, the influent was pumped into the first 

channel of the tank and flowed through all the channels with SMFCs horizontally, and eventually 

went out of the tank. 
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3.1.3 Measurement and Analysis 

The cell voltage across an external resistor was recorded every 5 min by a multimeter 

(Model 2700; Keithley Instruments, Inc.), voltage and current generated were converted to 

power according to Ohm’s law, P=IV, where, P=power (W), I=current (A), and V=voltage (V). 

Power density (W·m
3
) and current density (A·m

3
) were calculated by dividing power and current 

by the treated wastewater volume (m
3
). The effluent was measured once every 3 days, and the 

concentrations of chemical oxygen demand (COD), ammonium, nitrate and nitrite were 

measured using a colorimeter (DR/890, Hach Company, Loveland, CO, USA) according to the 

manufacturer’s procedure. The pH was measured using a benchtop pH meter (UB-10, Denver 

Instrument, Denver, CO, USA). The conductivity was measured by a benchtop conductivity 

meter (Mettler-Toledo, Columbus, OH). Power density, COD loading and removal rates were 

calculated based on the liquid volume. Total energy output (kWh·m
3
) was calculated by 

multiplying power density and hydraulic retention time (HRT, h) and divided by 24 hours. 

Columbic Efficiency (CE %) is defined as the ratio of total Coulombs actually transferred to the 

anode from the substrates, to the maximum possible Coulombs if all substrate removed produced 

current, and net energy recovery (NER) was calculated as: 

                                                  (3.1) 

 
                                                                                    (3.2) 

 

where F is the Farrady constant, CE is the columbic efficiency based on organic substrate, Qoutput 

is the produced charge while Qinput is the total charge available in the substrate. I (A) was the 

electric current monitored. COD (g·L
-1

) is the total COD amount removed, and q (L·h) is the 

flowrate. 
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3.2 Results and Discussion 

3.2.1 Electricity Generation 

The SMFC system was operated for more than 180 days. Figure 3.4 shows the electricity 

generation for 120 days after the SMFC system became stable. The system was operated under 

closed circuit and open circuit condition to investigate the difference between SMFC and control. 

Under closed circuit condition, the SMFC was expected to work to remove organic waste in the 

sediment and generate electricity. Electrogenic bacteria living in anode was expected to degrade 

organic matter in the sediment and produce electrons. The electrons were transferred to cathode 

and were received by electron acceptors (e.g. nitrate in the water). Therefore, COD in the 

sediment was expected to be used by anode and nitrate was expected to be reduced in the 

cathode. This process produced electricity while also removing nitrate. In order to achieve high 

power production that may achieve faster organic removal in the anode and improve nitrate 

removal in the cathode, a small external resistor of 1 ohm was connected between the anode and 

cathode. As shown in figure 3.4, the current generation of the whole system ranged from 10mA 

to 16 mA, and the average current production over the 120 days was 14 mA.  
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Figure 3.4 Electricity generation of Sediment Microbial Fuel Cell for the operation of 180 days 

 

The columbic efficiency, according to the equation shown was calculated to be 4.6%, 

which demonstrated that 4.6% of total released electrons were collected through wires to produce 

electricity. Less than 1% Columbic efficiencies were found in a previous SMFC study that had a 

similar configuration[34]. Thus the columbic efficiency value obtained in my experiment was 

much higher than those in other SMFC studies. However, this result was similar to some MFC 

studies [43, 44]. We noticed that the SMFC obtained a current density of 0.14 A·m
-3

 and a power 

density of 1.96 W·m
-3

, resulting into an energy production of 0.047 kWh·m
-3

. At day 181, raw 

wastewater containing high COD (300 ± 40 mg·L
-1

) and ammonium (30 ± 1.2 mg·L
-1

) was 

continuously fed into the system to investigate the ability of SMFC to treat raw wastewater.  
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Figure 3.5 Current generation under high organic loading rate (OLR) 

 

The results in figure 3.5 showed a significant drop in current generation to 1~2 mA after 

3 days operation. Furthermore, the water in the tank turned into black and biofilm could be seen 

on top of the water surface. Due to the high COD feeding the system, nearly most of the DO was 

depleted. The black color water indicated the anaerobic condition in the system, and this also 

verified the DO depletion in the system. Without electron acceptors of oxygen and nitrate, the 

SMFC could hardly generate any electricity. This is the reason why much less energy production 

was explored under this operating condition.  
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3.2.2 Removal of COD 

The ability of SMFC to remove COD was investigated in this experiment. In the influent, 

COD concentration was approximately 30~50 mg·L
-1

, and in the effluent, the COD was mostly 

zero and could be hardly detected. However, in both closed circuit and open circuit conditions, 

COD removal efficiency both reached over 95%. A statistic test (Student t-test) was conducted to 

find out if there’s significant difference between the results. Unfortunately the t-test result 

demonstrated that there’s no significant difference between COD removal efficiencies under 

close circuit and open circuit conditions (P>0.05). This indicated that electricity generation in 

this experiment did not help improve COD removal under this specific condition. Thus the COD 

was mostly removed by the microorganisms living in the tank. In the cathode, the carbon brushes 

were covered by biofilms where organics could be removed by microbes attached on them. 

Therefore, in some ways cathode provided substrates for microbes to live on in COD removal 

process. In some studies, SMFC was proved having great influences on organics removal due to 

the fact that SMFC in those studies was coupled with constructed wetland[34, 35, 45]. In that 

case, wastewater goes through anode chamber first then to cathode vertically. For this vertical 

flow pattern, anode can make use of organics in the wastewater and eventually contribute to 

COD removal in this way. However, for the horizontal flow pattern and feeding mode (from the 

top) in my experiment, since anode was separated by the thick sediment layer from the feeding 

wastewater, there is no way we could investigate how much COD was consumed by the anode. 

In addition, it has been demonstrated that high concentration of COD limited the efficiency of 

cathode to receive oxygen as the electron acceptor because microorganism growing on cathode 

would compete for oxygen to decrease working efficiency. In this case, oxygen was consumed 

quickly in the water by aerobic microbes because of the large amount of organic matter in the 
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water, and cathode could hardly receive any oxygen. Therefore in our studies, SMFC of this 

configuration had no influence on COD removal; however, the natural organic degradation 

process occurred in the water removal of most of the COD in the influent. To investigate the 

performance of SMFC system treating raw wastewater, synthetic wastewater was fed into the 

system after the operation of 180 days feeding secondary treated wastewater.  High COD (300 ± 

40 mg·L
-1

) and the typical ammonium concentration of 30 ± 1.2 mg·L
-1 

was contained in the raw 

wastewater. However, only 3 days after the change, the water quality rapidly deteriorated, and 

much more biofilms were observed in the water or on the water surface. The effluent COD 

concentration turned out to be 237 ± 19.6 mg·L
-1

, which resulted in the COD removal efficiency 

of 21%, and the ammonium concentration stayed the same throughout the whole treatment 

process. During the whole operation treating synthetic wastewater, the SMFC demonstrated 

much less ability of treating synthetic wastewater than that of treating nitrified wastewater. On 

one hand, it has been reported that the wastewater containing high COD concentration put limit 

on the ability of cathode receiving electrons and oxygen [34, 46]. On the other, the natural 

organic degradation process occurred in the system was not able to remove most COD in the 

synthetic wastewater under the current operating condition Based on the observations and 

research results reported, the SMFC has limited ability of treating raw wastewater. 

3.2.3 Removal of Nitrate 

The SMFC was designed to accomplish bio-electrochemical denitrification, in this 

process, nitrate was the expected electron acceptor. However, oxygen is a more competitive 

electron acceptor compared to nitrate since oxygen has a higher standard redox potential (oxygen 

redox potential is 1.23 V compared to nitrate of 0.96 V). In other words, oxygen can be easier to 

receive by cathode than nitrate. In typical denitrification process in wastewater treatment plant, 
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oxygen concentration (DO) in the wastewater is a limiting factor for denitrification and it needs 

to be monitored and controlled. However, in our bio-electrochemical system, electron acceptors 

in the cathode were needed as much as possible since more electron acceptors improved the 

reaction in cathode, resulting in more electricity production. However in SMFC system, it was a 

dilemma to have expectations of removing nitrate and gaining electricity at the same time. In 

some sense, we installed the SMFC to harvest energy and remove contaminants in the 

wastewater-- the more oxygen in the wastewater, the more electricity we gain. Yet this process 

put a limit on nitrate removal since nitrate can be barely used by cathode. In order to remove 

nitrate, which is the main prospective of this experiment, we tried two methods to lower the DO 

concentration in the cathode. In order to accomplish this, we put cathode electrodes in the lower 

part of the water layer given that DO concentration decreases along with water depth and raised 

water level, although this increased HRT. However, these changes did not have significant 

influence on nitrate removal or electricity generation. The average nitrate removal efficiency 

during the operation of 180 days was 44%. Nitrate concentration in secondary wastewater 

effluent was roughly 30 mg·L
-1

.  Although nearly half of nitrate was removed from the influent, 

the nitrate in the effluent still surpassed the maximum concentration level of nitrate (10 mg·L
-1

) 

in the surface water in United States (EPA regulation). 
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Figure 3.6 Nitrate concentration and removal efficiency 

 

In our SMFC system, nitrate is removed through two pathways: (1) bio-electrochemical 

denitrification that accepts electrons from the cathode electrodes to reduce nitrate by autotrophic 

and electrochemically-active denitrifying bacteria; (2) conventional denitrification that uses 

organic compounds as an electron source by heterotrophic denitrifying bacteria. Assuming the 

two processes existed at the same time in the system, observation was made under closed circuit 

and open circuit condition to investigate the efficacy of the SMFC system. In figure 3.6, nitrate 

concentration in the effluent under closed circuit condition was 18 ± 2.4 mg·L
-1

, while nitrate 

concentration in the effluent under open circuit was roughly 20 ± 0.8 mg·L
-1

. Comparison of the 

nitrate removal efficiencies under two conditions (44% on average under close circuit condition, 

and 36% on average under open circuit condition) indicated that there was a slight increase when 

SMFC was employed. Furthermore, a student t-test supported this by giving a P value of 
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5.54×10
-6

 (P<0.01). This demonstrated that there is a significant difference between the two 

removal efficiencies and the SMFC did help improve nitrate removal. 

There is strong evidence that the denitrifying bacteria in the water accounted for 

denitrification by demonstrating the removal efficiency of 36% under open circuit. This may be 

mostly attributed to the microorganisms living on the cathode. In addition, the employment of 

SMFC not only improved the removal of nitrate by giving a bio-electrochemical denitrification 

path but also recovered some energy although the amount was small. 

3.3 Conclusion 

The lab-scale SMFC can be employed to remove nearly half of the nitrate in the synthetic 

secondary wastewater, and generate small amount of electricity. In this system, controlling the 

oxygen concentration in the water in order to remove nitrate is the major challenge, since oxygen 

competes with nitrate for electrons due to the fact that both of them are electron acceptors. We 

also noticed that high organic loading rate had great impacts on the performance of SMFC. High 

organic concentration not only significantly lowered the energy production, it also easily led to 

water quality deterioration in the effluent. The main reason is that high COD concentration used 

up the dissolved oxygen in the water when the system was operated without aeration. Aeration 

added in the system helped in removing the organic contaminants, however, the large energy 

consumption and competence between excessive oxygen and nitrate would become another 

issue. 
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Chapter 4 – Microbial Fuel Cells Treating Raw Wastewater with Different 

Organic Loading Rate and Aeration Rate 

4.1 Introduction to Open Water Pond Coupled MFCs System 

Due to the low nitrate removal efficiency of SMFC, and the limited capability treating 

raw wastewater, a new configuration of MFC system was designed and employed in the same 

wooden tank. Compared to the former experiment, flow pattern, feeding solution and MFC 

configuration have all changed. New employed MFC has a traditional configuration the same as 

the tubular MFC does, and previous studies have proved that tubular MFC has the ability to treat 

raw wastewater. Zhang et al. demonstrated that the U-typed tubular MFCs employed in a 

municipal wastewater treatment facility for more than 400 operation days was able to remove 

over 65% of COD and improve nitrogen removal from 27% to 76.2%[2].  The idea is to use 

MFC to remove part of the nitrogen and COD in the raw wastewater, and the effluent of MFC 

flows into the open water pond, is further treated by microorganisms in the water pond, and 

finally flows out. The system consisted of MFC and an open water pond, which could be further 

divided into nitrifying chamber and denitrifying chamber. The new system was expected to 

remove both COD and nitrogen in the wastewater, and to produce electricity simultaneously.  

4.2 Method and Material 

4.2.1 MFC Coupled Open Water Pond System Setup 

New MFCs had tubular structure, which consisted of a carbon brush in anode, anion or 

cation exchange membrane, and activated carbon-coated carbon cloth from inside-out in cathode. 

Unlike the previous non-membrane MFC, the new designed MFCs have membrane in the 

middle, not only to separate anode and cathode, but also allow ion exchange from anode to 
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cathode. The tubular MFCs were constructed by rolling up a piece of anion exchange membrane 

(AEM, Membrane International Inc., Ringwood, NJ, USA) or cation exchange membrane (CEM, 

Membrane International Inc., Ringwood, NJ, USA) around a PVC tube with a 3.8cm diameter 

that had a length of 70cm and 1.0cm holes throughout the tube. PVC tube worked as a substrate 

to support ion exchange membrane and the tube contained a 1m long carbon brush as anode. 

Carbon brushes were pretreated by merging them into acetone for 24 hours, and were heated in 

the oven at 450℃ for 30 minutes. The cathode electrode was a piece of carbon cloth 

(16cm×70cm, Zoltek Corporation, St. Louis, MO, USA), and 5 mg·cm
-2

 activated carbon 

powder (Thermo Fisher Scientific, USA) were distributed evenly as a catalyst for oxygen 

reduction to carbon cloth. The activated carbon powder was coated to the carbon cloth by using a 

15% PTFE solution as a binder, and the carbon cloth coated with activated carbon was heated at 

375℃ for 30 minutes. Each MFC has an effective liquid volume of roughly 1 L, resulting in the 

total volume of 8 L of the whole MFC system. Furthermore, the new MFC system had a U-type 

configuration that was consisted of 8 tubular MFCs. Every two MFCs were connected by a 180-

degree elbow pipe fitting, and MFCs in different channels were connected by rubber pipes. Two 

MFCs were placed on the surface of sediment but below water surface in the first channel and 

another two MFCs were put as the same pattern in second channel. These four MFCs were 

constructed with AEM (anion exchange membrane). The other 4 MFCs were built with same 

anode and cathode materials, but CEM (cation exchange membrane) were used to build up the 

MFCs. CEM-MFCs were placed above the water surface in the third channel, two MFCs were 

placed horizontally 5cm above the water surface, and the rest two MFCs were stacked on the 

former two MFCs. The reason why MFCs were built with different ion exchange membrane was 

that, AEM-MFCs in the first and second channel can stop ammonium going out through the 
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membrane and contaminate the effluent. For CEM-MFCs in the third channel, it did not matter 

whether ammonium went out because the third channel was designed to be the nitrifying 

chamber with an air distributor. The open water pond was the wooden tank used in the previous 

design, the sediment and water layer remained the same. The only difference was that only three 

channels were used to conduct this experiment. Thus the liquid volume of the open water pond 

was 75 L. With the new configuration, the synthetic raw wastewater flowed into MFC first and 

flowed through carbon brushes, the microbes living on carbon brushes degraded the organic 

matter in wastewater and produced electrons and hydrogen ions. Then the electrons and 

hydrogen ions go through the cation exchange membrane eventually to cathode. Oxygen is 

reduced with electrons and hydrogen ion coming from anode to form water. The effluent of MFC 

was led into a rubber pipe lying horizontally on the cathode that has 1mm holes all over the pipe, 

the effluent went out of the holes and dripped to cathode to keep the cathode wet in order to stay 

active for reactions. Eventually the effluent dripped into the water pond through MFC tube and 

flowed through the three channels, and finally got sucked out by pump. The COD in raw 

wastewater was expected to be removed by anaerobic process in MFC tube and by 

microorganisms in open water pond. Ammonium was supposed to be partly removed when 

wastewater flowed through MFC, and be mostly nitrified in the third channel in open water pond 

with the help of aeration in this channel. The first and second channel was designed to be 

denitrified channel since most oxygen aeration provided was depleted in the third channel. When 

ammonium was nitrified to be nitrate in the third channel, and nitrate was supposed to be 

denitrified and removed in the second and first channel. At the exit of the tank, most COD, 

ammonium and nitrate were designed to be removed.  
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Figure 4.1 Tubular MFC coupled open water pond system configuration (perspective drawing) 

 

Figure 4.2 Tubular MFC coupled open water pond system configuration (Side View) 
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Figure 4.3 Flow pattern of MFC coupled open water pond system 

4.2.2 MFC Coupled Open Water Pond System Operation 

The MFC coupled open water pond system was installed at the previous location in the 

lab. The temperature in the lab stayed always constant at 21 ℃. MFCs were fed with synthetic 

wastewater prepared in the lab containing approximately 302 ± 7.9 mg·L
-1 

COD and 30 ± 2.2 

mg·L
-1

 ammonium. The synthetic wastewater was prepared by using 0.29 g·L
-1

 sodium acetate, 

0.114g·L
-1

 ammonium chloride, 0.027 g·L
-1

 dipotassium phosphate, 0.03 g·L
-1

 sodium 

carbonate, 1 ml·L
-1

 trace solution and 10 ml·L
-1

 stock solution without ammonium. The synthetic 

wastewater was fed continuously into the MFCs by using pumps at the speed of 30 ml·min
-1

. 

Since the liquid volume of the MFC was 8 L, thus the hydraulic retention time (HRT) of MFCs 

was 4.4h. For the open water pond, the liquid volume of it was roughly 75 L, resulting in the 
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HRT of 2.6 days. The external resistors of the AEM-MFCs in the first and second channels were 

1 ohm, while resistors of the CEM-MFCs in the third channels were 33 ohm. The air distributor 

was put at one end of the third channel, providing oxygen to the water in the third channel. 

MFCs in each channel were independently connected to an external resistor. For MFCs in the 

first and second channel, resistors of 1 ohm were used in order to improve reaction of electron 

acceptance as much as possible, which eventually leads to more nitrate removal and electricity 

production theoretically. Voltage of each MFC was also independently connected to the 

multimeter so that electricity production of each MFC can be recorded and evaluated separately. 

The whole operation was divided into 2 phases, phase 1 was the simulation of treating 

wastewater with higher organic loading rate and with a little aeration (5 ml·s
-1

). However, the 

interim results were undesirable and Phase 2 operating condition was set up. Phase 2 condition 

was the investigation of the capability of this system treating wastewater with relatively low 

COD and with stronger aeration (25 ml·s
-1

) in the third channel.
 

4.2.3 Measurement and Analysis 

The voltage of MFCs was recorded every 5 min by multimeter (Model 2700; Keithley 

Instruments, Inc.), voltage and current generated were converted to power according to Ohm’s 

law, P=IV, where, P=power (W), I=current (A), and V=voltage (V). Power density (W·m
-3

) and 

current density (A·m
-3

) were calculated by dividing power and current by the treated wastewater 

volume (m
3
). The concentrations of chemical oxygen demand (COD), nitrate, nitrite and 

ammonium concentration in the effluent were measured every 3 days using a colorimeter 

according to the instructions of the manufacturer (DR/890, Hach Company, Loveland, CO, 

USA). The pH was measured using a Benchtop pH meter (UB-10, Denver Instrument, Denver, 

CO, USA). The conductivity was measured by a benchtop conductivity meter (Mettler-Toledo, 
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Columbus, OH) and the dissolved oxygen (DO) concentration was measured by using a model 

HI 9146 apparatus (Hanna Instruments, Woonsocket, RI, USA).  

4.3 Results and Discussion 

4.3.1 Electricity Generation 

Power generation of the four MFCs in three channels were recorded and evaluated 

separately. Current generation was used as a key parameter to evaluate the performance of 

MFCs, since more current produced can be attributed to more oxidation and reduction reactions, 

which indicate better treatment of wastewater. During the operation of 50 days, high current 

generation was observed on the two MFCs exposed to the air in the third channel. This is 

reasonable because there were a lot more electron acceptors in the air (oxygen) than those in the 

water. For the third and fourth MFCs exposed to the air, the current production of 22 mA was 

exhibited. However, for the first and second MFCs which were placed at the bottom of the water 

layer, the current generations were both less than 0.01 mA. This can be explained by lack of 

electron acceptors, since oxygen concentration at the bottom of the water layer was found to be 

less than 0.05 mg·L
-1

. At this DO concentration, there was hardly any electricity production. 

Furthermore, there was a little aeration in the water pond, and COD from the effluent of MFCs 

went directly into the water pond, which was measured to be 220 ± 8.5 mg·L
-1

. This consumed a 

lot of dissolved oxygen in the water, and further limited the oxygen utilization by MFCs. Not 

enough aeration in the water pond and also high COD concentration in the water of the pond 

showed a significant impact on nitrification, which led to low concentration of nitrate--the 

oxidation product of ammonium. Thus, both electron acceptors-- oxygen and nitrate-- 

concentration were limited, and low production of MFCs in the first and second channels can be 

attributed to limited concentration of oxygen and nitrate. The maximum power density of the 
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MFCs was 0.9 W·m
-3

, obtained after 20 days of operation as well as the maximum current 

density of 0.28 mA·m
-3 

with the organic loading rate of 0.9 kg COD m
-3

·day
-1

. The average 

power output at this organic loading rate was 4.92 ± W·m
-3

·day
-1

. The average Columbic 

efficiency of 6.5% was observed during the operation, which indicated that extremely small 

amount of organics was used in the MFCs. 

 

Figure 4.4 Current generation in phase 1 and phase 2 

 

We noticed that in this case without aeration, high COD loading rate resulted in 

extremely low electricity production, with hardly any nitrification and low organics removal in 

phase 1. Therefore in phase 2, when COD concentration was decreased to 150 mg·L
-1

 or to 

organic loading rate of 0.45 kg COD m
-3

·day
-1

, the electricity production increased to 48 mA 
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overall, and an increase in Columbic efficiency to 24.9% was also obtained. This is probably 

because in previous condition, the COD in the MFCs was so high that it limited the growth of 

electrogenic microorganisms and eventually led to lower electricity production. The other 

explanation would be that COD concentration in the water pond was too high and plenty of 

biofilm impeded the occurrence of oxygen reduction on the cathode. From phase 1, we 

discovered that with a little aeration (5 ml·s
-1

) and high initial COD concentration, the 

nitrification could not occur. The explanation can be that heterotrophic bacteria in the water pond 

had a preferable condition when the system was feeding with higher OLR, and they outnumber 

autotrophic bacteria, which was nitrifying bacteria. Therefore, nitrifying bacteria could hardly 

grow due to the harsh competence [47]. This condition caused low nitrate production for first and 

second channel to get enough electron acceptors. In phase 2, the DO concentration in the water 

pond was significantly increased due to the stronger aeration (25 ml·s
-1

) added in the third 

channel, eventually resulting in a significant increase in electricity production of MFCs in the 

first and second channels. Under this condition, the electricity of the first MFCs reached the 

maximum current of 16 mA even the DO concentration was only 0.4~0.8 mg·L
-1

, while the 

second MFC had a similar but a little lower current of 11 mA. This is reasonable because 

although the DO concentration near the cathode of the first MFCs was quite low (0.6 mg·L
-1

 on 

average), the first MFCs received the influent that had the enough nitrate as electron acceptor 

and lower COD to inhibit oxygen grabbing competition from heterotrophic bacteria on cathode. 

Due to the fact that the second channel received the water from the third channel, which was the 

one with aeration, it is reasonable that the DO concentration was not the lowest. However, with 

higher DO concentration, the second MFCs produced less current probably due to less substrate 

received compared to the first one. Similarly, the current generation of the third and the fourth 
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MFCs exposed to the air was almost the same (total of 22.3 mA on average), which can be 

explained because the third and the fourth MFCs in the phase 1 had lower COD influent that put 

less impacts on the reactor, since part of the total COD had already been removed in the first and 

second MFCs. Other than this, the COD influent going into the third and fourth MFCs should 

still be excessive. It can be proved by the residual COD in the effluent of MFCs with the COD 

concentration of 101 ± 12 mg·L
-1

.  

4.3.2 Removal of COD 

The organic concentration in the influent was 302 ± 7.9 mg·L
-1

. In this experiment, 

MFCs achieved COD removal efficiency of 45%~60% or COD removal rate of 

0.00072~0.00096 kg of SCOD m
-3

·day
-1

 during the HRT of 4.4 hours. For the whole system, the 

COD removal efficiency can achieve up to 90% or COD removal rate of 0.0014 kg of SCOD m
-

3
·day

-1
 after the whole treatment time of 2.6 days. The COD concentration varied from 30 mg·L

-

1
~70 mg·L

-1
 in the effluent. This experiment demonstrated similar results compared to other 

studies: He et al. reported that tubular microbial fuel cells (MFCs) that has volume of 4 L 

installed in municipal wastewater treatment facility showed 65%~70% COD removal efficiency 

during the operation of 400 days[2]. The influent with a COD concentration of 300mg·L
-1

 or 

organic loading rate of 0.9 kg COD m
-3

·day
-1

 was fed for over 30 days, then the initial COD was 

decreased to 150 mg·L
-1

 or organic loading rate of 0.45 kg COD m
-3

·day
-1

 since little 

nitrification was observed under this operating condition in the system, the ammonium 

concentration in the effluent of open water pond was similar to that in the influent. Based on this 

fact, COD was considered to be the parameter that had impacts on ammonium oxidation, since 

oxygen was depleted by having been used to oxidize COD rather than ammonium. After the 

operation of 50 days, the COD concentration in the influent was adjusted to be 150 mg·L
-1

 (0.45 
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kg COD m
-3

·day
-1

), and the COD concentration in MFC effluent was found to be 101 ± 12 mg·L
-

1
. When the effluent of MFCs dripped into the open water pond, and was further treated by the 

water pond, the COD concentration in the effluent of water pond was below the detection limit. 

Therefore, in this condition, the COD removal efficiency can achieve 100%, and ammonium 

may also be oxidized without the impact of high organic concentration. Due to the fact that 

ammonium was actually partly oxidized (20%) when the DO concentration in the third channel 

was 1.4 mg·L
-1

, and the high concentration of ammonium was found in the effluent indicated 

that no strong nitrification process was observed. Phase 2 condition was operating with stronger 

aeration of 25 ml·L
-1

 added to increase DO concentration in the water pond and stronger aeration 

was expected to improve nitrification process. Under this condition, the COD removal in the 

water pond was improved since there was much more oxygen than it used to be. Most of the 

COD was reduced in third channel due to high oxygen concentration. The effluent COD 

concentration was found to be under detection limit, and the removal efficiency was further 

increased to 100%. The COD degradation gradient was finally discovered along the flow pattern, 

with the effluent coming out of MFCs and complete COD degradation. The COD concentration 

in the first spot in the water pond was 80~100 mg·L
-1

. COD degraded faster in the third channel 

since there was stronger aeration to provide enough oxygen for aerobic microbial degradation, 

while much slower degradation was explored in the second channel. Over 70% of the water pond 

influent COD was removed in the third channel. When the water finally flowed into the first 

channel, all COD had been consumed by microorganisms, and the effluent COD of the water 

pond was 0 mg·L
-1

. 
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4.3.3 Nitrogen Removal 

In phase 1, when the initial COD concentration in the influent was 302 ± 7.9 mg·L
-1

, and 

nitrogen concentration was 26.7 ± 2.9 mg·L
-1

 with little aeration (5ml·s
-1

) in the tank, the 

ammonium could be hardly oxidized. The nitrogen in the influent was monitored in the form of 

ammonium nitrogen, nitrite nitrogen and nitrate nitrogen. The initial concentration of nitrogen in 

the influent was 26.7 ± 2.9 mg·L
-1

 in the form of ammonium, and in the form of nitrate as well 

(0.6 ± 0.1 mg·L
-1

). DO concentration near the cathode of MFCs in the first and second channels 

was less than 0.5mg·L
-1

 when initially with a little aeration in the water pond. The ammonium in 

the effluent of MFCs was found to be 19 ± 0.6 mg·L
-1

, and the ammonium concentrations in the 

water pond remained unchanged during the whole flow pattern for the HRT of 2.6 days. The 

system was operated under the condition in phase 1 for 30 days, the nitrogen removal efficiency 

was found to be only 20%. Nitrate concentration in the MFCs was less than 1 mg·L
-1

, and in the 

whole water pond, it was 1.4 ± 0.1 mg·L
-1

. Furthermore, less than 1 mg·L
-1

 of nitrite was found 

in the effluent. Nitrification is the oxidation of ammonium to nitrate, by which the function of 

nitrifying bacteria. The nitrification process can be divided into 2 steps, the first step is 

completed by Nitrosomonas converting the ammonium to nitrite, and the second step is done by 

Nitrobactor converting the nitrite to nitrate. Nitrification produces acid and the acid formation 

lowers pH, so the process consumes alkalinity in the water. However, from the results above, no 

pH changes were observed during the operation in phase 1, thus we can determine that 

nitrification did not occur or did not necessarily occur in the system under this situation since the 

pH of samples in different sampling spots were almost the same. There are several reasons that 

can account for the absence of nitrification under the phase 1 condition. The first reason is that 

there was too little aeration that provided oxygen, which acts as a reactant in the nitrification 
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process, this significantly slowed down or suppressed the nitrification. As discussed in the COD 

removal section, the COD concentration in the effluent of MFCs was 220 ± 8.5 mg·L
-1

. Such a 

high concentration of COD in the water pond consumed lots of oxygen dissolved into the water 

through the natural diffusion of oxygen from air-water interface, resulting in the consistent low 

oxygen concentration in the water and eventually led to no significant nitrification. Due to the 

high ammonium concentration in the effluent of the water pond, the air distributor was replaced 

by an aerated pipe in the third channel and stronger aeration was added and controlled at the rate 

of 25ml·s
-1

 in order to provide more oxygen. In addition, initial COD concentration was reduced 

to 150mg·L
-1

 so that COD would have less impact on nitrification. The system was operated for 

another 30 days under this condition and the results were shown below: The COD concentration 

in the effluent of MFCs reduced to 100 ± 4.4 mg·L
-1

and that of the open water pond was further 

decreased to zero. Under this operating condition, the impact of COD on nitrification was 

expected to be significantly reduced. In phase 2, the ammonium concentration in the effluent of 

water pond decreased by 10%, however, the concentration of ammonium was still 17mg·L
-1

 in 

the effluent. DO was measured to be 2.2 ± 0.3 mg·L
-1

 in the third channel, and a decreasing 

oxygen concentration gradient along the flow pattern was also observed. Seven samples in the 

three channels were collected to evaluate the oxygen gradient. By measuring the DO 

concentration in these samples, we noticed a decreasing oxygen concentration from the third to 

the second and finally to the first channel. This oxygen gradient created aerobic condition in the 

third channel, and when water flowed into the second channel, the oxygen content was less than 

1mg·L
-1

. Likewise, the DO concentration at the effluent of the water pond was less than 

0.5mg·L
-1

. The anaerobic condition was created in the first and the second channels, and this 

condition was anticipated in the second and the first channel to allow the denitrification process 
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to occur, and eventually removed nitrogen in the wastewater. With the decreasing concentration 

of ammonium, nitrate concentration was found increased from 0.5 mg·L
-1

 to 2mg·L
-1

, and nitrite 

was less than 0.01 mg·L
-1

 anywhere in this system. If we made a mass balance of nitrogen, more 

than 10 mg·L
-1

 of nitrogen was missing. This may attribute to more ammonium uptake of 

microorganisms to support their growth in the MFCs, rather than greater nitrification. Another 

possible explanation is that the ammonium may transport from anode to cathode through the 

cation exchange membrane. Besides the observation of oxygen concentration gradient, changes 

in ammonium and nitrate concentration were also found in the system operation of nearly 70 

days. The ammonium coming out of the MFC was found to have the concentration of 18 ± 0.7 

mg·L
-1

, compared to the initial concentration of 26.7 ± 2.9 mg·L
-1

 in the influent. The removal 

efficiency was 37%. Similarly, the ammonium concentration in the water pond was found to be 

changing with the sample collecting spots water flowed through. Seven samples were collected: 

pH, DO, ammonium, nitrite, and nitrate concentration were measured in order to describe the 

occurring process in the system.  
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Figure 4.5 Sampling spots in the open pond 

 
     Table 4.1 Measurements of seven sample collections in the open water pond 

Sample 
collections 

COD 
(mg·L

-1
) 

pH Conductivity 
(mS/cm) 

DO 
(mg·L

-1
) 

NH4
+
-N 

(mg·L
-1

) 
NO2

-
-N 

(mg·L
-1

) 
NO3

-
-N 

(mg·L
-1

) 
Ammonia 
Removal 
Efficiency 

(%) 

Spot 1 89±7 7.80±0.06 760 2.6±0.6 18±1 0.01 1.1±0.2 34 
Spot 2 54±12 7.67±0.04 752 2.8±0.4 13±1 0.01 6.7±0.1 51.8 
Spot 3 30±5 7.58±0.1 712 2.2±0.3 9±1 <0.01 7.1±0.5 66.6 
Spot 4 10±8 7.55±0.04 744 1.7±0.1 8±1 <0.01 6.8±0.5 70.5 
Spot 5 0 7.55±0.07 736 1.0 7 <0.01 6.5±0.2 74.5 
Spot 6 0 7.56±0.02 720 0.9±0.2 6 <0.01 5.0±0.3 78 
Spot 7 0 7.62±0.01 664 0.5±0.1 6 <0.01 3.7 78 

From table 4.1, it is obvious that the ammonium concentration was getting low when 

approaching the outflow point of the water pond. It is because nitrification occurred in the pond 

gradually, oxidizing the ammonium in the water, and when water containing ammonium flowed 

to the spot 5 where the water lacked of oxygen (e.g. second channel at a point where DO was 1.0 

mg·L-1), the nitrification process ceased. That’s because the low oxygen concentration can’t 

support the nitrifying bacteria to keep on working, thus nitrification stopped at this point. A 
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small amount of nitrate was initially found in the influent, and a small amount was also found in 

the MFC effluent, which were only 0.6 ± 0.2 mg·L
-1

 and 0.8 ± 0.3 mg·L
-1

. However, the nitrate 

started to increase when water in the pond flowed through the third channel, and the 

concentration at the end of the third channel was discovered to be 6.2 ± 0.4 mg·L
-1

. In addition, 

nitrate concentration gradually increased to 6.8 ± 0.5 mg·L
-1

 along the flow pattern until the 

water reached sample collection spot 5. In the first channel where DO was under 1 mg·L
-1 

, 

nitrate decreased to approximately 3.7 mg·L
-1

 when reaching the final effluent point. Nitrate 

concentration demonstrated in the Table 4.1 showed a negative correlation between ammonium 

and nitrate concentration, and this indicated the ammonium was converted to nitrate by 

ammonium oxidation. Nitrate was found to be decreased sharply in the first channel from 6.5 ± 

0.2 mg·L
-1

 to 3.5 mg·L
-1

 since low oxygen concentration provides a good condition for 

denitrification; the lower the oxygen was, the less the oxygen could compete for nitrate. In 

addition, pH measurements were taken at the spots, and pH value slightly decreased in the third 

and second channels, then increased a little in the first one. This might be attributed to the 

nitrification process that released hydrogen ions and denitrification process which released 

hydroxyl ions. The pH did not have significant changes because the liquid volume was so large 

that the hydroxyl and hydrogen ions released from chemical reactions resulting from nitrification 

and denitrification in such a low concentration were negligible and changes were hard to detect. 

In the nitrification stage, the pH was 7.6~7.8, which improved nitrifying bacteria to grow and 

oxidize ammonium. In the denitrification stage, the pH was approximately 7.4~7.5, and a slight 

increase was observed when water flowed through denitrification stage. On the whole, the pH 

value stayed stable throughout the whole system.  
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4.4 Conclusion 

The MFC coupled open water pond system works effectively to treat synthetic raw 

wastewater under lab condition by removing the organic matters and nitrogen in wastewater. 

Organic degradation, nitrification and denitrification process were observed in the system and 

were proved to be the major mechanisms in the contaminants removal. The effects of aeration at 

cathode and organic loading rates were evaluated on the performance of this system. Aeration 

improved organics degradation in the water pond and also provided more electron acceptors to 

MFCs, contributing to much faster reactions which occurred both in anode and cathode, thus 

electricity production could be significantly improved. The energy recovery can be maximally 

increased with a proper aeration rate and recover as much energy as possible since aeration 

consumes a large amount of energy. The advantages of this system include energy recovery 

which is the basic ability of MFCs, and the capability of treating raw municipal wastewater while 

less mechanics and labor are needed compared to wastewater treatment plant. However, much 

more land use is required compared to conventional wastewater treatment, and will be the 

disadvantage of this technology. In the future, more experiments should be conducted to find out 

the balance between energy cost by applying aeration and the energy recovery from this MFCs 

coupled system.  
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Chapter 5 – Cathode Materials Testing 

5.1 Background  

It has been decades since the microbial fuel cell technology emerged. After decades of 

development, lots of advances have been made in gaining understanding of mechanisms in MFC 

systems. By applying the knowledge learned, the performance of MFC systems has been 

significantly increased. However, power densities are impeding further scaled-up applications in 

the real-world, which indicates cathode materials are the major limiting factor that needs to be 

improved urgently.  

Air-cathode is the most commonly used cathode which has the advantages of generating 

high power densities and representing great potential among the different types of cathode that 

have been used in MFCs. Carbon based materials have higher strength, better conductivity and 

more stable chemical properties compared to other materials, and carbon fibers have much larger 

surface area that results in much faster electron transfer rate.  

5.2 Literature Review 

As one of the most important components in microbial fuel cell technology, cathode is 

always considered the limiting factor of producing electricity. Ideal cathode should have a high 

redox potential and can capture protons easily [48]. The most common materials used are 

graphite, carbon cloth and carbon paper.  

In order to improve the performance of cathode, active catalyst such as activated carbon, 

Pt, PbO2 and MnOx have been tested. It has been proved that graphite felt containing Pt 

improved electricity production by three fold compared to graphite cathode without any catalyst 

[49]. Cheng et al. also found that Pt loading on cathode could be minimized to 0.1 mg·cm
-2

 



52 

 

without noticeably potential change [50]. Some non-Pt catalysts, such as CoTMPP, FePc, PbO2 

and Co/Fe/N/CNT have been proved to be inexpensive and efficient alternatives for MFC 

applications.   

Stainless steel mesh was investigated due to its advantages of lower cost and higher 

conductivity than many carbon based materials. Studies have shown that corrosion of stainless 

steel would result in increased ohmic resistance and eventually lead to decrease in power 

production. The lack of stability of stainless steel was found and might limit its application in 

MFC systems. 

Graphene-modified cathode has been demonstrated to be effective to increase 

performance of MFC due to the favorable electron transfer pathway, abundant active sites and 

higher conductivity [51]. Favorable electron transfer pathway was proved to be the catalysis of 

4-electron pathway which contributes to the superior oxidation reduction rate. Furthermore, 

sufficient exposure of active sites to reactants due to a large surface area could effectively 

increase the conductivity and promote the oxidation reduction rate.  

Among the novel cathodic catalysts that have been tested in the lab, activated carbon has 

distinguished advantages over other catalysts, such as low cost, high surface area and high 

catalytic activity at neutral pH, which makes activated carbon a good candidate to replace Pt. 

Usually, activated carbon is bonded to carbon cloth or stainless steel, however, due to the 

unstable performance of stainless steel caused by corrosion, carbon cloth with activated carbon is 

the most commonly used air-cathode in MFC applications and a lot of research has been done to 

investigate the basic characteristics and to explore the feasible improvements.  Santoro showed 

that the best performance of the activated carbon-based cathode was achieved when pressure of 

1400 psi was applied followed by heat treatment of 150-200 ℃for 1 hour [52]. Zhang et al. also 
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demonstrated that N-type Cu2O doped activated carbon could increase power density by roughly 

59%, the oxygen vacancies in Cu2O played crucial roles in catalytic performance [53]. Cheng 

and Wu reported a similar power density from a nickel foam activated carbon cathode compared 

to carbon cloth Pt cathode, however, the nickel foam activated carbon cathode has a much lower 

price (1/30 of that of carbon cloth Pt carbon) which makes it more feasible in the MFC 

wastewater treatment application [54]. In addition to this, activated carbon nanofibers (ACNF) 

was proved to be a viable alternative catalyst to Pt for MFCs since the power per cost of ACNFs 

with KOH treatment was found to be 2.65 times greater than that of the Pt cathode [55]. 

Chemical pretreatments of activated carbon have been tried to improve the performance, it has 

been reported by Chen et al. that H3PO4 treated activated carbon at 80℃ could increase the 

maximum power density by 37% [56], and Watson showed improved cathode performance with 

treatment of activated carbon by ammonia gas, with the pre-treatment, oxygen content decreased 

on the surface while nitrogen content increased which resulted in better performance of cathode 

[57].  

5.3 Materials and Method 

5.3.1 Cathode Fabrication 

Cathodes were constructed with carbon cloth (Zoltek Corporation, St. Louis, MO, USA) 

with the dimension of 4 cm×1 cm. The carbon cloth use: bare carbon cloth (CC), carbon cloth 

coated with activated carbon (CC-AC), carbon cloth coated with 18000-18000 g·mol
-1

 polymer 

(18-18 PCC) consisting of polystyrene-polymethyl methacrylate (Polymer source.pdi=1.10, 

USA), and other two carbon cloth coated with the same chemical but with different molecular 

weight of 52000-52000 g·mol
-1

 (52-52 PCC) and 85000-91000 g·mol
-1

 (85-91 PCC), 
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respectively. The CC-AC was prepared by distributing solution of activated carbon powder 

(Thermo Fisher Scientific, USA), which has 5mg·cm
-2

 and was dissolved in 10 ml·g
-1

 ethanol, 

evenly as a catalyst for oxygen reduction to carbon cloth. The activated carbon powder was 

coated to the carbon cloth by using a 15% PTFE solution as a binder, and the carbon cloth 

binding with activated carbon was heated at 375 ℃ for 30 minutes. A group of 18-18, 52-52 and 

85-91 PCC was rinsed with toluene and was dipped with polystyrene-polymethyl methacrylate 

solution which was prepared by dissolving the polymer powder (1120.64 mg) in toluene (18.552 

ml). Then, the PCC was placed on a vacuum spin coater (Laurell, ws-650mz-23nppb, USA) and 

was spun for 1 minute at 10000rpm. After that, PCC were annealed for 12 hours at 200 ℃ by 

tube furnace (Thermo Scientific Lindberg/Blue M, USA). Another group of PCC did not go 

through the clean process and went directly through polymer coating process.  

5.3.2 MFC Setup 

MFC used in this experiment was a two-chamber MFC built in a traditional “H” shape, 

consisting usually of two bottles connected by a tube containing a CEM (diameter of 4 cm) as a 

separator. In this H-configuration, the membrane is clamped in the middle of the tubes 

connecting the bottle to keep the two chambers separated. The two bottles have the same 

dimension (140 mL) and the left hand side one is anode chamber while the right one is cathode 

chamber. As anode material, an 8 cm carbon brush (Gordon Brush Mfg. Co., Inc., Commerce, 

CA, US) was put in the anode chamber. Four cathode materials such as bare carbon cloth, CC-

AC, 18-18 PCC and 52-52 PCC were put in the cathode chamber, which were stabilized by 

titanium wire with air sparging.  
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5.3.3 MFC Operation  

The MFC was operated under batch mode, the anodic and cathodic solution was changed 

every two days. The anodic contained (per L of tap water): 1 g acetate, 10 ml stock solution, 20 

ml 1mol·L
-1

 PBS and1ml trace solution, while cathodic solution contained (per L of tap water): 

50 ml 1 mol·L
-1

 PBS, both of them were prepared in the lab. For anode, half of the solution was 

changed, while all solution was changed for cathode.  

 

Figure 5.1 Cathode materials testing reactor configuration 

 

5.3.4 Electrochemical and MFC Application Analysis 

Linear sweep voltammogram (LSV, scan rate 10mV·s-1) was measured with a 

potentiostat (Reference600, Gamry Instruments, Warminster, PA, USA). Electrochemical 

experiments were conducted in a sealed glass bottle containing PBS (1M, 120mL) solution, in 

which the modified cathode electrodes served as a working electrode, a platinum mesh served as 

a counter electrode, and an Ag/AgCl electrode (CH Instruments, Inc., Austin, TX, USA) acted as 

a reference electrode. Prior to each test, the sample was immersed in the solution in the glass 

bottle for 30 min and then the bottle was sparged with air for 30 min. Each sample was tested 

three times in order to obtain stable results. 

For MFC application, the selected cathodes from LSV tests were put in the H-type MFC, 

the voltages on the 1 ohm resistor were recorded with a digital multimeter (2700, Keithley 
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Instruments, Inc., Cleverland, OH, USA) with a time interval of 5 min. Electricity production of 

each cathode was calculated with Ohm’s law I=U/R. 

5.4 Results and Discussion 

5.4.1 Electrochemical Analysis 

Linear sweep voltammogram (LSV) was conducted three times for each of the samples to 

reduce system error and achieve consistent results. The LSV were measured before MFC 

application because LSV can tell the basic electrochemical characteristics -- the reduction 

potential of a certain electrode material. Therefore, LSV can be used to screen materials that 

have worse reduction potential, and better materials can be selected. Results from LSV 

experiments were collected and shown below. For the 18-18 PCC, different results were 

observed in the three trials. However, the second and the third trials were the same while the first 

trial was different from the other two. In the first trial, 3 LSV peaks were obtained, while in the 

second and third trials, only 2 peaks were found.  
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Figure 5.2 LSV of 18-18 PCC for three trials 

 

In figure 5.2, the first peak in the three trials all appeared when the potential reached -

0.18 V, and this could be caused by the hydrogen reduction. The second peak emerged at 

potential range from -0.6 V ~ -0.7 V in the second and the third trials, and this should be linked 

to oxygen reduction for most of the cases. The second peak occurred between hydrogen 
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reduction and oxygen reduction in the first trial, which might be attributed to the reduction of 

polymer itself.  

Similarly, the same phenomenon was found in 52-52 PCC and 85-91 PCC experiments.  

 

Figure 5.3 LSV of 52-52 PCC for three trials 
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Figure 5.4 LSV of 85-91 PCC for three trials 

 

Among trials of 52-52 PCC, the same hydrogen reduction and oxygen reduction 

potentials were observed, and the same possible polymer reduction also appeared. However, for 

85-91 PCC, the hydrogen reduction occurred at a larger potential, which was different from that 
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of 18-18 PCC. It can be concluded that first trial in all three experiments had the same 

appearance of polymer reduction, possibly because polymer coated on carbon cloth was not 

stable enough and can be easily reduced.  

From the comparison of cleaned materials and materials that did not go through clean 

process, it is explicit that 18-18 PCC that have gone through clean process was able to produce 

higher current.  

 

Figure 5.5 Comparison between cleaned 18-18 PCC (Top) and uncleaned 18-18 PCC (Below) 

 

As shown in figure 5.5, cleaned cathode produced a current of 5×10
-4

 A, compared to less 

than 3.0×10
-4

 A of uncleaned cathode. In addition to this, cross-link technology applied in 

manufacturing PCC was proved to have effective improvement in electricity production, which 



61 

 

has been shown in figure 5.5. The current generation of cross-linked 18-18 PCC was 

approximately 1.4×10
-3

 A, which was over 1.5 times of that of 18-18 PCC not cross-linked.  

 

Figure 5.6 Comparison between cross-linked cleaned 18-18 PCC (Top) and regular 18-18 PCC (Below) 
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Figure 5.7 Comparison between cross-linked cleaned 18-18 PCC (Top) and AC-CC (Below) 

 

Figure 5.7 above indicated that AC-CC had better electricity production, however, both 

materials represented current generations above the level of 1×10
-3

 A.  

5.4.2 MFC Application 

The cathode materials that were proven to have better performance than bare carbon cloth 

were selected to do MFC application. Clean 18-18 PCC, clean 52-52 PCC and bare carbon cloth 

were placed in the cathode chamber to share the same anode. Electricity production of these 

materials was recorded and the highest power production can be used to determine the best 

cathode material. In figure 5.8, the current generation in lab-scale MFC was shown and a 

comparison analysis was made.  
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Figure 5.8 Electricity production between 18-18, 52-52 PCC and bare CC 

 

It is obvious that the 18-18 PCC and 52-52 PCC both had better performance than bare 

carbon cloth did. 18-18 PCC had the current generation of 0.0163 ± 0.003 mA and 52-52 PCC 

had 0.013 ± 0.002 mA, compared to 0.007 ± 0.002 mA of bare carbon cloth. In order to confirm 

the better performance of 18-18 PCC, the comparison between 18-18 PCC and bare carbon cloth 

was conducted.  
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Figure 5.9 Comparison between 18-18 PCC and bare carbon cloth 

 

Figure 5.9 showed distinguished current productions of the two cathode materials. It is 

clear that 18-18 PCC could generate roughly two-fold of the current that bare carbon cloth did. 

On the basis of better electric performance of 18-18 PCC, a comparison between 18-18 PCC and 

AC-CC was investigated.  
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Figure 5.10 Electricity production between 18-18 PCC and AC-CC 

 

The results demonstrated a significantly higher electricity production of AC-CC material. 

In other words, AC-CC in MFC application was able to generate more electricity than was 18-18 

PCC. The polymer coated on cathode materials was proven to improve the ability of energy 

production in MFC applications. The reasons that account for better performance of polymer 

coated carbon cloth are: (1) polymer coated carbon cloth might increase the conductivity of 

carbon cloth even polymer itself has no conductivity; (2) polymer coated carbon cloth might add 

more active sites to the material thus enhance the oxygen reduction rate. The polymer coated 

carbon cloth has stronger electricity production than the bare carbon cloth, while it is much 

weaker than the commonly used activated carbon cloth. In addition, polymer is more expensive 
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than activated carbon, which indicates that polymer may not be a cost-effective catalyst 

compared to any other currently applicable catalysts. 
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Chapter 6 – Perspective 

Sediment MFC has been demonstrated to be an alternative method for treating the 

nitrified effluent from secondary treatment process. It can extract the electrons in the sediment 

that reduction of aqueous nitrate cannot easily access. SMFCs may, have the advantages of low 

capital cost, low maintenance requirement and easy installation. However, low current 

generation limits its treatment capacity and efficiency. The produced electrical energy may be 

applied for low-power device, such as remote sensors for monitoring the treatment process.  The 

membrane-based MFCs coupled open water pond system can effectively treat municipal 

wastewater with removal of both organic and ammonium compounds. The energy production is 

significantly higher than SMFCs, and may be used to offset the energy demand by the treatment, 

such as covering part of the aeration energy. The coupled system can recover useful energy, 

compared to constructed wetland that does not generate any energy. However, the capital cost of 

the coupled system will be high, due to the use of ion exchange membrane and electrode 

materials. Future research should examine the use of the produced energy to demonstrate the 

feasibility of the coupled system with an energy balance.  Development of a cost-effective 

cathode catalyst will certainly be important to deployment of the coupled system. Although the 

polymer-based carbon cloth does not perform better than activated carbon-based carbon cloth, 

the polymer materials may function as a base material to support activated carbon; such a 

combination may take advantage of high surface area of the polymer, which warrants further 

investigation.  
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