








A.7 Sediment MFC installed in the field

A.8 Graphite rod used in sediment MFC
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CHAPTER |

INTRODUCTION

Microbial fuel cells (MFCs) have been studied intensively in the last decade because they
represent a potential green technology that produces electrical energy utilizing natural
organic matter through microbial redox processes (Logan et al. 2006; Juang et al. 2011;
Hou et al. 2012; Winfield et al. 2012). Electrons released during the redox process are
transferred through external circuits resulting in electricity generation (Logan et al. 2006).
In additional to lab scale reactors, scientists and engineers have conducted trials using
sediment MFCs (sMFC) to produce electrical energy for field application (Dumas et al.
2007). The MFCs are mainly driven by redox potential differences between anodic and
cathodic environments, and they do not require complicated manipulation of reactants or
reaction conditions. Any environments that have oxic and anoxic conditions can be used
for MFCs. Bacteria residing on the anodes of MFCs, and maybe the cathodes, are the
“local workers” to process the redox reactions. The communities selected by MFC
reactions ensure sustainability of such an environmental friendly system. Therefore,
MFCs could be a reliable approach for generating power in the field and deserves study

as a source of power for field devices.

Isolated freshwater forested wetlands located in low-lying coastal areas of the
southeastern U.S. comprise a unique forested ecosystem. These forests are subjected to

both upland runoff and groundwater seepage (Tiner 2003). Isolated freshwater wetlands



have received rather nominal scientific attention in regards to the diversity of the
vegetation and their production of large amounts of biomass. These ecosystems in the
coastal area of South Carolina are among the most sensitive to sea-level rise. Intensive
field monitoring of freshwater forested wetlands in the southeastern U.S. have been, and
are currently being, conducted by research teams. Many types of in-situ equipment (e.g.,

water level recorders and water quality sensors) are currently collecting data in the field.

Field monitoring devices have been installed in various environments to investigate
ecological processes and climate change effects on short- and long-term temporal scales.
These remote devices rely on batteries to operate. Conventional chemical batteries are
mostly used currently. There are two concerns of using chemical batteries. The first is the
short life time, so to ensure the reliability and quality of the data, researchers need to
replace the batteries at regular intervals. The frequent field trips take time, and also can
be difficult in special sites, like jungles or swamps. In some programs, researchers desire
to take as few field trips as possible to keep the study sites undisturbed. The second
concern of using conventional batteries is the potential for heavy metal pollution. A
conventional battery, which is usually a chemical fuel cell, is composed of many heavy
metals such as lead, cadmium, and chromium. Under damp conditions, erosion may cause
leakage of chemicals and pollute the environment. By using MFCs on field monitoring
devices, it is expected that they will either elongate the life time of the traditional

chemical batteries or replace the chemical batteries entirely.



There are two limitations to the application of MFCs under field conditions: a conductive
aqueous environment and presence of organic matter as a fuel source. A well conductive
aqueous environment consists of electrolytes which are crucial to transport the positive
charge from the anode to the cathode in MFC reactions. Cathodes floating on the water
surface will freely accept the electron via external circuits and positive charge through
the water, using oxygen in the air as the electron acceptor. In isolated freshwater forested
wetlands, seasonal flooding creates the reaction condition for sSMFC. Natural organic
matter that has accumulated at the soil-water interface serves as a fuel source of sSsMFC.
Bacteria degrade the organic matter near the underground anodes or at the soil-water
interface. In addition, high levels of dissolved humic substances such as humic acid can
enhance the conductivity of water significantly, increasing the transport of the charge
through water (Thygesen et al. 2009). In an investigation of electricity generation using
MFCs in a rice paddy field (Kaku et al. 2008), low power generation was observed and
was attributed to the low electrical conductivity in the soil and water matrix. In marine
environments, low organic concentrations turn out to be one of the major limiting factors

for using sSMFC (Dumas et al. 2007).

In an isolated wetland on Hobcaw Barony near Georgetown, SC, leaf litter production is
very high (833 g/m*/yr), resulting in an accumulation of a thick layer of organic matter on
the soil surface which serves as a substrate source. Some storm events may also bring in

organic matter to the wetland from adjacent forest areas. Bacteria break down the detritus



each year and release the organic matter to the water and air. Actually, sSMFC could take
advantage of these components via a series of biogeochemical reactions and generate
power. This annual litter fall can be regarded as a renewable energy source and is
environmental friendly. Wind power and solar power technologies are more applicable
and commercially available in the market compared with MFCs. Investigations by DOE
show that wind and solar technology yields 1.3% of the electricity generation in the U.S.
However, in forested wetlands, wind power is limited by the numerous trees and less
wind. Solar panels do not work well in forests due to limited sunlight passing through the
dense canopy. These situations mean that sMFC have a good chance to make use of the
“forgotten resource”-forest leaf litter. The productivity and optimal reaction conditions of
MFCs and sMFC will be investigated in this study. A small scale MFC system could be
created for household use, which can be fueled with vegetation residue as a free or cheap
substrate, rather than burned up as is the current treatment process, such as septic tanks
which produce air pollution. In order to understand the effectiveness of the application of
MFCs using natural organic matter as a substrate, a series of biogeochemical experiments
were conducted to figure out the change of characteristics of organic carbon after
electricity generation through microbial processes. Wetlands have been reported as one of
the most important dissolved organic matter sources to the adjacent land surface area. It
has been shown that dissolved organic carbon and nitrogen serve as the precursors of
disinfection byproducts (Diaz et al. 2008). The effect of microbial activity on the change
of DOC in wastewater treatment has been intensely studied (Jiang et al. 2011). However,

the effect of MFC reactions on the change of natural DOC characteristics has not been



studied. Some organic matters secreted by bacteria can serve as the electron shuttle when
MFC reaction applies in the field, which should be investigated. The characteristics of the
organic matter should be figured out to analyze and predict the future of application of

sMFC in the natural environment.
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CHAPTER I

REVIEW OF LITERATURE

Microbial fuel cell (MFC) technology is based on the principle of bioelectrochemistry. A
MFC system consists of anodes, cathodes, internal connections, and external connections.
The internal connection includes the electrolyte and exchange membrane that separates
anode and cathode, which determines the internal resistance of an MFC. The smaller the
internal resistance is the better the performance of the MFC. The external connection is
an electrical circuit to transfer the electrons. The electron donors, which are generally
organic substrates such as acetate and glucose, are oxidized by bacteria in anodes under
anoxic conditions, and electrons are released and are shuttled by mediator or microbial
nanowire to the anodes, as shown in Figure 2.1. Because of the potential differences
between anode and cathode, electrons pass through the external circuits and are accepted
by electron acceptors at cathodes which are usually under aerobic conditions. Meanwhile,
the positive charge (proton) moves through the internal connection pathway from anodes
to cathodes to create a charge balance. In addition to electrical production, MFCs have
been used for wastewater treatment because of their oxidation capability on organic
matter (Feng et al. 2008). In recent years, MFCs have received intense focus due to their
versatility and energy recovery benefits. There are a number of biological and chemical
factors able to affect power output and wastewater treatment efficacy of MFCs, such as

types of microorganisms, electron donors, and acceptors. In this chapter, I will review



the literature and summarize recent scientific findings that affect the performance of

MFCs. In addition, I will discuss the potential application of MFCs.

2.1. Types of Microorganisms

The microorganisms in charge of transferring electrons into the MFC systems are usually
called exoelectrogens which are obligating oxidation reactions near anodes. The diversity
of microbes capable of generating electricity has been explored by analyzing the
composition of biofilms on the electrode surface and feeding substrate environments.
Two major dissimilartory genera (Shewanella and Geobacter) of exoelectrogens have
been well studied (Biffinger et al. 2007; Richter et al. 2009). Bacteria can secrete or
utilize the mediators (Rabaey et al. 2005) to assist in electron transfer. It was observed
that the bacteria and communities were capable of passing electrons via nanowires and
cell surfaces (Huang et al. 2008). Both Geobacter and Shewanella produce electron
shuttling mechanism via special structures on the cell like nanowires, pili. Shewanella
was found to be able to transfer electrons via membrane-bound proteins on membranes,
periplasm, and outer membranes. This breakthrough has encouraged researchers to
explore the application of sediment MFCs in outdoor environments because of the higher
efficiency of transfer electron via pili. Sediment MFCs involving biofilm is dominated by
geobacteraceae which possesses both membrane and secreted mediator transfer avenues

(Logan et al. 2006).



Both pure culture and mixed culture bacteria inoculated in MFCs have been studied.
There is no definite conclusion affirming which type is more efficient. For example,
Lovely’s group at the University of Massachusetts at Amherst produced 1.9W/m” with
cultured Geobacter Sulferredusens using acetate as the substrate, 0.3 W/m? more power
than that with mixed culture bacteria in similar reactors (Nevin et al. 2008). However,
they did admit that in most cases, the power produced by mixed communities was higher
(Rabaey et al. 2004). Mixed culture bacterial communities usually have a broader
adaptation to the environment and are more sustainable due to successive transfer and
enrichment of biofilms, but it is difficult to replicate the communities to maintain the
stable power generation and to elucidate the function of each species in the communities.
The performance of MFCs depends on the composition of substrates used. Normally,
pure culture bacteria requires simple substrates, like acetate, or certain pretreatments
before the feeding process; mixed culture communities are able to utilize more
complicated substrates, like wastewater or biomass extracts (Feng et al. 2008; Mohan et

al. 2008).

2.2. Type of Substrates

In order to expand the application of MFCs, a great variety of organic substrates were
tested or pretreated to test for electricity generation. The initial purpose of MFC
technology was to remove contaminants or organic matters in wastewater (Ahn et al.

2010; Zhuang et al. 2012). Acetate was the most popular substrate for MFC



experimentation due to the easiness of the degradation reactions compared to other
components in wastewater. Also, acetate was the end product of many metabolism
pathways for higher order carbon compounds. Therefore, acetate was usually used to
benchmark the effects of other substrates and configurations on the performance of MFCs.
A power density of 3600 kW/m? using acetate was the highest record with MFCs
(Rabaey et al. 2003). In view of columbic efficiency, acetate-fed MFCs could recover
72.3% of the electrons by generating electricity, much higher than fermentable substrates
like butyrate (43.0%), propionate (36.0%), and glucose (15.0%) (Chae et al. 2009). Lee et
al. (2008) compared electricity generation behavior between acetate and glucose and
found that, under the same reactor and concentration conditions, acetate generates 4.66
mA current and is consumed within two days, whereas glucose was consumed in 10 days

at a current of 0.76 mA.

A complex mixture of organic matter in wastewater, biomass extracts and residue, and
natural water-sediment have also been examined to generate energy in MFCs. Feng et al.
(2008) produced a power density of 528 mW/m? with brewery wastewater of 3000-5000
mg of chemical oxygen demand (COD)/L. Sun et al. (2011) reported that a mixture of
model azo dye and wastewater enhanced decolorization activity. Wang et al. (2009)
found electricity generation with raw corn biomass was 331 mW/m?; and pretreatment of
the steam explosion can enhance power generation by 8% (406 mW/m?); the system
could produce 551 mW/m? power with glucose as the substrate. However, as complicated
as the substrates are, diverse and proper microbial communities are required to adapt to

the condition. This kind of system is better with respect to more stable states, despite the



lower efficiency and output than pure cultured and pure substrate fed MFCs. Pant et al.
(2010) reviewed power generation as well as waste treatment with a variety of substrates
and concluded that complex substrates will be the major type to use in terms of
improving the application of MFCs to produce electricity or hydrogen on a commercial

level.

2.3 Type of Electrodes

2.3.a Anodes

Anodes either accept the electrons from the suspended bacteria via mediation or provide
the bioreaction sites for electron transfer on the electrode surface. Better electrical
conductivity of anode materials is the central topic among various considerations. A
number of materials and configurations for constructing anodes have been developed and
examined. Metal materials are known for their low resistance in electricity conductivity.
However, most of them are so corrosive that they are ruled out for use, like copper.
Carbon and graphite materials have taken over the market due to their excellent
conductivity and non-corrosive characteristics. The conductivity of carbon paper is 0.8
ohm/cm while carbon cloth is 2.2 ohm/cm and graphite fiber is 1.6 ohm/cm. For graphite
materials, a lightly sanded pretreatment is usually applied to create greater surface area
which is easier for microorganisms to attach to. Graphite brushes and granules providing
large porosity and specific surface area are advantageous for electrogen’s growth and

generate a power density of 1430 mW/m” (Logan et al. 2007). Conductive polymers were



invented, but have not been well investigated. The voltage output of coated polymer
anodes was only 55% of carbon cloth (Logan, unpublished). Unstable and erratic signal
output is another concern to maintain a well-qualified power support while applying the
polymer anodes in MFCs. Some other metal based coating technologies are applied to
enhance the anodes’ performance. However, whether the increases result from the
galvanized metal or metal oxides are not well clarified so far. Park et al. (2002) added Mn
(4+) and Zn (2+) to graphite-ceramics and produced 1.7 to 2.2 fold increases in current,
providing a novel way to enhance anode performance. Stainless steel anodes were tested
in both lab and field SMFCs, and 11.2 mW/m?® power density was achieved (Song et al.
2011). Dumas et al. (2008) compared stainless steel and graphite anodes, and 0.1 mW/m”
was generated from graphite MFCs, which was more efficient than steel MFCs.
Ammonia-gas-modified carbon cloth has an advantage over plain carbon cloth in
producing energy (1970 mW/m” versus 1640 mW/m’, respectively), but the mechanism

of increase is still not well explained (Cheng et al. 2007).

2.3.b Cathodes
Electron acceptors combine with the electrons on the cathodes to complete the reduction
reaction. In some MFC reactor designs, cathode reaction has been found to be the

limiting factor, thus the need to examine methods to improve the reaction.

Chemical reagents can be used to adjust the reaction rate by controlling the concentration.

Oh et al. (2004) generated a maximum power density of 0.17 mW with ferricyanide in

10



the cathode compartment, compared to 0.095 mW with Pt-coated carbon cloth. However,

the potential toxicity of these reagents is a drawback preventing broad utilization.

Oxygen is used mostly in waste water biological treatment processes as an electron
acceptor. It is also used in MFC cathodes (Liu et al. 2005; Logan et al. 2007) due to its
safety and availability, though the efficiency is somehow lower than ferricyanide, 1.37
mW/m’ versus 4.35 mW/m?, respectively (Kong et al. 2010). Carbon-based cathodes
coated with catalyst have been developed to enhance the reaction. Carbon cloth with Pt-
loading is commercially available and widely used. Air-cathodes employ newly
developed subtle layers design. Besides the carbon conductive layer and catalytic layer,
there is a binding layer (obligated to transporting the protons, electrons, and oxygen), and
a diffusion layer (controls gas diffusion into the reactor). This design can increase the
cathode reaction by maximizing the concentration of oxygen, while minimizing the
electrode distance. The reported power density is as high as 766 mW/m?’, while without
the diffusion layer, power density is only 538 mW/m? (Zuo et al. 2008). Balance is
needed to control these layers: greater thickness will block the transfer process,
decreasing the oxygen mass transfer coefficient from 2.3x107 cm/s with 4 diffusion

layers to 0.6x10~ cm/s with 8 diffusion layers (Logan 2008).

Other catalysts, like cobalttetramethoxyphenylporphyrin (0.6 mg/cm?), were examined
using air-cathodes, and reached a power density of 369+8 mW/m?, which is 12% lower

than that with 0.5 mg-Pt/cm* (Logan 2008).
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Biocathodes are a new technology where bacteria are used as the catalyst to assist
electron transfer on the cathode. Some microorganisms, like algae, can produce oxygen
via photosynthesis for cathode reaction to save the cost of an oxygen supply. This idea is
considered to be of great help to field MFC application because it promotes the cathode
reaction, which is usually a limiting factor, and enhances the sustainability and energy
generation ability (Velasquez-Orta et al. 2009). There are also other species of bacteria
that reduce iron or manganese and can be used to compose the biocathode. Biocathodes
are used to remove nitrogen compounds via denitrification in wastewater treatment. The
denitrifier will acquire electrons from the cathode emitting nitrogen, which will exit the
liquid phase as gas. At this point, energy production is not the major purpose, compared

to waste removal (He et al. 2006).

2.4 Membrane

Membrane application in MFCs has proven to have adverse effects on electricity
generation because of the increase in internal resistance (Li et al. 2011). However, the
requirement for membrane application aims at studying the separated anode or cathode
condition without being affected by other parts. The membranes are the conductive
separator for positive charges which means metal foil will not meet the requirement.
Protons or positive charges transfer through the electrolyte from anode to cathode. Cation
exchange membrane is commonly used due to its ability to exchange cations while

keeping the anolyte and catholyte separate. Commonly, anion exchange membrane is also

12



applied in MFCs, because it is recognized as an anion buffer that can transport protons
effectively. Ultrafiltration membranes limiting proton pass through are regarded as a way
to achieve separation and conductivity simultaneously. Kim et al. (2007) conducted a
comparison study among these membranes and found that when phosphate buffer
solution is used as an electrolyte, anion exchange membrane performs best in terms of
electricity generation (610 mw/m?), followed by nafion and cation exchange membrane.
The performance of ultrafiltration membranes depends on their ability to sieve molecules,
the smaller molecules are allowed to pass, and the larger internal resistance occurs, the
less power provided. Nafion membrane is most permeable for oxygen, which may be the
reason it is harmful to electricity generation. Though the anion exchange membrane can
produce the highest power density, the highest acetate diffusion effect from anode to
cathode may cause damage to cathode catalyst or by growing unwanted bacteria.
Ultrafiltration membranes provide better control for separation, but with less efficiency
due to high internal resistance. Further balance calculations are necessary for large scale

and long-term utilization (Kim et al. 2007).

When MFCs are applied under extreme environmental conditions, like strong acid or
base, membrane fouling is a major problem; separation condition is needed for bacteria
(such as A. ferrooxidans) growth. A bipolar membrane composed of anion and cation
membranes joined in series is used with the respect of the resistance ability of low pH

(<2.5) (Ter Hetjne et al. 2006).
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2.5 Other Physiochemical Factors

2.5.a. Temperature

Most studies examining temperature impacts on MFC operation are conducted within a
temperature range from 10 to 35 ° C. In this range, electricity generation has a positive
relationship with operating temperature. Liu et al. (2005) reported that a reactor operated
at 32 ° C generates 9% higher power density than that at 20 °C. In a SMFC model, Hong
et al. (2009) found power density at 35 ° C was 2.5 higher than that at 20 ° C. The

empirical function of temperature (T) in the biological process () is
Or = 0"

showing the positive relationship between temperature and microbial activity. Hong et al.
(2009) suggested that temperature affects the power generation of sSMFC when the
substrate is adequate to support the max power density; after long periods of column
reactor operation (over 20 days), the temperature effect is not significant, with similar
power generation at 35°C, 20°C, and 10 ° C probably due to substrate limitation in the

sediment.

2.5.b Electrical Conductivity (EC)

In a MFC system, the more conductive the electrolyte is, the more power generated. Liu
et al. (2005) used ion strength to represent EC, and reported that power density increased
85% as ion strength increased from 100 to 400 mg/L. Hong et al. (2209) observed an

increase after increasing EC in sMFC columns, but no calculated relationship was given.
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However, additions of salt to enhance conductivity have potential adverse effects on field

environments, which is an area recommended for investigation.

2.5.c Electrode Spacing

Power density increases with decreasing electrode spacing — the distance between anode
and cathode. In a single chamber reactor, Liu et al. (2005) reported that power density
increased about 60% when electrode distance decreased from 4 to 2 cm. Hong et al.
(2009) found that in sSMFC columns, power density depends significantly on electrode
spacing when the distance is less than 80 cm. In their experiments, the anodes were
buried 2 cm under the sediment surface in all MFC reaction columns. Cathodes floated
on the water surface. There is no discussion about water phase and sediment phase

contributions to internal resistance (Hong et al. 2009).

2.6 Potential Applications of MFC

2.6.a Energy Production

The most attractive feature of MFCs is the recovery of energy directly as electricity from
waste treatment processes. Before 2001, reported power densities were less than 0.1
mW/m® with values zooming up to 2400 mW/m? in 2007, which is still an order
magnitude lower than the theoretical limit with mass transfer to the biofilm being the
limiting factor (Logan 2008). Under natural conditions, sSsMFC have been tested to supply
power to remote sensors via energy boosting circuits as a promising method to take the

place of traditional chemical batteries. A benthic MFC was installed in seawater to power
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2.8 Isolated Freshwater Forested Wetlands

Isolated freshwater forested wetlands located in low-lying coastal areas of the
southeastern U.S. comprise a unique forested ecosystem. These forests are isolated from
major water bodies, but get their water from both upland runoff and groundwater seepage
(Tiner 2003).

In the southeastern U.S., swamp tupelo (Nyssa sylvatica var. biflora), water tupelo (Nyssa
aquatica), and bald cypress (Taxodium distictum) are the dominant tree species in this
wetland ecosystem. These wetlands not only provide habitat for many animals, but also
serve as sites for nutrient cycling and storage. Forested wetlands in the southeastern U.S.
are very productive with annual litterfall productivity ranging between about 300 and 600
g dry wt/m* (Conner 1994). Through physical and biogeochemical processes, this high
input of litter is decomposed and contributes organic matter to the soil and water. Rates
of organic matter decomposition in the ecosystem depend on hydrology, temperature, and
litter quality (Lockaby et al. 1998). Along the coast, these forests are exposed to saltwater
intrusion, and the freshwater plants are sensitive to high salinity. Unfortunately these
forests have received only nominal scientific attention until recently. High salinity causes
tree mortality and forest dieback, and the ecosystem turns into salt marsh (Doyle et al.

2007; Krauss et al. 2009).

The high productivity of organic matter in these wetlands has been regarded as potential
sources of disinfection byproducts precursors (DBPs), especially in tidally affected areas.
High concentrations of chloride and bromide may increase the formation of DBPs,

including trihalomethanes (THMs), haloacetonitriles (HANs), and chloral hydrate (CH),
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CHAPTER 111

MATERIAL AND METHODS
Two controlled laboratory experiments and one field experiment using detritus materials
from a typical cypress-tupelo wetland were conducted. Dual-chamber reactors and
column reactors were used in the two controlled experiments to examine MFCs operating
in aqueous phases only and aqueous-solid phases, respectively. Dual-chamber reactors
were used to determine the optimal energy production level of dissolved organic
substrates and evaluate two biogeochemical factors (leaf species and concentrations of
extracts) on the performance of MFCs. Water extracts of three common common tree
species, including baldcypress (Taxodium distichum), water tupelo (Nyssa aquatica) and
longleaf pine (Pinus palustris), were used as organic substrates. Column reactors with
aqueous-solid phases mimicked actual field conditions and were used to study effects of
physical parameters such as electrode distance and operating temperature. In the field
study, the power output of two in-situ MFCs installed in a cypress-tupelo wetland in
coastal South Carolina along with water quality during the inundated period between
October and May were recorded. Details of the experimental procedures are described

below.

3.1 Dual-chamber Reactor Configuration and Operation
Dual-chamber reactors with aqueous phase only were used to examine the optimal
electrical energy production from foliar litter extracts (Figure 3.1). Anode and cathode

chambers (0.2 L cubes) were made of plexiglass. Each chamber held 0.18 L of solution,
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and the two chambers were separated by a 16 cm’ anion exchange membrane
(International Membrane Co. Ringwood, NJ, USA). The membrane was pretreated in 10
g/L NaCl (Fisher Scientific, USA) solution for 1 day and rinsed with deionized water
before assembling. Air was continuously pumped into the cathode chamber during the
experiment. A magnetic stirrer was used to keep the anode compartment solution
completely mixed. Each anode was a graphite fiber brush (Mills-Rose Co., Mentor, OH)
with a surface area of 0.22 m?, which was pretreated by immersing in deionized water for
one day before use. The cathode was a 10 cm” carbon cloth coated with a Pt catalyst
(O.Smg/cmz, 10% Pt, Fuel Cell Earth Co. Stoneham, MA, USA) on one side. One

thousand ohm resistors were used to complete the circuits.
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Figure 3. 1 Configuration of the dual-chamber MFC reactor for measurement of
substrates’ effect and change.
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The dual-chamber reactors were inoculated with anaerobic digester sludge (see Culture
and Media below), which are common inoculums used in other MFC studies (Lobato et
al. 2012). An inoculum of 0.18 L containing both 20% sludge by volume and nutrient
media was fed into the anode compartment for the first time. The cathode chamber was
fed with 100 mM PBS. The nutrient media was fed to the anode part after one week or
when voltage output decreased from an obvious peak. Until voltage outputs were stable at
over 500 mV, the nutrient media was refreshed weekly to maintain energy production
levels. After inoculation, the reactor was fed with litter extracts, in lieu of nutrient media.
After each feeding of solution, litter extracts were purged with nitrogen gas for 10
minutes to deplete the oxygen, and then withdrawn into the anode chamber, modified into
100 mM PBS instead of nutrient media. Voltage of each type of material was recorded till

the voltage output fell below 0.05 V from peak value with the interval of 5 minutes.

3.2 Culture and Medium

The digest sludge from an anaerobic digester from the Greenville, SC Wastewater
Treatment Plant was used to inoculate the anode compartment of the dual-chamber MFC.
Anaerobic sludge is widely used as the inoculum in MFC studies (Logan 2004), because
of the high density of microbes. In the inoculation, 0.5g/L NaAc was prepared as a
substrate in phosphorous buffer solution (PBS) containing 5.38g/LL Na,HPO,4 and 8.66g/L

NaH,PO4 (Fisher Scientific, USA) as the nutrient media. All chemicals were reagent
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grade from Fisher Scientific, USA. Fresh litter was collected using five 0.5 m X 0.5 m
litterfall traps with 1 mm mesh fiberglass screen bottoms, which were randomly placed in
Crabhual Swamp, a forested wetland on Hobcaw Barony near Georgetown, SC. The
traps were elevated 1 m to prevent inundation during flooding. In the test, fresh litter was
dried at 70 to 80" C for 2 to 3 days, 12 g of each litter type was ground and sieved through
a 1 mm pore size sieve, and then soaked in 0.4 L of deionized water at 18 to 22" C and
shaken for 4 hours. The initial litter extract fed into the dual-chamber reactor was filtered
from the shaken sample (0.45 um Supor450, Pall Corporation). To measure the effect of
concentration factor on the performance of MFCs, a series of diluted cypress litter extract
were fed into the dual-chamber reactors. The initial litter extract was diluted for 10, 50,
100, 125 times. PBS supernatants were added into the supernatant to the concentration of
100mM as the single test substrates in the experiment, respectively. To remove the
dissolved oxygen, the solutions fed to anode compartment were purged with nitrogen gas

for 15 minutes. All reactors were operated at 28+2° C in the laboratory.

3.3 Column Reactor Configuration

The column reactor mimicked field conditions with a solid phase and aqueous inter-phase.
Transparent plexiglass columns (10 cm inside diameter, 30 cm height) were filled with a
5 cm granule and sand layer at the bottom (Figure 3.2). A tube was connected from the
bottom and hung to a desired level to control its water level. Graphite felt (Weaverind,
Denver, Pennsylvania, USA) of 10 cm” area and 0.5 cm thickness, as anode, was buried 5

cm below the water-soil interface. The cathode was a 10 ¢cm? carbon cloth coated with a
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Pt-catalyst floating on the water surface. A ten thousand ohms resistor was used to
complete the circuit. In another group of column reactors, electrode distance was tested
as a controllable factor. In the sMFC, water level (on which the cathode floats), and
anode depth under the sediment surface both can contribute to internal resistance and
further affect the performance of the sMFC. Temperature effects were tested and

compared under indoor and natural outdoor condition.
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3.3.a. Effect of Temperature Fluctuation

Temperature in coastal forested wetlands in South Carolina can fluctuate over 10 C a day
(Chow et al. 2012). In order to examine the effects of temperature fluctuation on MFC
performance, two groups of MFC column reactors were placed in indoor and shaded
outdoor areas for 10 days in the month of August. Temperature data loggers were buried
next to the anodes and were used to record temperature changes. The temperature of the
indoor columns fluctuated between 26 and 30" C while the temperature of outdoor
columns fluctuated between 20 and 30 C. Voltage outputs were recorded at 15 minute

intervals with voltage dataloggers.

3.3.b. Water Level and Electrode Distance

The effects of depth of anode and water levels were examined using column reactors. For
the electrode depth experiment, graphite fiber brush anodes (0.88 m?) were buried at 1 cm,
5 cm, and 15 cm below the soil-water interface in three columns. A Pt-catalytic carbon
cloth cathode floated on the surface of the water (5 cm deep). For the water level
experiment, another three columns were filled to different water levels (H=5 cm, 10 cm,
and 35 cm) above the soil-water interface, with anodes buried 1 cm below the soil-water
interface. Voltage of 10 kQ resistors in all the circuits was recorded. The experiment was
operated under room temperature for 10 days. For the electrode and water depth studies,
only fresh soil without litter addition was tested. For all the column reactors, the internal

resistances were measured using a polarization curve once the voltage became stable for
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two days. The series of loads used in internal resistance measurement were 100 kQ, 30

kQ, 10 kQ, 3 kQ, 600 ©, 100 Q, 20 Q, 4 Q, and 0.8Q.

3.4 In-situ MFC Configuration

In-situ MFCs (Figure 3.3) were installed in November 2010 in a freshwater forested
wetland on Hobcaw Barony near Georgetown, SC. The site was chosen because it has
been well studied in terms of vegetation types and density, productivity and litterfall, and
nutrient dynamics (Busbee et al. 2003; Chow et al. 2012). The MFCs were composed of
an array of graphite rods (diameters of 0.6 cm and 0.30 m in length) (Poco EDM, Saturn
Industries, Hudson, NY, USA) as the anodes with a total surface area of 246 cm? and an
array of graphite fiber brushes (Mills-Rose Co., Mentor, OH) as cathodes with a total
surface area of 0.66 m”. The anodes were buried about 5 cm below the soil-water
interface, while the cathodes floated freely on the water surface. A one hundred ohm
resistor was used to complete the circuit. Voltage output was recorded every 30 minutes
by a data logger (VR-71, T&D Corporation, U.S). In addition, surface and soil pore
water samples were collected weekly for dissolved nutrient analyses and litterfall was
collected monthly from October 2010 to May 2011. Site description, nutrient analyses,

and litterfall collection details can be found in (Chow et al. 2012)
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3.5 Analytical Methods
3.5.a Electrochemical Analysis
Power output was recorded with a data logger (Keithley 2700, Keithley Instruments Inc.
City, State, USA) as a function of time. The calculation of power and current for the
polarization curve follows Ohm’s Law:

I=UR and P=UI
Where | is current
U is voltage reading of the load
R is resistance of the load, and
P is power.
In all of the dual chamber reactors, power is normalized to cathode surface area (Acathode),
because the performance depends on the cathode area, compared to the large area of the
anode (Logan et al. 2007), so the power density (PAVG) is Pavg=P/Acathode. In the
column reactors and in-situ MFCs, however, the power density depends on the anode’s

project surface area, Pavc=P/Aanode-
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3.5.b Chemical Analysis

Biological oxygen demand for 5 days (BODs) of litter extracts before and after MFC
treatment were measured according to standard method #5210 (APHA 1992). The BOD
used for electricity generation is calculated as follows:

U
(¢ R dt)My,
FbyV

BOD =
where BOD is measured in mg
U is voltage output over the resistor
R is resistance
Mo is the molecular weight of oxygen
F is Faraday’s constant
bes = 4 for the number of electrons exchanged per mole of oxygen
V is the volume of feeding liquid.
Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) were analyzed from
filtered samples (0.45 um Supor450, Pall Corporation) using a combustion technique
with a TOC-5000 TOC/TN Analyzer (Shimazu Corporation). Ultraviolet absorbance
from 200 nm to 700 nm was measured using a quartz cell with a 1 cm path length in a
UV-1800 spectrophotometer (Shimadzu Corporation). The instrument was zeroed using
milli-Q water as a blank. Specific ultraviolet light absorbance at 254 nm (SUVA) was
calculated as UV-254/DOC, expressed in L mg-C"' m™. The spectral slope ratio was

calculated as the ratio of two spectral slopes between 275-295 nm and 350-400, which

was correlated with molecular weight (MW) of DOC and to photochemically-induced
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shifts in MW (Helms et al. 2008). The E2/E3 ratio was calculated as absorbance at 254
nm divided by absorbance at 365 nm, which is negatively correlated with hydrogen
peroxide (H,0O,) (Dalrymple et al. 2010). pH values of extracts before reaction and the

liquid phase of column reactors were measured (Accumet, XL60).

3.5.c Fluorescence Spectroscopy

The excitation-emission matrix (EEM) was measured in a 1 cm cuvette with a
spectrofluorometer RF5301 (Shimazu Corporation). The samples were diluted to
ultraviolet absorbrance at 254 nm absorbance between 0.2 and 0.3 before fluorescence
measurement. A Xenon excitation source was used in the spectrometer and the hand-pass
of both excitation and emission were set to an interval of 5 nm. The EEM of each sample
was scanned over the excitation wavelength from 240 nm to 450 nm steps with 5 nm

stand emission wavelength from 350 nm to 550 nm with 1 nm steps.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1. Results

4.1.a. Characterization of Litter Extracts

After 5 days of BOD tests (BODs), significant differences in biodegradability emerged
among the three types of litter extracts (Table 4.1). The BODs concentration of pine,
tupelo, and cypress extracts were 144.64 mg/L, 80.55 mg/L, and 38.14 mg/L,
respectively. Dissolved organic carbon (DOC) as the major component of DOM in the
extracts had concentrations of 100.04 mg/L, 95.67 mg/L, and 42.55 mg/L, respectively,
extracted from each gram of dry litter material. However, cypress extracts contained the
most total nitrogen at 2.12 mg/L, followed by pine at 0.94 mg/L and tupelo at 0.93 mg/L.
As the result, ratios of carbon to nitrogen were 23.45, 120.72, and 125.28 for cypress,
tupelo, and pine, respectively. To compare the difference of utilization among the three
types of litter extracts, all feeding solutions were diluted to approximately 50 mg/L to
minimize the concentration factor. Electricity generation was a result of BODs
consumption (Table 4.2). BODs of pine, cypress, and tupelo extracts decreased from,
43.39 mg/L to 24.28 mg/L, 45.77 mg/L to 18.18 mg/L, and 48.33 mg/L to 26.04 mg/L,
respectively. Concentration of DOC as the major substrate component had a similar
change, decreasing from 30.12 mg/L to 25.46 mg/L, 51.06 mg/L to 24.56 mg/L, and
57.04 mg/L to 47.54 mg/L, for pine, cypress, and tupelo, respectively. However, as

shown in Table 4.2, spectral slope ratio increases significantly only for tupelo and
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cypress. Lower SUVA can be observed after the MFC process only for cypress and pine.

E2/E3 dropped for all the materials.

Table 4. 1 Characterization of three litter extracts. The parameters were based on one
gram of dry mass mixed with 330 ml deionized water, shaken for 4 hours at room

temperature.
type cypress pine tupelo
boc 42.55+1.97 100.40 = 0.69 95.67 £ 1.41
(mg/L)
TN (mg/L) 2.12+0.13 0.94 +£0.03 0.93 £0.06
TC/TN
molar 23.45+£0.32 125.28 +3.74 120.72 £ 6.74
ratio
BOD; 38.14 £ 0.64 144.64 +2.32 80.55+2.18
(mg/L)
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Table 4. 2 Characterization of feeding extracts before and after microbial fuel treatments.
All substrates were diluted to about 50 mg/L as BODs before MFC treatments.

type cypress pine tupelo
condition before after chanee before after chanee before after chanee
treatment  treatment g treatment  treatment 8% {reatment treatment g
781+ 6.19 + o 13.87 + 7.90 + - 5.08 + 3.60 = -
E2/E3 0.14 0.22 -20.73% 0.32 0.14 43.04% 0.05 0.01 29.18%
0.67 + 0.94 + , 1.63 + 173+ e 062+ 0.85+ ,
SR 0.02 0.03 41.90% 0.03 0.06 6.16% 0.01 0.02 36.10%
SUVA (L
v 0.79 + 177+ o, L19x 1.81+ o 352 341+ -
mi)C 1 0.01 0.03 123.65% 0.02 0.06 32.35% 0.12 0.07 3.26%"
DOC 51.06 + 24.56 s1ogv, 3012 25.46 + - 57.40 £ 4754 + .
(mg/L) 2.36 +0.76 IE70 0.02 0.70 15.46% 0.84 1.31 17.17%
BOD5 45.77 + IBI8E  (oee, 4339k 2428 + - 4833 + 26.04 + .
(mg/L) 0.60 1.59 e070 097 1.87 44.04% 0.72 0.84 46.12%

a: the change is not significantly important according to statistical calculation

Comparing the fractional fluorescence EEM matrix between the feeding extracts before
and after MFC reaction shows that the maximum fluorescence index of pine substrate
was 1451 AU/ (mg C/L) existing at intermediate excitation wavelength and shorter
emission wavelength (260~280 nm, <380 nm), and decreased to 785 AU/ (mg C/L) in the
same region (Figure 4.1). However, another peak in region of 240~260 nm excitation
wavelength and 420 to 450 wavelength increased from 295 AU/ (mg C/L) to 464 AU/
(mg C/L). For cypress extracts, the peaks increased from 99 AU/ (mg C/L) to 207 AU/
(mg C/L) and 70 AU/ (mg C/L) to 200 AU/ (mg C/L), respectively, in the same region as
above. There was another obvious increase in the region of 275~300 nm excitation
wavelength and 410-460 emission wavelength from 54 AU/ (mg C/L) to 206 AU/ (mg

C/L). The peaks of tupelo extracts increased in three regions similar to cypress.
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Figure 4. 1 Fractional fluorescence EEMs of the organic matter feeding extracts before
and after the reaction in dual-chamber MFC reactors fed with 50mg/L as BODs diluted
litter extracts.
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4.1.b. Energy Generation from Different Litter Substrates

Stable energy generation curves were considered as effective start up after inoculation
with the three types of litter extracts. The plateaus of the three curves (Figure 4.2)
indicate cypress extracts generated the most electricity on the stable power density level
of 320 mW/m?; tupelo and pine extracts supported stable power density at 240 mW/m?
and 210 mW/m?, respectively. All three types of substrates reacted rapidly after injections
into the reactor within 3 to 5 hours. However, the cypress extracts had a shorter lag time

of about 5 hours than the other two types for 20 hours.
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Figure 4. 2 Power density curves of dual-chamber MFCs using cypress, tupelo, and pine
extracts as substrates. All MFC reactions were fed with a concentration of 50 mg/L BODs
as an initial value diluted from each original extract.

Despite having the lowest peak power density, pine extracts contained the most electrons
to generate electricity in terms of dry litter mass as 33.32 mg/L as BODs, followed by
tupelo and cypress at 27.92 mg/L and 18.40 mg/L, respectively. The energy production
efficiency was calculated as 48%, 35%, and 23% for cypress, tupelo, and pine extracts,
respectively. The portion of BODsused by microbial growth was 4.58 mg/L, 9.23 mg/L,

and 30.37 mg/L (Figure 4.3).
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Figure 4. 3 Fractional energy distribution of three types of leaf extracts during MFC

treatment in terms of BODs per gram of dry litter mass within dual-chamber reactors fed

with leaf extracts separately.

4.1.c. Energy Production as a Function of Concentration

Since they were the most productive among materials tested, cypress extracts were
chosen to investigate energy generation as a function of concentration. The results
indicate that within 20 hours, 45.7 mg/L (1:10) as BODs can still generate energy at the
highest stable level in a series of concentration-decreasing tests, and the maximum

voltage output began to drop when the concentration was lower than 9.14 mg/L (1:50) as
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BODs (Figure 4.4). The sensitivity of the energy generation reaction did not depend on
the concentration significantly as shown in the graph; all of the reactors’ voltage outputs
increased over 200 mV within 2 hours and kept increasing if the substrate concentration
was adequate. Also, the peak value of power density increases with BODs concentration
increasing till 45.7 mg/L and then remaining stable (Figure 4.5). Power densities were
observed to recover to 300-330 mW/m” immediately and continuously for three cycles

with cypress extracts as substrate.
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Figure 4. 4 Voltage output curve of MFCs as a function of substrate’s concentration. The
experiment was conducted in dual-chamber reactors with cypress extract in a series of
dilutions with deionized water. The original concentration of cypress extracts substrate

was 457.7 mg/L as BODs.
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Figure A. 2 The study site in Crabhual Swamp in dry season
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Figure A. 7 Sediment MFC installed in the field. Cathodes were graphite brushes. Anodes
were graphite rods protected in the drilled PVC tubing.

Figure A. 8 Graphite rod used in sediment MFC as anode
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