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ABSTRACT

Novel Microbial and Electrochemical Technologies and Microorganisms
for Power Generation and Desalination
Noura Ahmad Shehab

Global increases in water demand and decreases in both the quantity and quality of fresh
water resources have served as the major driving forces to develop sustainable use of
water resources. One viable alternative is to explore non-traditional (impaired quality)
water sources such as wastewater and seawater. The current paradigm for wastewater
treatment is based on technologies that are energy intensive and fail to recover the
potential resources (water and energy) in wastewater. Also, conventional desalination
technologies like reverse osmosis (RO) are energy intensive. Therefore, there is a need
for the development of sustainable wastewater treatment and desalination technologies
for practical applications. Processes based on microbial electrochemical technologies
(METs) such as microbial fuel cells (MFCs), microbial electrolysis cells (MECs) and
microbial desalination cells (MDCs) hold promise for the treatment of wastewater with
recovery of the inherent energy, and MDCs could be used for both desalination of
seawater and energy recovery. METs use anaerobic bacteria, referred to as
exoelectrogens, that are capable of transferring electrons exogenously to convert soluble
organic matter present in the wastewater directly into an electrical current to produce
electrical power (MFC and MDC) or biogas (MEC). In my dissertation, I investigated
the three types of METs mentioned above to: 1) have a better insight on the effect of
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oxygen intrusion on the microbial community structure and performance of air-cathode
MFCs; 2) improve the desalination efficiency of air-cathode MDCs using ion exchange
resins (IXRs); and 3) enrich for extremophilic exoelectrogens from the Red Sea brine
pool using MECs.
The findings from these studies can shape further research aimed at developing more
efficient air-cathode MFCs for practical applications, a more efficient integrated IXRMDC configuration that can be used as a pre-treatment to RO, and exploring extreme
environments as a source of extremophilic exoelectrogens for niche-specific applications
of METs. 	
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1.1 The Water-Energy Nexus
Water scarcity and the energy crisis are the most critical issues of this century [1, 2, 3].
Since water is a basis for life, the scarcity of portable water is a priority concern for the
world, as the total of an unchanging stock of water on earth is 1.4 billion cubic kilometers
(97% of this is salt water in oceans, and 35 million cubic km of freshwater). Only 2.5
percent is available as fresh water for drinking, growing crops and industrial uses.
Moreover, 69 percent of that is locked in polar ice caps or stored underground aquifers
[4]. The world will need 55 percent more water and 70 percent more energy by 2050 to
meet the demands of its growing population [5]. Extracting, delivering, and treating water
requires energy, and similarly, many processes for extracting and refining various fuel
sources and producing electricity use water. Water technologies depend on energy and
energy production technologies depend on water. These sectors are tightly linked and
researchers and policy makers have deemed this as the water-energy nexus. This nexus is
important to understand due to increasing energy demands and decreasing freshwater
supplies in many areas of the world [5].
According to the World Water Development Report (WWDR), there is an essential
need for better planning and collaboration between water and energy sectors to avoid
future shortages in water and energy supplies [5]. Governments in several countries, such
as the United States, China, Spain, and Australia, have studied the water-energy nexus
from their own regional perspective and future policy directions [6]. A number of
academic studies have analyzed the water–energy nexus in several Middle East and North
Africa (MENA) countries [6,7,8]. The MENA region is unique due to its large water
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scarcity as well as its abundant and cheap fossil fuel-based energy supplies [9].
According to a recent study, the first most significant source of water in the MENA
countries is groundwater, and the second source is desalinated water (e.g. mention these
countries). Producing water using either of these sources can be energy intensive [6].
Figure 1.1 shows the contribution of different sources of water in various countries,
including MENA and Arabian Peninsula countries [6, 10].

	
  

Figure 1.1 (a) Source of water withdrawal (wastewater, seawater, groundwater, and
surface water) in various countries; (b) water sources in the Arabian Peninsula [6, 10].

The desalination of seawater and brackish groundwater to provide fresh drinking
water is a mature industry. The most commonly used desalination technologies are
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thermal distillation, reverse-osmosis (RO), and electrodialysis [11]. The desalination
capacity in the MENA region is 17.9 × 106 m3/day (Figure 1.2) [12]. There is estimation
in a recent study about the electrical energy consumption for desalination technologies in
the MENA countries (Table 1.1) [6], showing the lower and higher ranges for different
desalination processes. In the GCC countries, around 4–12% of the total electricity
consumption may be for desalination alone [6].

	
  

Figure 1.2 Desalination capacity in the MENA region in 2005 by technology type. MSF:
Multistage distillation; MED: multiple effect distillation; and RO: reverse osmosis [6,
10].
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Table 1.1 Energy intensity for desalination processes in MENA countries [13].

Desalination will definitely play an important role in meeting worldwide water needs,
but the extent of desalination is limited by its cost, which is primarily controlled by
energy costs. Desalination consumes a large amount of energy, and this is quantified as
the specific energy per volume of water produced [14].
As the global demand for freshwater continues to place significant pressure on
accessible water resources, domestic wastewater reclamation and reuse represents a
sustainable water resource. However, conventional wastewater treatment systems based
on activated sludge process are energy intensive and consume on the order of 0.6
kWh/m3 of wastewater treated, 50% of which is used for aeration [15].	
  As domestic
wastewater is estimated to contain ~2 kWh/m3 of energy in the form of organic substrate
[16], an opportunity exists to offset energy consumption for domestic wastewater
treatment through recovery of the inherent energy in the wastewater, possibly achieving
energy neutral or energy positive wastewater treatment. Efforts are being made to reduce
the carbon footprint of municipal wastewater treatment plants by employing on-site
energy recovery and utilization techniques such as anaerobic sludge digestion and
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combined heat and power generation [17]. It has been estimated that the energy contained
in domestic, food, and animal wastewaters in the USA, if efficiently captured, could
almost sustain the electricity demand of the entire water infrastructure [18]. Water-energy
issues are very essential as much as the importance in the context of water shortages, and
higher energy and material costs. To save money, energy, and water, and improve the
economic environment, it is in the best interest for utilities to improve efficiencies in both
water and energy use [19].
A significant change is needed to the existing modes of water and wastewater
treatment to better manage available water resources. We also need to focus on reducing
the energy used for different desalination and wastewater treatment technologies in
MENA and GCC countries. The energy consumption for desalination and wastewater
treatment has an environmental effect, in particular the release of carbon dioxide (CO2), a
greenhouse gas, into the atmosphere through the burning of fossil fuels [14]. Renewable
bioenergy provides one of the ways to improve sustainable energy for future and global
needs. Processes based on microbial electrochemical technologies (which can be
considered as renewable energy technologies) such as microbial fuel cells (MFCs),
microbial electrolysis cells (MECs) and microbial desalination cells (MDCs) hold
promise for the treatment of wastewater, and MDCs could be used for both desalination
of seawater and concomitant energy recovery.
1.2 Microbial electrochemical technologies
Microbial electrochemical technologies use bacteria capable of transferring electrons
exogenously to convert soluble organic matter present in the wastewater directly into
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electricity (MFC and MDC) or biogas (MEC). Recently, different METs have been
examined to make wastewater treatment facilities net energy producers by capturing
electrical energy directly from the wastewater In the last two years, a number of studies
have assessed the possibility of integrating the operating principles of METs with other
membrane-based water treatment systems for energy recovery and water reuse [20-22].
It has been known for nearly 100 years that bacteria can be used for electricity
generation [23]. However, chemical mediators were used in early experiments, which
limited the utility of the MFC technologies. The breakthrough in METs occurred in 1999
when it was recognized that mediators were not necessary. The first mediator-less MFC
was developed by Kim et al. [24, 25] using a Fe (III) – reducing bacterium, Shewanella
putrefaciens. From then on, most MFC studies have focused on mediator-less systems.
All the METs described below can operate as mediator-less systems.
1.2.1 Microbial Fuel Cells (MFCs)
In an MFC system, bacteria oxidize organic or inorganic matter and release electrons to
the anode and protons into solution. The released electrons flow through the circuit to the
cathode, and are then accepted by a terminal electron acceptor (e.g. oxygen or
ferricyanide) (Figure 1.3). Those electricity-generating bacteria are termed
exoelectrogens, due to their ability to directly transfer electrons exocellularly [26].
Virtually any biodegradable organic matter can be used in an MFC, including volatile
acids, carbohydrates, proteins, alcohols, and even relatively recalcitrant materials like
cellulose. Various oxidants for the cathode reduction reaction (electron acceptor) have
been used in MFCs, such as oxygen, nitrate, ferricyanide, permanganate, and ferric iron
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[2].

Figure 1.3 Schematic representation of the principle of a microbial fuel cell.
The flow of electrons is fundamental to microbial metabolism and proceeds from an
electron donor (lower potential) to an electron acceptor (higher potential). Soluble
electron acceptors are often absent or present at low concentrations in the environment
and in these instances microorganisms can either switch to fermentation or find an
alternative insoluble electron acceptor outside of the cell (e.g. electrodes in MET).
The theoretical energy gain ΔG (kJ/mol) for microorganisms is directly related to the
potential difference between the donor and acceptor:

(1.1)
where n is the number of electrons transferred in the reaction, F is Faraday’s constant
(96485 C/mol) and Eemf is the potential difference (V) between the donor and acceptor.

24	
  

In order to maximize potential energy gain, microorganisms use the electron acceptor
with the highest potential when that is possible [27].
Conventional wastewater treatment systems such as activated sludge process rely on
aeration to provide oxygen to the microorganisms for aerobic degradation of organic
matter. Aeration is extremely energy intensive and it is estimated that aeration in
activated sludge systems accounts for 1 - 1.5% of all electricity consumed in the USA
[18, 28]. Since biological degradation of organics in an MFC takes place in the absence
of oxygen, this energy requirement is eliminated. Aerobic wastewater treatment also
produces large amounts of biomass, i.e. biosolids (sludge), which requires treatment and
disposal. In an MFC, sludge production is significantly reduced and therefore the process
has an additional advantage over conventional wastewater treatment.
It is well established that current and power generation in MFCs from typical
domestic wastewaters is low when compared with well-buffered, synthetic substrate
systems. This is due to the low conductivity and buffer capacity of a typical domestic
wastewater. Electricity generation in an MFC is the result of two processes occurring
simultaneously: (i) negatively charged electrons flowing through the external circuit and
(ii) a flow of ions to balance the charge imbalance created by the loss of electrons.
Diffusion of ions within solution is limited by low solution conductivity. Oxidation of
organics at the anode is an acidification procedure whereby protons (H+) are released into
solution, and if unimpeded, they can migrate to the cathode to reduce oxygen to water (in
the case that an air cathode is used). In a system where an ion exchange membrane is
used to separate the anode and cathode chambers, a pH gradient is created between the
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anode (acidification) and cathode (alkalization), known as pH splitting [29, 30]. In bench
scale experiments, researchers have used buffers to avoid large changes in pH.
1.2.2 Microbial Desalination Cells (MDCs)
The majority of MFC studies have focused on increasing current and power, but recently
there have been significant developments in the wider field of METs, particularly over
the last five years. In 2009 Cao et. al. [31] reported a new method to desalinate water in
an MET, designated as a microbial desalination cell (MDC) (Figure 1.4). In an MDC, an
anion exchange membrane is placed adjacent to the anode and a cation exchange
membrane adjacent to the cathode to create a middle chamber. This chamber is filled
with seawater and as electrons are transferred from the anode to the cathode, ions from
the seawater were drawn into the respective chambers and desalination is achieved.

	
  

Figure 1.4 Schematic representation of the principle of a microbial desalination cell
(MDC).
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MDC has drawn great attention because it provides a promising approach for
simultaneously desalinating water, treating wastewater, and generating electricity without
external energy input, while other commercialized desalination processes (e.g.,
electrodialysis, reverse osmosis (RO), and distillation) and wastewater treatment
processes (e.g., activated sludge) consume significant energy. MDC performance
depends on the reactor internal resistance, that has components that include ohmic,
charge transfer, and mass transfer resistances [32]. Ohmic resistance is due primarily to
the electrolytes and membranes. During desalination, ohmic resistance increases
significantly with decreasing water salinity and conductivity [31, 33], which will limit
electricity generation and desalination rate, especially for low salinity solutions.
1.2.3 Microbial Electrolysis Cells (MECs)
Electricity is the product of an MFC but this is not the only possible product of an MET.
Hydrogen can also be produced in a bioelectrochemical system in what is known as a
microbial electrolysis cell (MEC). Hydrogen production at the cathode is a
thermodynamically unfavorable reaction under standard conditions, and therefore
additional energy is required to create thermodynamically favorable conditions. MECs as
MFCs are engineered to capture electrical current produced by exoelectrogenic microbes
that oxidize soluble organic matter present in wastewater (Figure 1.5). At the anaerobic
cathode of an MEC, electrons and protons are converted to hydrogen [34].
8H++ 8e− → 4H2

(1.2)

The open circuit potential of a METs anode is typically -300 mV at standard
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conditions [35], which is not enough to overcome the minimum potential for hydrogen
evolution (–0.414 V). As a result, hydrogen production from an MEC requires added
voltage (≤–114 mV) from an external power source [33]. Due to electrode over-potentials
and internal resistances, applied voltages are higher in practice, ranging from a minimum
of –0.2 V [33] to –0.9 V [36].

Figure 1.5 Schematic representation of a Microbial Electrolysis Cell (MEC). An external
power is applied to produce hydrogen gas in the cathode.

Previous studies have shown the technical feasibility of MECs at the laboratory scale
with different substrates and in reactors having different volumes. MECs might be
considered better application to enrich microbial community on the anode compared to
MFCs as there is no oxygen intrusion into the anode chamber. To illustrate some of the
advantages for MECs application, MEC can provide a selective pressure by the anodes
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and the anode surface might confer an energetic advantage for fermentation [37].
Moreover, in an MEC the potential of the anode is often set, allowing better control of the
acclimation conditions. This potential is equivalent to the concentration of a soluble
electron acceptor in a conventional respiration process [38]. Therefore, adjusting MEC
potential using a potentiostat and a reference electrode can create favorable conditions for
exoelectrogenic bacteria capable of growth at that poised value. In one study, MECs
inoculated with G. sulfurreducens produced current and hydrogen comparable to that
produced by a mixed-culture inoculum when reactors were fed acetate [39]. In the same
study, microorganisms most similar to G. sulfurreducens increased from 2% of the
population in an MFC, to over 70% when the anode was used in an MEC [39].	
  Miceli et
al. [40] operated single-chambered MECs with a poised potential of –0.3 V (vs Ag/AgCl)
in order to enrich communities of exoelectrogenic bacteria from various anaerobic
environments, including mangrove swamps, anaerobic soils and saline microbial mat.
They were able to isolate unknown exoelectrogens species belonging to other genus such
as Geoalkalibacter and Desulfonispora. Therefore, it is reasonable to utilize MECs with
poised potential to obtain exoelectrogenic communities from diverse environments.

1.2.4 Research needs
The global need for renewable energy sources and clean water has motivated intensive
research in these different types of METs, all of which are potentially capable of
achieving self-sustained wastewater treatment. Although MFC and MDC technologies
are still in their infancy, the constraints and limitations that delay the scale-up of these
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technologies are well documented. Some of the limitations in METs technologies need
more fundamental and application studies to improve these systems. Identifying novel
applications of MFCs, and improving reactor configurations, are also needed. The aircathode MFC configuration is closer to application than other MFC configurations
because there is no need for aeration to drive the cathodic reaction, thus reducing the
operational cost for large-scale applications. In air-cathode MFCs, oxygen diffuses
passively from the atmosphere through the cathode in order to drive the cathodic oxygen
reduction. Understanding the effect of oxygen intrusion through cathodes on the
microbial ecology of exoelectrogens is essential for the biological optimization of power
density in air-cathode MFCs.
The MDC technology is still in the early stages of development since there have been
only a few reports on these systems, and thus there is need for further research on
improving the process. Reducing ohmic resistance is crucial to enhance MDC
performance, especially for applications of MDCs for desalination of waters with low
salinities, such as brackish waters or effluents from industrial wastewater treatment
plants. Therefore, there is a need to reduce internal resistance, perhaps by developing
improved MDC configurations.
Although the field of MET bloomed only a little over a decade ago, we have barely
begun to study and appreciate the diversity of microorganisms capable of extracellular
electron transfer. Therefore, there is a need to discover and study new exoelectrogens. It
may be that extreme environments could present new and novel opportunities for nichespecific applications of METs.
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1.3 Objectives
The objectives of this dissertation were to:
•

Study the effect of oxygen intrusion through cathodes on the anodic and
cathodic microbial community in air-cathode MFCs,

•

Improve the performance of MDCs for energy recovery and better
desalination efficiency; and

•

Enrich for exoelectrogens from extreme environments (Red Sea brine pool)
using MECs.

The goal of the first objective (Chapter 2) was to understand the effect of oxygen
intrusion through the cathode on the microbial communities that develop in air-cathode
MFCs. To better evaluate the effect of O2, air-cathode MFCs were compared to two
different control reactors in terms of electrical current and exposure to oxygen. For the
first control, the reactor was kept in an open circuit mode (no current) with the air
cathode exposed to the air, to see how microbial communities would develop in the
reactor due to oxygen transfer into the anode chamber in the absence of current
generation. For the second control, the cathode was sealed with a plate to minimize
oxygen intrusion into the reactor in order to examine how microbial communities develop
in the absence of oxygen transfer and current generation. Both bacterial and archaeal
communities were examined in these systems using high throughput 16S ribosomal RNA
(16S rRNA) gene pyrosequencing.
The goal of the second objective (Chapter 3) was to further improve the performance
of the an MDC containing stacks of membranes by using ion exchange resins (IERs) in
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the solution chambers in between the ion exchange membranes. This configuration is
referred to as a stacked microbial electro-deionization cell (SMEDIC). The performance
of the system was compared to a control reactor, lacking IERs, using both high and
moderate salt concentration solutions. The performance of the SMEDIC was evaluated in
terms of the volumes of IERs used, both in the presence or absence of spacers, in terms of
desalination efficiency (extent of desalination), electrical power production, and internal
resistance.
The goal of the third objective (Chapter 4) was examine microbial communities in
brine pools in the Red Sea as possible novel sources of exoelectrogenic communities that
can grow under extreme environments of high salinity and thermophilic conditions.
MECs were assembled to test for the presence of exolectrogenic activity from the
different brine pools, given that studies on the presence of exolectrogenic activity in
extreme environments are lacking. Isolating and characterizing novel microorganisms
with extracellular electron transfer capabilities from extreme environments could open
the door for new, niche-specific applications of METs.
Chapter 5 is a summary of the conclusions of these studies. An outlook was provided
on: 1) possible further developments of MFCs in terms of optimizing current generation
and fabricating low cost material for scale up; 2) future prospect of SMEDIC as a
pretreatment for RO; and 3) the need for isolating new exoelectrogens from extreme
environments for niche-specific applications of METs.
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ABSTRACT
A large percentage of organic fuel consumed in a microbial fuel cell (MFC) is lost as a
result of oxygen transfer through the cathode. In order to understand how this oxygen
transfer affects the microbial community structure, reactors were operated in duplicates
using three configurations: closed circuit (CC; with current generation), open circuit (OC;
no current generation), and sealed off cathodes (SO; no current, with a solid plate placed
across the cathode). Most (98%) of the chemical oxygen demand (COD) was removed
during power production in the CC reactor (maximum of 640 ± 10 mW/ m2), with a low
percent of substrate converted to current (coulombic efficiency of 26.5 ± 2.1%). Sealing
the cathode reduced COD removal to 7%, but with an open cathode there was nearly as
much COD removal by the OC reactor (94.5%) as the CC reactor. Oxygen transfer into
the reactor substantially affected the composition of the microbial communities. Based on
analysis of the biofilms using 16S rRNA gene pyrosequencing, microbes most similar to
Geobacter were predominant on the anodes in the CC MFC (72% of sequences), but the
most abundant bacteria were Azoarcus (42% to 47%) in the OC reactor, and
Dechloromonas (17%) in the SO reactor. Hydrogenotrophic methanogens were most
predominant, with sequences most similar to Methanobacterium in the CC and SO
reactor, and Methanocorpusculum in the OC reactors. These results show that oxygen
leakage through the cathode substantially alters the bacterial anode communities, and that
hydrogenotrophic methanogens predominate despite high concentrations of acetate. The
predominant methanogens in the CC reactor most closely resembled those in the SO
reactor, demonstrating that oxygen leakage alters methanogenic as well as general
bacterial communities.
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2.1 Introduction
Microbial fuel cells (MFCs) are a nascent technology that holds great promise for
simultaneous electricity generation and treatment of wastewater [1]. In MFCs certain
bacteria, called exoelectrogens, can	
  oxidize organic matter and transfer electrons to the
anode, producing an electrical current [2]. At the cathode, various electron acceptors have
been used including oxygen [3], potassium hexacyanoferrate [4] and nitrate [5]. Oxygen
is considered to be the most useful electron acceptor for practical applications of MFCs
due to its abundance and high redox potential [6]. Two-chamber MFCs contain a
membrane which results in pH gradients that can affect performance, and the catholyte
needs to be aerated, which requires a high energy input [7, 8]. The use of single chamber,
air-cathode designs avoids the need for a membrane or catholyte aeration, and avoids
development of large pH changes. Thus, air-cathode designs are considered to be most
useful for wastewater treatment applications [9-12].
One of the main challenges for air-cathode MFCs is oxygen crossover through the
cathode and into the solution containing the anode [13, 14]. Previous studies have shown
that dissolved oxygen concentrations can reach near-saturation levels (6 mg/L) over a
110-hour cycle in single-chamber air cathode MFCs [15]. These levels were sufficient to
inhibit growth and inactivated exoelectrogens such as G. sulfurreducens [16]. Dissolved
oxygen that accumulates in solution will negatively affect current generation as bacteria
will use oxygen for respiration as opposed to the anode [9,17]. Thus oxygen transfer into
the anode chamber will decrease power production and coulombic efficiency (defined as
the coulombs recovered as current compared to that in the substrate), and it can affect the
microbial community structure. While there have been many studies on the bacterial
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communities in MFCs, only few studies specifically addressed the effects of oxygen
transfer and low coulombic efficiencies on the microbial community and diversity [9, 18,
19]. Butler and Nerenberg (2010) found that when they modified air cathode materials to
reduce oxygen crossover, the relative abundance of exoelectrogenic bacteria such as
Geobacter was increased on the anode. The consumption of dissolved oxygen by other
microbes is critical to MFC performance. Current generation was minimal in an aircathode MFC when only a pure culture of Geobacter sulfurreducens was present, but it
was generated at typical levels when a non-exoelectrogenic bacterium (Escherichia coli)
was added to help scavenge oxygen [15]. One approach used to examine the effect of
oxygen leakage into the reactor is sealing the cathode with a solid plate [20] or testing the
effect on the anodic microbial community in open circuit anaerobic reactors [19].
Larrosa-Guerrero et al. (2010) found that the COD removal in double-chamber MFCs
(with a platinised titanium mesh cathode) was higher (95%) than the open-circuit
anaerobic reactors (73%). They compared the anodic bacterial community between
double-chamber MFC reactors and open circuit anaerobic reactors using different anode
materials and found that the anodic bacterial community in the open circuit anaerobic
reactors was influenced by the anode material while in the MFC reactors the flow of
current shaped the bacterial community more than the anode material. Yang et al. (2012)
examined power generation with a plate placed over the cathode, but they did not
examine the bacterial communities. Furthermore, there are very few studies on the
archaeal communities that develop in MFCs [21, 22].
In order to better understand the effect of oxygen intrusion through the cathode on the
microbial communities, air-cathode MFCs were compared to two different control
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reactors for current and oxygen. For the first control, the reactor was kept in an open
circuit mode (no current) with the air cathode exposed to the air, to show how microbial
communities would develop in the reactor due to oxygen transfer into the anode chamber
in the absence of current generation. For the second control, the cathode was sealed with
a plate to minimize oxygen intrusion into the reactor, in order to examine how microbial
communities develop in the absence of oxygen transfer and current generation. Both
bacteria and archaeal communities were examined in these systems using high
throughput 16S ribosomal RNA (16S rRNA) gene pyrosequencing.
2.2

Materials and methods

2.2.1 Reactor construction and operation
Cube-shaped, single-chamber reactors with a cylindrical chamber (28-mL working
volume) were constructed as previously described [14]. Graphite fiber brush anodes were
made using PANEX 33 graphite fibers (2.5 cm in diameter and 2.5 cm long, Zoltek Inc.,
St. Louis, MO, USA) [11]. Cathodes (projected surface area of 7 cm2) were made from
carbon cloth (type B-1B, E-TEK) containing 0.5 mg/cm2 of Pt on the water side, and four
polytetrafluoroethylene (PTFE) diffusion layers on the air side [13]. The reactors were
operated (duplicate reactors) in a closed circuit mode (CC) with air cathode and a fixed
resistance of 1 kΩ (CC), in open-circuit mode (OC) with air cathode, or in open circuit
mode with a solid end plate (5 cm by 5 cm, 0.5 cm thick) placed over the cathode to seal
off the cathode from oxygen transfer into the reactor (SO).
The six reactors were operated in a fed batch mode, at a constant temperature (30°C),
with the medium replaced every two days when the voltage in the air-cathode MFC
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reactor (i.e. CC reactor) decreased to <20 mV. Reactors were inoculated with primary
clarifier effluent collected from a wastewater treatment plant in Jeddah, Saudi Arabia.
The medium was not prepared under anaerobic conditions, consistent with typical MFC
tests [23] and it contained 1 g/L of sodium acetate and Wolfe’s vitamins (10 mL/L) and a
trace mineral solution (12.5 mL/L) [24] in 50 mM phosphate buffer (Na2HPO4, 4.56 g/L;
NaH2PO4, 2.45 g/L; NH4Cl, 0.31 g/L; KCl, 0.13 g/L) [25, 26].

2.2.2 Electrochemical measurements
Voltage (E) was measured across an external resistor (R = 1 kΩ) every 20 minutes using
a data acquisition system (Keithley Instruments Inc., Cleveland, OH, USA). Power (P =
E2/R) and current (I = E/R) were normalized by the cathode projected surface area (7
cm2). Coulombic efficiency (CE), based on COD removal, was calculated as previously
described [27]. Polarization and power density curves were obtained using the singlecycle method [11] by varying the external resistance every 20 minutes from 10 kΩ to 50
Ω.

2.2.3 Microbial community analysis
At the end of the experiment (day 65) samples for microbial community analysis were
collected from the anodes and cathodes. Genomic DNA was extracted using the
PowerSoil DNA extraction kit (MO BIO Laboratories, Inc., Carlsbad, CA) according to
the manufacturer’s instructions. The quality (A260/A280) and quantity (A260) of the
extracted genomic DNA was determined with a Nanodrop® 1000 spectrophotometer
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(Thermo Fisher Scientific, Waltham, MA). The extracted DNA from each sample was
amplified using the PCR conditions below.
Triplicate PCR reactions were performed for each sample in a 25–µL reaction volume
using the HotStarTaq Plus Master Mix (QIAGEN, Valencia, CA), 0.5 µM of each primer
and 100–200 ng of template DNA. Bacterial 16S rRNA genes were amplified using the
bacterial–specific forward primer 515–532F (5'–Lib–L/A–Key–Barcode–CA Linker–
GTGCCAGCAGCCGCGGTA–3') and universal reverse primer 909–928R (5'–Lib–L/B–
Key–TC linker–CCCCGYCAATTCMTTTRAGT–3') [28]. Archaeal 16S rRNA genes
were amplified using the universal forward primer 519-537F (5'–Lib–L/A–Key–
Barcode–CA Linker–CAGYMGCCRCGGKAAHACC–3') and the archaeal–specific
reverse primer 806-825R (5'–Lib–L/B–Key–TC linker–
GGACTACNSGGGTMTCTAAT–3') [29]. A unique 12–bp error–correcting Golay
barcode was used to tag each PCR product. PCR was performed using a C1000 Thermal
Cycler (BIO–RAD, Hercules, CA) with the following PCR conditions for bacteria: initial
denaturation at 95°C for 5 min, followed by 10 cycles of denaturation at 94°C for 1 min,
annealing for 1 min, and extension at 72°C for 1 min. The annealing temperature for
these 10 cycles decreased 0.5°C every cycle starting from 65°C, until it reached 60°C.
This was followed by 25 cycles of denaturation at 94°C for 1 min, annealing for 1 min at
60°C, and extension at 72°C for 1 min. The following PCR conditions were used for
archaea: initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at
94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min.
Replicate PCR products from each sample were pooled and then purified using the
Qiaquick gel extraction kit (QIAGEN, Valencia, CA) according to the manufacturer’s
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protocol. The purified barcoded amplicons were pooled in equimolar concentrations and
pyrosequenced on the Roche 454 FLX Titanium genome sequencer (Roche, Indianapolis,
IN) according to the manufacturer’s instructions.
Sequences of bacterial and archaeal 16S rRNA gene amplicons were denoised, filtered
for quality, trimmed and processed using the Quantitative Insights Into Microbial
Ecology (QIIME software v1.3.0) pipeline [30] using default settings. The minimum
acceptable length was set to 200 base pairs (bp). The total number of bacterial and
archaeal sequence reads per sample after quality filtering by QIIME is presented in
(Table 2.1). Sequences from a total of 10 individual samples were clustered into
operational taxonomic units (OTUs) at 97% sequence similarity using the uclust
algorithm and a representative sequence from each OTU was phylogenetically assigned
to a taxonomic identity (phylum, class and genus level) using the RDP Naïve Bayesian
rRNA classifier at a confidence threshold of 80% [31]. Representative OTUs were
aligned using PyNAST [32] and a phylogenetic tree was constructed from the aligned
sequences using FastTree [33]. Rarified OTU tables were used to generate alpha and beta
diversity metrics. Beta diversity metrics using weighted UniFrac distance matrix were
[34] calculated from the phylogenetic tree and visualized with principal coordinate
analysis (PCoA) in QIIME. Rarefaction curves, Shannon diversity index (H) and species
richness estimator of Chao1 were generated for each sample using QIIME. The sequence
data will be provided upon request.
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Table 2.1 Total number of bacterial and archaeal sequence reads per sample
Anode
Bacteria
A-CC
A-OC
18,987
25,899
Archaea
A-CC
A-OC
7,695
26,002
a
NA: not applicable.

Cathode
A-SO
19,327

C-CC
9,759

C-OC
13,198

C-SO
NAa

A-SO
33,450

C-CC
13,596

C-OC
14,620

C-SO
NA

A phylogenetic tree was constructed from the dominant bacterial OTUs and their
closest relatives in the GeneBank database using MEGA5 software [35]. The
phylogenetic tree was constructed using the neighbor-joining method [36] with JukesCantor distance in MEGA5.
To quantify total Bacteria and Archaea (gene copies/ng DNA) on the electrodes,
quantitative PCR (qPCR) was performed in a 25-µL reaction volume containing 12.5 µL
of 2 × iQ Supermix (Bio-Rad Laboratories, Hercules, CA), 0.5 µM of each primer, 0.2
µM of each probe, 1 µl sample DNA, and RNase-free sterile water to a final volume of
25 µL. Amplification was performed using the CFX96 real-time PCR detection system
(Bio-Rad Laboratories, Hercules, CA) with PCR conditions as described in (Table 2.2).
Primers, probes and plasmid standards used in this study are listed in (Table 2.2). The
genomic DNA from each sample was amplified in triplicate. No-template controls were
included in all qPCR runs to test for false positives or contamination.
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Table 2.2 QPCR primers and probes used to quantify Bacteria and Archaea
Target gene

Primers/Probe

Sequence (5’-3’)

Bacterial
16S rRNA1

BAC 1055F
BAC 1392R
BAC 1115
probe
ARC 787F
ARC 1059R
ARC 915F
probe

ATGGYTGTCGTCAGCT
ACGGGCGGTGTGTAC
CAACGAGCGCAACCC

Archaeal
16S rRNA2

ATTAGATACC
CSBGTAGTCC
GCCATGCACCWCCTCT
AGGAATTGGCGGGGGAGC
AC

Thermocycler
conditions
40 cycles: 94 °C
(15 sec), 52 °C
(60 sec)

Plasmid
standards
Geobacter
sulfurreducen
s (NC002939)

45 cycles: 94 °C
(10 sec), 60 °C
(30 sec)

Methanosarci
na
thermophila
(M59140)

1

Ritalahti KM, Amos BK, Sung Y, Wu Q, Koenigsberg SS, Löffler FE (2006) Quantitative PCR targeting
16S rRNA and reductive dehalogenase genes simultaneously monitors multiple Dehalococcoides strains.
Appl Environ Microb 72(4): 2765-2774
2

Yu Y, Lee C, Kim J, Hwang S (2005) Group-‐specific primer and probe sets to detect methanogenic
communities using quantitative real-‐time polymerase chain reaction. Biotechnol and Bioeng 89(6):670-67

2.3 Results
2.3.1 Reactor performance
CC reactors operated over a period of 65 days showed high reproducibility in voltage,
with a maximum over a cycle of 541 ± 17 mV (data not shown). The voltage rapidly
increased after replacing the medium, and each fed-batch cycle lasted ~2 days. Based on
the polarization tests on day 48, the maximum power density was 640 ± 10 mW/ m2
(Figure 2.1).
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0
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Figure 2.1 Polarization and power density curves for the duplicate CC reactors.
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COD removal (day 30) was 98% for the CC reactors, and only slightly less (94.5%
COD removal) without current generation for the OC reactors. When the cathode was
sealed off, the COD removal was only 7% in the SO reactors. The CE in the CC reactors
was 26.5 ± 2.1%, indicating that as much as 71.5% of the COD removal was not due to
current generation. The large COD removal in the CC reactor with the air cathode, and
the smaller COD removal for the SO reactor, suggests that most of the COD removal in
the CC reactor was due to aerobic growth	
  (non-electrogenic decomposition of organic
material).

2.3.2 Bacterial community analysis
An alpha diversity analysis (Table 2.3) of the anodes for the reactors operated in the three
different conditions indicated 837 (A-CC), 1481 (A-OC) and 1293 (A-SO) operational
taxonomic units (OTUs) based on a minimum of 97% identity. Cathode analysis of two
of the reactors produced 975 (C-CC) and 1165 (C-OC) OTUs, with insufficient biofilm
produced on the SO cathodes for analysis. The total number of OTUs or species richness
estimated by using the Chao1 estimator was 943 (A-CC), 1443 (A-OC), 1686 (A-SO),
1632 (C-CC) and 1667 (C-OC) with infinite sampling. These results indicate that among
the three different operating conditions, the open circuit anode (A-OC) and cathode (COC) samples had the greatest richness.	
  
The Shannon diversity index [37] accounts for the relative abundance and evenness
(how evenly the abundance of different species is distributed) of the species or OTUs
present in the community. C-CC had the highest diversity (Shannon = 5.6), and was
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slightly larger than that for the A-SO (Shannon = 5.5) while A-CC had the lowest
diversity (Shannon = 2.7).

Table 2.3 Measures of alpha diversity of bacteria and archaea phylotypes

OTU
Chao1
H	
  (Shannon
diversity index)

OTU
Chao1
H (Shannon
diversity index)
a
NA: not applicable.

Anode
Bacteria
A-CC
837
943±72
2.7±0.03

Cathode
A-OC
1481
1443±99
4.3±0.04

A-SO
1293
1686±116
5.5±0.04

C-CC
975
1632±135
5.6±0.02

C-OC
1165
1667±129
5±0.04

C-SO
NAa
NA
NA

Archaea
A-CC
387
521±41
4.2±0.04

A-OC
703
740±114
5±0.03

A-SO
799
742±94
4.5±0.04

C-CC
405
540±72
4±0.05

C-OC
444
668±78
5±0.05

C-SO
NA
NA
NA

Rarefaction curves (Figure 2.2) based on a 97% similarity of the 16S rRNA gene
sequence did not reach a plateau, as OTUs continued to emerge for some samples even
after 20,000 reads. While this suggests that there was additional diversity in the sample
that was not captured by pyrosequencing, the impact of missing a small number of
additional microbes by further analysis was likely unimportant for understanding the
microbial communities in these reactors. The lack of a plateau for the MFCs, even when
the community was clearly dominated by microbes most similar to Geobacter
sulfurreducens, has previously been reported [38].
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Figure 2.2 Rarefaction curves of bacterial OTUs generated from one of the duplicate CC,
OC and SO reactors. “A” and “C” correspond to the anode and cathode samples.
To classify the bacterial community that developed on the anode and cathode
surfaces, qualified reads were assigned to known phyla, classes, and genera (Figure 2.3).
Four dominant phyla (Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes)
were identified on the anodes and cathodes with the three different operational conditions
(Figure 2.3a). The dominant phyla on the electrodes (anode; cathode) of the CC reactors
belonged to Proteobacteria (80%; 54%), followed by Bacteroidetes (16%; 28%),
Firmicutes (1%; 7%) and Actinobacteria (1%; 6%). These results show that
Proteobacteria were more abundant on the anode than the cathode, and that
Acinobacteria and Firmicutes were relatively more abundant on the cathode.
In the OC reactors, the dominant phyla on the anode and cathode were also primarily
Proteobateria (79%: 75%), again followed by Bacteroidetes (18%: 21%) with small
numbers of Firmicutes (1%: 1%). Similarly, in the SO reactors Proteobacteria (62%),
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Bacteroidetes (16%), Actinobacteria (15%) and Firmicutes (5%) were the dominant
phyla on the anode, with insufficient biofilm produced on the cathode for analysis (Figure
2.3a).
Class level classification of the bacterial communities in CC, OC and SO reactors
based on the analysis of the V4–V5 region of the bacterial 16S rRNA gene amplicons
indicated eight predominant bacterial classes (Figure 2.3b). The anode of the CC reactors
were dominated by Deltaproteobacteria (73%), followed by Betaproteobacteria (6%).
However, the cathode of the CC reactors mostly reflected Betaproteobacteria (43%),
with lesser amounts of Acinobacteria (6%), Clostridia (6%), Alpaproteobacteria (5%)
and Deltaproteobacteria (4%). Deltaproteobacteria were mainly present on the anode of
CC reactors and it is well known that exoelectrogenic bacteria such as Geobacter belong
to this phylum [39]. This community composition was much different from that of the
OC reactors, with sequences recovered from the anode most similar to
Betaproteobacteria (75%), followed by Sphingobacteria (8%), Bacteroidia (5%), and
Gammaproteobacteria (3%). Similarly, on the OC cathode, Betaproteobacteria (73%)
were also most abundant, followed by Sphingobacteria (2%). The anode of the SO
reactors was similarly dominated by Betaproteobacteria (36%), followed by
Alphaproteobacteria (22%), Actinobacteria (15%), Clostridia (5%) and
Deltaproteobacteria (3%).
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Genus level identification showed the greatest differences among the electrodes and
operational conditions. The dominant genera on the CC anodes were Geobacter (72%),
with much smaller amounts of Comamonas (2%) (Figure 2.3c). The predominance of
Geobacter is consistent with previous studies of this system [17, 38, 40]. The cathode
community of the CC reactors was much different than the anode community, with no
obvious predominant genera. The most frequently identified sequences on the CC
cathodes were assigned to Thauera (16%), Dechloromonas (11%) Corynebacterium
(4%), Comamonas (3%) and Azonexus (3%). Despite the use of a single chamber system,
which could allow for bacteria produced on the anode to migrate to the cathode,
Geobacter was only detected on the anode of CC reactors. In the OC reactors, the anode
and cathode distributions of microbes at the genus level were more uniform, with
Azoarcus (anode: 42%; cathode: 47%), Comamonas (anode: 12%; cathode: 4%) and
Thauera (anode: 2%; cathode: 4%) being the most dominant genera on the anode and
cathode (Figure 2.3c). In the SO reactor, the anode community was most similar to
Dechloromonas (17%), Corynebacterium (10%), Comamonas (5%), Gordonia (3%),
Brachymonas (2%) and Rhodocyclus (2%). A large proportion (~35%) of sequence reads
retrieved from the reactors operated in the three different conditions could not be
classified at the genus level.
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(a)

(b)

(c)

Figure 2.3 Relative abundance of bacterial reads retrieved from the CC, OC and SO
reactors classified at the (a) phylum, (b) class and (c) genus level. Phyla, classes and
genera that represent less than 1% of the total bacterial community composition were
classified as “others”. “A” and “C” correspond to the anode and cathode samples.
The phylogenetic affiliation of the dominant bacterial OTUs retrieved from the anode
and cathode of the CC, OC and SO reactors are presented in (Figure 2.4). The 16S rRNA
gene sequences were grouped into 30 OTUs on the basis of more than 97% sequence
similarity within an OTU. Most of the OTUs were affiliated with 16S rRNA gene
sequences of known bacterial species with ≥ 97% similarity. The majority of the 16S
rRNA gene sequences (57%) retrieved from A-CC was similar to uncultured Geobacter
sp. MFC-B162-G06, whereas the 16S rRNA gene sequences retrieved from C-CC were
similar to Thauera sp. DNT-1 (16%), Dechloromonas sp. MissR, Dechloromonas sp.
A34, Dechloromonas sp. CL (9%), uncultured Corynebacterium sp. (4%), Rhodocyclus
tenuis (1%) and Gordonia amarae (1%). The most abundant phylotypes on the anode and
cathode of the OC reactors were closely related to Azoarcus sp. DSM 12081 (29%),
Azoarcus sp. GPTSA12 (40%), Comamonas sp. M2T2B14; Comamonas terrigena LMG
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1249 (10%), Comamonas aquatica LMG 5937 (4%), uncultured Paludibacter bacterium
(4%) and Thauera sp. 240 (2%). In the SO reactors the anode community was most
similar to Dechloromonas sp. CL (12%), uncultured Corynebacterium bacterium (8%),
Comamonas sp. M2T2B14, Comamonas terrigena LMG 1249 (4%), Gordonia sp. LYS1-3 (3%), Rhodocyclus tenuis (2%), Thauera sp. R5 (1%) and Azonexus hydrophilus
(1%).
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Figure 2.4 Phylogenetic affiliation of the dominant bacterial OTUs (S1 to S30) retrieved
from the closed circuit (CC), open circuit (OC) and sealed off (SO) reactors. The
phylogenetic tree was constructed using the neighbor-joining method with Jukes–Cantor
distance in MEGA5. Bootstrap (1,000 replicates) values greater than 50% are shown at
the nodes. The scale bar indicates 0.05 nucleotide substitutions per homologous sequence
site. Haloarcula quadrata (T) AB010964 was used as an outgroup. The relative
abundance of each OTU is shown in parenthesis. “A” and “C” correspond to the anode
and cathode samples.
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A principal coordinate analysis (PCoA) of the samples revealed that the A-CC
samples were clustered together and were well separated from all other samples (Figure
2.5). Principle components 1 and 2 explained 49.43% and 32.87% of the variation in the
microbial community structure. In addition, there was clear clustering among duplicate
reactors suggesting
high reproducibility
in the microbial
community
structure.
	
  

	
  

Figure 2.5 PCoA of unweighted UniFrac distance matrix showing the relatedness of
bacterial communities between samples collected from the CC, OC and SO reactors. “A”
and “C” correspond to the anode and cathode samples and the numbers represent the
duplicate reactors.
2.3.3 Archaeal community analysis
Analysis of the archaeal community (Table 2.3) based on alpha diversity resulted in 387
(A-CC), 703 (A-OC) and 799 (A-SO) OTUs for the anodes, and 405 (C-CC) and 444 (C-

54	
  

OC) OTUs for the cathodes. In most cases, a slightly large number of OTUs were
obtained using the Chao1 estimator of 521 (A-CC), 740 (A-OC), 742 (A-SO), 540 (CCC) and 668 (C-OC). Both of these methods indicated that the anodes, in the absence of
current generation (A-OC and A-SO), had the largest number of OTUs, and thus the
greatest richness among the samples. Based on the Shannon diversity index, however, the
A-OC and C-OC had the highest diversities (index of 5), with lower values for the A-SO	
  
(4.5), A-CC (4.2), and C-CC (4). Thus, the A-OC sample was quite diverse by all

methods, with the current-generating anode the least diverse.
Classification of the archaeal community based on order showed that the
hydrogenotrophic methanogens Methanobacteriales and Methanomicrobiales were
abundant in all reactors (Figure 2.6). Acetogenic methanogens belonging to the order
Methanosarcinales, were only detected at low percentages on the C-CC (7%), A-OC
(4%), A-SO (2%) and A-CC (1%) electrodes (Figure 2.6). Methanobacteriales and
Methanomicrobiales are known as methanogens that lack cytochromes, while
Methanosarcinales contain cytochromes [41].
The dominant archaeal genera on the anodes of CC reactors were slightly different
from those on the cathodes. On both electrodes, Methanobacterium predominated (anode:
27%; cathode: 31%). The other main genera were Methanobrevibacter (19%) and
Methanocorpusculum (20%) on the anodes, and Methanocorpusculum (13%) and
Methanosarcina (7%) on the cathodes (Figure 2.6b). In the OC reactors,
Methanobacterium was much less abundant on the anode (2%), with the main archaeal
genera belonging to Methanocorpusculum (27%), and to a lesser extent
Methanobrevibacter (7%), and Methanosarcina (4%) (Figure 2.6b). However, on the
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cathode of the OC reactors Methanobacterium (39%) again predominated, along with
Methanobrevibacter (24%). The anode of the SO reactors was also predominantly
Methanobacterium (22%), followed by Methanobrevibacter (13%) and	
  Methanosarcina
(2%).
(a)

(b)

Figure 2.6 Relative abundance of archaeal reads retrieved from the CC, OC and SO
reactors classified at the (a) order and (b) genus level. “A” and “C” correspond to the
anode and cathode samples.

2.3.4 qPCR analysis
Based on qPCR results, the 16S rRNA gene copies for Archaea ranged from 1.18 × 102
(C-CC) to 5.02 × 103 (A-OC), whereas the bacterial 16S rRNA gene copies ranged from
6.18 × 106 (C-OC) to 2.80 × 106 (A-OC) (Figure 2.7). The ratio of Archaea to Bacteria
(Figure 2.8) was highest in A-OC (0.00173) followed by A-SO (0.00069), C-OC
(0.00064), A-CC (0.00035) and C-CC (0.00003).
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Bacterial 16S rRNA gene
copies/ng

7.0E+06

6.0E+06
5.0E+06
4.0E+06

3.0E+06
2.0E+06
1.0E+06
A-CC

C-CC

A-OC

C-OC

A-CC

C-CC

A-OC

C-OC

A-SO

Archaeal 16S rRNA gene
copies/ng

6.0E+03

4.0E+03

2.0E+03

0.0E+00
A-SO

Figure 2.7 Bacterial and archaeal 16S rRNA gene copies/ng DNA in the closed circuit
(CC), open circuit (OC) and sealed off (SO) reactors. “A” and “C” correspond to the
anode and cathode samples.

Archaea/Bacteria ratio

0.002

0.001

0.000
A-CC

C-CC

A-OC

C-OC

A-SO

Figure 2.8 The ratio of Archaea to Bacteria on the anode and cathode of the closed
circuit (CC), open circuit (OC) and sealed off (SO) reactors based on qPCR analysis. “A”
and “C” correspond to the anode and cathode samples.
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2.4 Discussion
Over a typical cycle time of 48 hours, 94.5% of the COD in the OC reactor was removed
due to oxygen transfer through the cathode. Sealing off the cathode reduced COD
removal to 7%, suggesting that 87.5% or more of the COD could be removed through
aerobic and anaerobic respiration (e.g. methanogenesis). In the operating MFC (i.e. CC
reactor), 98% of the COD was removed with current generation. As the coulombic
efficiency was 26.5%, this means that 71.5% of the COD removal occurred due to
processes that did not generate an electrical current in the CC reactor. QPCR results
revealed that the Archaea to Bacteria ratio was < 0.002 in all reactors tested (Figure 2.8).
These results suggest that the dominant processes in the OC and CC reactors were not
anaerobic (methanogenesis) even after considering that biomass yields for methanogens
(0.04 g-cells/g-acetate) are much lower than those of aerobic heterotrophic bacteria (0.45
g-cells/g-acetate) [42]. Substrate lost (7% of the COD) in the sealed reactors was much
smaller than the other reactors. This small loss in COD in the sealed reactors could be
due to the presence of O2 in the medium, which was replaced every 48 hours and not
necessarily due to anaerobic processes (methanogenesis) as the ratio of Archaea to
Bacteria on the anode biofilms based on qPCR was 0.00069. No boifilm was observed on
the cathode of the SO reactors. Future studies should confirm qPCR results through
measurement of methane, which was not possible with the reactor design used here. The
large amount of aerobic cell growth due to oxygen transfer into the reactor for both the
CC and OC reactors substantially affected the composition of the microbial community.
For the OC reactor, with no current generation, the anode and cathode communities were
similar to each other, but different from those of the CC reactor. In the OC reactor the
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predominant bacterial OTUs were affiliated with Azoarcus (anode: 29%; cathode: 40%),
Comamonas (anode: 10%; cathode: 4%) and Thauera (anode: 2%) (Figure 2.1). Using
culture–independent approaches the key denitrifiers detected in wastewater treatment
plants were closely related to the genera Azoarcus, Thauera and Comamonas [43].
Azoarcus can use nitrate as an electron acceptor to degrade various organic compounds
[44]. Thauera can use various organic compounds under denitrifying conditions [43], and
has been detected previously at the anode and cathode of acetate-fed MFCs [23].
Comamonas belong to the class Betaproteobacteria and have previously been detected in
denitrifying activated sludge [43]. However, it is not clear if members of these genera
were involved in denitrification in this study since nitrogen species (NH4+, NO2- and NO3) were not measured.
When the reactor was operated with a closed circuit, the microbial communities on
the anode and cathode were very different. Microbial growth on the anode was favorable
for exoelectrogens, with 72% of the bacterial communities belonging to the genera
Geobacter, while no Geobacter were found on the cathode. The predominant bacterial
genera detected on the cathode were affiliated with Thauera (16%), Dechloromonas
(11%) and Comamonas (3%). Members of these genera are known to play an important
role in denitrification [43, 45]. Previous studies have reported the presence of Thauera
and Comamonas in MFCs operated for nitrogen removal [46, 47]. Also, it has been
proven that biocathodes play an important role in denitrification in MFCs [47, 48],
however, as discussed previously nitrogen species were not measured in this study, thus it
cannot be confirmed if denitrification was occurring in the CC reactors.
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A high relative abundance of Geobacter on the anode requires the absence of
dissolved oxygen. Cell yields of anaerobes are generally much lower than those of
aerobes. For example, the cell yield for Geobacter sulfurreducens is 0.5 g-	
  dry weight
DW/g-acetate, compared to a general aerobic heterotroph yield of 2.5 g-DW/g-acetate
[49]. This suggests that Geobacter was relatively abundant on the anode only because
oxygen was being removed near the cathode, allowing growth by low cell yield
anaerobes such as G. sulfurreducens to exceed that of aerobes on that surface. The
finding that Geobacter was predominant in the anode community here is consistent with
previous reports [17, 38, 50], even over wide ranges of CEs in MFCs, suggesting that
when current is generated, exoelectrogenic bacteria have a competitive advantage as long
as oxygen can be consumed by other microorganisms [15].	
  
In the SO reactors the dominant OTUs were closely affiliated to Dechloromonas sp.
CL (anaerobic), uncultured Corynebacterium bacterium (facultative anaerobic),
Comamonas (aerobic), Gordonia sp. LYS-1-3 (aerobic and anaerobic) and Rhodocyclus
tenuis (anaerobic). It should be noted that the synthetic medium was not prepared under
anaerobic conditions and this could explain the detection of sequences affiliated to
aerobic bacteria.
A surprising result of the microbial community analysis was that the predominant
Archaea were hydrogenotrophic, and not acetoclastic methanogens, in all three of the
reactor configurations. It is well known that methanogens persist in MFCs and microbial
electrolysis cells (MECs) despite many methods used to limit their growth, such as
exposure of the electrodes to air, temporary use of inhibitors such as
bromoethanesulfonate (BES) to inhibit methanogens [51], or setting different electrode
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potentials [52]. Methanogenic communities that develop in MFCs have not been well
studied, however, relatively more is known about the types of methanogens that develop
in MECs where hydrogen gas is evolved at the cathode. A single-chamber MEC fed
acetate should logically favor growth of both acetoclastic (acetate-utilizing) and
hydrogenotrophic (capable of metabolizing hydrogen or formate) methanogens, and yet
remarkably hydrogenotrophic methanogens have emerged as the predominant
methanogens in these studies [53-55]. Lu et al. (2012a) used 16S rRNA gene clone
library and found mainly hydrogenotrophic Methanobrevibacter arboriphilicus and
Methanobacterium congolense in single chamber MECs fed with acetate, with lesser
abundances of acetoclastic methanogens such as Methanosaeta concilii (4.1%) and
Methanosarcina siciliae (0.5%) [53]. Another study showed that acetoclastic
methanogens were insignificant in the	
  anode and cathode biofilms from up-flow, singlechamber MECs	
  with no metal catalyst cathode, and that mainly Methanobacteriales were
present in the anode and the cathode biofilms [56]. In two-chamber MECs fed with
ethanol, hydrogenotrophic Methanobacteriales predominanted in one study [55], while
Methanobacteriales and another hydrogenotrophic methanogen (Methanomicrobiales)
were most abundant in two-chamber MECs fed with waste activated sludge [54]. Thus,
hydrogen production in an MEC leads to the predominance of hydrogenotrophic
methanogens despite the high concentrations of acetate and other substrates. This
suggests that facultative anaerobes and exoelectrogens are largely able to outcompete
acetoclastic methanogens for organic substrates in these systems.
Archaea have rarely been studied in MFCs, and in previous studies there has been no
examination of the communities that develop under open circuit conditions or with sealed
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cathodes. In one study with two-chamber MFCs fed with a fermentable substrate
(cellulose), the predominant methanogens were acetoclastic Methanosarcina barkeri
[57]. In another study using two-chamber MFCs fed with acetate, hydrogenotrophic
Methanomicrobiales were detected in the closed and open circuit reactors using real-time
PCR [58]. With acetate, we found that for single-chamber reactors, both electrodes of the
CC single-chamber MFC were predominantly hydrogenotrophic Methanobacterium (2731%) with lower abundances of Methanosarcina (<7%). However, a large percentage of
the Archaea could not be classified at the order (>39-66%) or genus (40-65%) levels. The
unclassified reads belonged to the phylum Euryarchaeota and were assigned to rare
phylotypes. As previously observed in MECs with acetate, there was a low relative
abundance of known acetoclastic methanogens identified on the MFC electrodes despite
high concentrations of acetate used as the substrate.
It is not clear if the hydrogenotrophic methanogens in these reactors were growing
using hydrogen gas or electrons transferred from exoelectrogenic bacteria. Hydrogen gas
can be released by Geobacter sulfurreducens and other Fe (III) reducing bacteria when
growing using acetate [49], which could then be used by methanogens. G. sulfurreducens
can also facilitate the release of hydrogen gas from the cathode of a bioelectrochemical
system [59] . Alternatively, there may be more direct interactions between Geobacter and
methanogens. Electrically conductive pili have been found to connect a fermentative
bacterium and a methanogen [60], and direct electron transfer has been shown from the
cathode to a methanogenic biofilm [24]. Therefore, it is possible that there is direct
electron transfer between exoelectrogens and methanogens. The biofilm that supported
direct electron transfer was predominantly Methanobacterium palustre, which is a
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hydrogenotrophic methanogen [24]. It was recently shown that anaerobic granules are
electrically conductive [61], and that activated carbon increases methane production [62].
The electrically conductive graphite fibers may help provide an electrical conduit
between these microorganisms, allowing the growth of methanogens in the absence of
hydrogen gas. The relative importance of direct electron transfer between exoelectrogens
and methanogens in MFCs therefore needs to be further investigated.
Air-cathode MFCs hold great promise for many practical applications due to their low
operational cost, simple configuration and relatively high power density. The CE (26.5%)
was low in this study despite the high percentage of Geobacter (72%) detected on the
anode. These results suggest that other processes, mainly aerobic and anoxic
(denitrification), could be responsible for the removal of the majority of COD in the CC
reactors. The CE can be improved by using separators [63, 64], and it increases with
current densities. Thus, it should be possible in the future to obtain both higher current
densities and CEs by using separators in MFCs.
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ABSTRACT
A microbial desalination cell was developed that contained a stack of membranes packed
with ion exchange resins between the membranes to reduce ohmic resistances and
improve performance. This new configuration, called a stacked microbial electrodeionization cell (SMEDIC), was compared to a control reactor (SMDC) lacking the
resins. The SMEDIC+S reactors contained both a spacer and 1.4 ± 0.2 mL of ion
exchange resin (IER) per membrane channel, while the spacer was omitted in the
SMEDIC-S reactors and so a larger volume of resin (2.4 ± 0.2 mL) was used. The overall
extent of desalination using the SMEDIC with a moderate (brackish water) salt
concentration (13 g/L) was 90-94%, compared to only 60% for the SMDC after 7 fedbatch cycles of the anode. At a higher (seawater) salt concentration of 35 g/L, the extent
of desalination reached 61-72% (after 10 cycles) for the SMEDIC, compared to 43% for
the SMDC. The improved performance was shown to be due to the reduction in ohmic
resistances, which were 130 Ω (SMEDIC-S) and 180 Ω (SMEDIC+S) at the high salt
concentration, compared to 210 Ω without resin (SMDC). These results show that IERs
can improve performance of stacked membranes for both moderate and high initial salt
concentrations.
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3.1 Introduction
Water scarcity is a major global challenge, and it is predicted that by 2025 two-thirds of
the world’s population will be living in water-stressed countries [1]. Desalination of
seawater and brackish water can be used to alleviate water stress, and it is estimated that
the number of seawater desalination facilities will increase substantially over the next 10
years. Current commercial desalination technologies, including electrodialysis (ED),
electro-deionization (EDI), thermal desalination, and reverse osmosis (RO) are energy
intensive and therefore there is great interest in other technologies that use less electrical
energy [2, 3].
Microbial desalination cells (MDCs) have recently drawn attention as a low-energy
method of water desalination. The simplest MDC is a microbial fuel cell (MFC) that is
modified to contain a middle chamber for desalination, by using two ion exchange
membranes between the anode and cathode chamber [4]. In the anode chamber organic
matter is oxidized by exoelectrogenic bacteria [5], with the electrons released to the
circuit and protons into solution. Electrons from the anode flow to the cathode where they
combine with protons and oxygen to form water [4, 5]. The production of protons at the
anode and consumption of protons at the cathode drives desalination of saltwater in the
middle chamber, as salt ions in the saline water in the middle chamber migrate through
the cation and anion exchange membranes to balance charge [6]. The performance of
MDC is limited by several factors including the microbial community composition on the
anode, electrode materials, pH imbalances, and internal resistance [7, 8, 11, 13]. The
internal resistance has several different components including solution and membrane
(ohmic), charge transfer, contact, and mass transfer resistances. The low ionic
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conductivity of less saline waters (1 ̶ 10 g/L) can substantially increase ohmic resistances,
particularly as the water becomes progressively desalinated [4-6, 9, 10].
Several methods have been proposed to reduce internal resistance and enhance
desalination performance and rates of MDCs. Instead of using only a pair of ion
exchange membranes, a stack of membranes can be placed between the electrodes [10]
similar to stack configurations used for conventional ED. However, a large spacing
between the electrodes can produce a high solution resistance. In one early study, only
1.5 cell pairs could be used in the stacked-MDC at the voltage generated, due to the wide
spacing between the electrodes (1 cm) which produced a high ohmic resistance (18 Ω per
membrane pair) [10]. Performance was improved by reducing the chamber width to that
of the thin spacers used to separate the membranes (1.3 mm), enabling the use of a fivecell pair membrane stack that substantially improved MDC performance with a high
initial salt concentrations (35 g/L). However, the desalination performance of this 5-cell
stack was reduced at a low salt concentration of 6 g/L due to high ohmic resistance of the
lower conductivity solution [11]. Omitting spacers can improve performance [12],
although this can result in the deformation of the membranes and adversely affect flow
through the chamber. Another approach is to use ion-exchange resins (IERs) to increase
the ion conductivity in the solution between the membranes [6, 9]. This IER approach
was shown to enhance the desalination of low salinity solutions (0.7 ̶ 10 g/L) in a singledesalination-chambered MDC due to the reduction in the ohmic resistance [6, 9].
The objective of this study was to further improve the performance of the 5-cell stack
MDC developed by Kim and Logan [11] by using IERs in the solution chambers in a
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stack of ion exchange membranes, for both high and moderate salt concentration
solutions. This configuration is referred to as a stacked microbial electro-deionization cell
(SMEDIC), due to the expected enhanced deionization effect of the IERs on
performance. The desalination performance of the SMEDIC was examined for solutions
with two different salt concentrations (13 g/L and 35 g/L) in order to demonstrate that
improved performance with the IERs was not limited to using only lower conductivity
solutions. The performance of the system was compared to a control reactor, lacking
IERs, referred to as a stacked MDC (SMDC). The performance of the SMEDIC was
evaluated in terms of the volumes of IERs used and the presence or absence of spacers, in
terms of desalination efficiency (extent of desalination), electrical power production, and
internal resistance.

3.2 Materials and methods
3.2.1 Construction and operation of SMEDIC and SMDC
The anode (30 mL; empty bed volume) and cathode (18 mL; empty bed volume)
chambers were made from polycarbonate cylindrical chambers with a cross-sectional area
of 7 cm2 following a previous design [11, 13]. The anode was a graphite fiber brush 2.7
cm in diameter and 2.3 cm long, and was heat treated before use (Mill-Rose Lab Inc.,
USA) [14]. The air cathode contained platinum nanoparticle catalysts on the water side
(3.5 mg Pt) with a Nafion binder, and four polytetrafluoroethylene diffusion layers on the
air side [15]. The desalination chamber in both the SMEDIC and SMDC reactors contains
a five-cell pair ED stack (10 total cells) built between the anode and cathode chambers
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(Figure 3.1a). The ED stack was constructed with 5 cation- (CEM) and 6 anion- (AEM)
exchange membranes (Selemion CMV and AMV, Asahi glass, Japan). The membranes
(∼0.1 mm thick) were pretreated by storage in a 0.6 M NaCl solution for 24 h, and then
rinsed with deionized water. Silicon gaskets (~1.3 mm thickness) were used between the
membranes to create a water tight seal and provide a flow path across the membranes
[11]. Polyethylene mesh spacers (4 cm × 0.5 cm2; 1 mm thickness) were used to maintain
cell thickness in the SMDC. SMEDIC reactors were tested in two configurations (with
and without spacers) which required the use of different amounts of resin. When spacers
were used, the reactors were packed with 1.4 ± 0.2 mL of IERs (SMEDIC+S). When
spacers were omitted (SMEDIC-S), additional resin was used (2.4 ± 0.2 mL) in order to
completely fill the chamber and maintain a constant chamber size. The diluate or
desalinated water volumes were 144 mL (SMDC), 85 mL (SMEDIC+S), and 82 mL
(SMEDIC-S).
The anion IER used was a strong base resin type with a total exchange capacity of 1.1
eq/L (DOWEX MONOSPHERE 550A (OH), DOW Chemicals, USA). The cation IER
used was a strong acid resin type with a total exchange capacity of 2.0 eq/L (DOWEX
MONOSPHERE 650C (H), DOW Chemicals, USA). Cation- and anion- exchange resins
were mixed at a ratio of 1:1.6 (v/v) based on their different exchange capacities, and this
mixed-beds were employed between adjacent AEM and CEM pairs.
The anodes were initially acclimated in MFCs until the peak voltage was stable at
around 550 mV for three reproducible cycles (external resistance of 1000 Ω) [10]. The
MFCs were inoculated with primary clarifier effluent and operated in a fed-batch mode
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with acetate as the main carbon and energy source. After acclimation, the anodes were
transferred to the different desalination reactors, and operated at a lower external
resistance (10 Ω) to improve power production [10].
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Figure 3.1 (a) Schematic of bench scale SMEDIC with parallel continuously recycled
flow through the 5 cell pair ED stack, anion exchange membrane (AEM), and cation
exchange membrane (CEM). (b) Photograph of the reactor in operation.
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Two concentrations of synthetic salt solution were tested: 13 g/L, representing
brackish water; and 35 g/L, representing seawater. The salt solution was continuously
pumped (from the bottom to the top of the chamber) into the diluate and concentrate cells
in the ED stack at a rate of 0.1 mL/min (144 mL/d). The anode and cathode chambers
were operated in a fed-batch mode over multiple batch cycles. When current decreased
below 0.20 mA, the catholyte solution was replaced with fresh synthetic salt solution (13
g/L or 35 g/L NaCl) and the anolyte solution was replaced with fresh medium consisting
of 1 g/L sodium acetate in a phosphate buffer (9.16 g/L Na2HPO4; 4.9 g/L NaH2PO4H2O; 0.62 g/L NH4Cl; 0.26 g/L KCl) with minerals and vitamins [11, 16]. The
desalinated effluent (diluate solution) was recycled through the ED stack over several
fed-batch cycles of anode operation. The diluate solution was continuously recycled
using a 200 mL salt water reservoir, while the concentrate solution was not recycled. The
diluate solution flowed serially from the cathode side through every diluate cell, and the
concentrate solution flowed co-currently through the concentrate cells (Figure 3.1a). All
reactors were operated in duplicate, at 27 ± 2 oC.

3.2.2 Analyses and calculations
Power density and polarization curves were generated using a potentiostat (VMP3
Multichannel Workstation, Biologic Science Instruments, USA) at 30 ºC. Current was
scanned from 0 mA to 3 mA, with each current step held for 15 min to reach steady
conditions. Power densities (mW/m2) were normalized by cathode area (7 cm2).
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Influent and effluent conductivities and pH for the diluate, concentrate, anolyte and
catholyte solutions were measured using a conductivity-pH meter (Seven Multi, MettlerToledo International Inc., USA). The salinity was estimated from conductivity
measurements using an in situ conductivity conversion as previously outlined by Bennett
[17], and assuming the conductivity measured was due only to NaCl. Salinity reduction
was calculated based on the influent and effluent conductivities. Current efficiency was
determined as the ratio of ionic separation of NaCl to the total number of electrons passed
through the circuit, as
𝜂=

! !
! !! )
!(!!"
!!" !!!"#
!"#

!!"

!"#

(3.1)

where F is Faraday’s constant, c the molar concentration of NaCl in the diluate, v the
volume of the diluate, Ncp the number of cell pairs in the ED stack, and i the current
generated in the reactor. The subscript “in” indicates conditions at the beginning of the
cycle, “out” the end of the cycle, and the superscript “D” indicates diluate [11].
At the end of each desalination cycle, the total desalination rate (TDR) was calculated
to evaluate desalination performance according to
𝑇𝐷𝑅   =    𝐶! − 𝐶! /𝑡

(3.2)

where Ci and Ce are the initial and final concentration (g/L) of salt in the desalination
chamber over the desalination period, t (h).
The chemical oxygen demand (COD) was measured for influent and effluent anolyte
solutions using standard methods (Hach Co., USA). The coulombic efficiency (CE) was
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calculated based on the total COD removed and the number of coulombs collected during
the cycle as previously described [18].

3.2.3 Electrochemical impedance spectroscopy
Ohmic and charge transfer resistances were determined using Galvanostatic
electrochemical impedance spectroscopy (GEIS) with a potentiostat (VMP3 Multichannel
Workstation, Biologic Science Instruments, USA). Current was set at 1.5 mA, and the
frequency ranged from 1 MHz to 50 MHz, with a sinusoidal perturbation of 0.1 mA. The
ohmic resistances of the cell were obtained from Nyquist plots, based on the intercept of
the curve with the X-axis, and the charge transfer resistance was obtained using circle fit
software from the diameter of the first (high frequency) circle [19-20].

3.3 Results and discussion
3.3.1 The effect of IERs on salinity reduction and desalination rates
At an influent salt concentration of 13 g/L NaCl (brackish water), the SMEDIC-S reactor
containing the IERs achieved 94% desalination, compared to 90% for the SMEDIC+S
containing spacers, and the SMDC control (Figure 3.2a). This extent of desalination
required 7 fed-batch cycles (replacement of the anode and cathode solutions), for a total
of 56 h for reactors containing IERs (SMEDIC and SMEDIC+S), compared to a longer
cycle time of 77 h for the SMDC. The difference in cycle times was based on the time
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required for oxidation of organic matter in the anode chamber, as reflected by the time
needed for a reduction in current generation (<0.2 mA).
The use of a higher initial salt concentration (35 g/L) resulted in less desalination due
to the greater amount of charge that needed to be transferred. However, the use of IERs
still improved performance even with these relatively high initial solution conductivities.
For the same 7 cycles, the SMEDIC-S reached 50% desalination, compared to 43% for
the SMEDIC+S, and 30% for the SMDC (Figure 3.2b). Higher salt removals were
achieved by using 10 cycles (80 h total time for reactors with IERs, compared to 110 h
for the SMDC), with 72% desalination for the SMEDIC-S, compared to 61% for the
SMEDIC+S and 43% for the SMDC reactors (Figure 3.2b).

80	
  

100

SMDC

Salinity reduction %

(a)

SMEDIC+S

80

SMEDIC-S
60
40
20
0
1

2

3
4
5
Fed-batch cycle

6

7

100

Salinity reduction %

(b)
80
60
40
20
0
1

2

3

4 5 6 7
Fed-batch cycle

8

9

10

Figure 3.2 Salinity reduction after recirculating the diluate solution over (a) 7 (13 g/L
NaCl, 23.2 mS/cm) and (b) 10 (35 g/L NaCl, 54.1 mS/cm) fed-batch cycles of anode
operation.
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The improved performance of the reactors at the higher salt concentrations suggested
that there may have been an additional benefit of osmotic desalination (from the stack to
the anode) that contributed to the improved rate of desalination. Therefore, abiotic
SMEDIC-S reactors were operated in an open-circuit mode to evaluate desalination (i.e.,
without electricity generation). No significant variations in conductivity or pH in the
anode chamber were observed when the reactors were operated in open-circuit mode,
indicating that the reduction in salinity was mainly due to current generation.
The desalination rates were higher in the SMEDIC reactors than the other reactors
due primarily to the greater extent of desalination, but also in terms of time needed to
complete the fed-batch cycle (Figure 3.3). The desalination rate was greatest using the
high concentration of seawater, with a TDR of 0.333 ± 0.005 g/L-h for the SMEDIC-S,
followed by SMEDIC+S (0.286 ± 0.045 g/L-h) and SMDC (0.149 ± 0.005 g/L-h) (Figure
3.3). At the lower salt concentration, the TDR with the SMEDIC-S was ~30% less (0.233
± 0.005 g/L-h) than that obtained at the higher salt concentration, with lower rates in the
other two systems.
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Figure 3.3 Total desalination rate (TDR) after recirculating the diluate solution over 7
(13 g/L NaCl, 23.2 mS/cm) and 10 (35 g/L NaCl, 54.1 mS/cm) fed-batch cycles of anode
operation.

The desalination rates obtained here are better than most previously reported results,
when comparisons are made on the basis of the initial salt concentrations and the volume
of water needed to accomplish desalination. In one early MDC study, a TDR of 0.3 g/L-h
was achieved using an initial concentration of 35 g/L NaCl, but 133 L of water was used
to desalinate 1 L of water and a ferricyanide catholyte was used [4]. In another study, the
TDR was much lower (0.0252 g/L-h) than rates obtained here, at an intermediate initial
salt concentration (20 g/L NaCl) compared to those used here, and a much larger volume
of water was needed to accomplish desalination (47 L per 1 L of desalinated water) [10].
These rates with the SMEDIC reactors were higher than those previously obtained using
IERs in an MDC of ~0.17g/L-h at an initial salinity of 10 g/L NaCl [6] (Table 3.1). Part
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of the reason for this lower rate in the previous study was likely the lower initial salinity
of 10 g/L, compared to 13 or 35 g/L used here. The study by Davis et al. [21] reported a
higher TDR (0.92 g/L-h) at 35 g/L NaCl than that achieved here, and only1.4 L was used
to desalinate 1 L of water, but there was only a 26% reduction in salinity.
The volume of water used in these different studies to accomplish desalination is
clearly an important factor in performance, although direct comparisons are difficult due
to differences in the initial salt concentrations and various volumes of electrolyte
solutions used to desalinate the water (Table 3.1). For studies with an initial salt
concentration of 35 g/L, 72% desalination was achieved here using the SMEDIC-S
configuration, with 2.7 L of water required per liter of desalinated water produced. While
the percentage of salt removed in tests has reached 98% [11] and 100% [22], 21 to 60 L
of water were needed per 1 L of desalinated water. At a lower initial salt concentration of
10 g/L of NaCl, 99% salt removal was previously obtained [23]; however, 14 L was used
per liter of desalinated water (Table 3.1). At a comparable but slightly higher initial salt
concentration of 13 g/L, 94% desalination was achieved in using the SMEDIC-S with
only 2.7 L used per 1 L of desalinated water.
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Table3.1 Comparison of desalination performance with other MDC studies. Velec is the
total volume of electrolyte used in the anode and cathode chambers to desalinate 1 L of
water to the extent shown.
NaCl
(g/L)
35
35
35
35
35

Velect
(L)
133
21
3
3 (SMDC)a
3(SMDC)b

Salinity
reduction (%)
93
98
44
30
43

TDR
(g/L−h)
1.3
NA
NA
0.116
0.149

[4]
[11]
[11]
This study
This study

35
35

2.7 (SMDIC-S)a
2.7(SMDC-S)b

51
72

0.28
0.233

This study
This study

35
35

2.5 (SMDIC+S)a
2.5(SMDC+S)b

43
61

0.25
0.286

This study
This study

35
30
20
20
20

1.4
60
47
3
2

26
100
80
63
37

0.92
NA
0.0252
NA
NA

[21]
[22]
[10]
[13]
[5]

13
3 (SMDC)a
60
0.112
a
13
2.7 (SMDIC-S)
94
0.333
a
13
2.5 (SMDIC+S)
90
0.224
10
14
99
NA
10
3
58
0.17
a
Salt removals were achieved by using 7 cycles of fed-batch anode.
b
Salt removals were achieved by using 10 cycles of fed-batch anode.

Ref.

This study
This study
This study
[23]
[6]

There were changes in the volumes of the diluent and concentrate over the duration of
the experiment due to osmosis and electro-osmosis (transport of water molecules moving
with the transported ion). For example, at the end of 7 fed-batch cycles, the concentrate
volume increased by ~80 mL (~44%) for the SMDC reactor at low and high salt
concentrations, compared to ~46 mL (~68%) for the SMEDIC+S and ~45 mL (~69%) for
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the SMEDIC-S. These percentage changes are similar to those reported by Kim and
Logan [11], who found that the concentrate increased by ~19.4 % under conditions with a
starting salt concentration of 35 g/L NaCl, and total desalination time for 12 h of a fedbatch cycle. In that study, it was reported that electroosmosis was responsible for 65% of
the increased volume of the concentrate effluent in MDC stack, with the remainder
assumed to be due to osmosis. Davis et al. [21] suggested that osmotic losses could be
better controlled by stopping the fed-batch cycle sooner, so that a higher average current
would be maintained over the fed-batch cycle.
The desalination of the saline water in the ED stack resulted in an increase in the
salinity of the anolyte. The conductivity in the SMDC reactors increased from 12.28 ±
0.04 to 16.5 ± 0.11 mS/cm at the end of the cycle and it increased slightly more (from
12.28 ± 0.04 to 18.4 ± 0.01 mS/cm) in the SMEDIC+S and SMEDIC-S reactors. The
increase in anolyte conductivity was due to the increased concentration of chloride ions
that migrated from the desalination chamber, although the final pH also affected the
change in conductivity as well as a lower pH increases solution conductivity [5, 10-11,
24].
The increase in salinity at the anode due to the transfer of Cl– ions from the stack to
the anode chamber to balance charge could be harmful to exoelectrogenic bacteria [5].
One way to avoid this effect of Cl– ions, is to use a bipolar membrane between the anode
chamber and the adjacent membrane chamber, as done for a microbial electrolysis cell
[27]. However, the use of this membrane would effectively eliminate any useful power
production. Alternatively, the anode bacteria can be gradually acclimated to higher salt
concentrations, avoiding decreases in power production at higher anode conductivities
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[21].

3.3.2 pH, COD removal and CE
The pH of desalinated effluent (diluate) was stable (6.3 ± 0.4) for all reactors and was
slightly lower than the influent pH (7.4 ± 0.2). The concentrate effluent pH increased for
all reactor types (SMEDIC-S: 9.3 ± 0.2; SMEDIC+S: 10.7 ± 0.2; SMDC: 11.1 ± 0.2).
The increase in pH was likely due to the transport of hydroxyl ions from the cathode
chamber into the concentrate stream [11].
The decrease in anolyte pH over an anolyte fed-batch cycle was higher in the SMDC
reactors (from 7.1 ± 0.04 to 5.2 ± 0.3) compared to the SMEDIC+S and SMEDIC-S
reactors (from 7.1 ± 0.04 to 6.43 ± 0.01) possibly due the longer cycle time (11 h vs. 8 h
in the SMDIC reactors). The decrease in anolyte pH was due to accumulation of protons
generated from acetate degradation by exoelectrogenic bacteria [11]. In contrast, the
catholyte pH increased sharply from 7.5 ± 0.3 to 11.2 ± 0.02 (SMEDIC+S and SMEDICS) and 12.4 ± 0.3 (SMDC) over a fed-batch cycle. To avoid a high pH at the cathode, the
catholyte solution was replaced by fresh synthetic salt solution (13 g/L or 35 g/L NaCl) at
the end of each fed-batch cycle. This increase in pH at the cathode was due to the
consumption of protons for oxygen reduction. The pH imbalance between the anode (5.26.4) and cathode (11.2-12.4) reported in this study is consistent with previous stacked
MDC studies [9, 11].
The pH imbalance is an inherent problem in MDCs. At the anode chamber organic
matter is oxidized by exoelectrogenic bacteria while protons are released into solution,
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lowering the anolyte pH. The consumption of protons for oxygen reduction at the air
cathode increases the catholyte pH. This pH imbalance is more pronounced in MDCs
compared to MFCs because the presence of AEM at the anode side limits the transport of
protons, and the presence of CEM at the cathode side limits the transport of OH– ions.
The pH decrease in the anode chamber could be harmful to the activity of
exoelectrogenic bacteria. Several approaches have been used to reduce the inherent pH
problems in MDCs including the use of larger electrolyte solution volumes [4, 10],
recirculating the electrolyte between the cathode and anode chambers [25, 26], or
inserting a bipolar membrane next to the anode chamber [27].
The COD removal in the SMEDIC-S was 88 ± 3 %, which was similar to that of the
SMEDIC+S (90 ± 2 %) but much higher than that of the SMDC (80 ± 2 %). The CEs
ranged from 45 % for the SMDC and SMEDIC+S, to 61 % for the SMEDIC-S. These
values were lower than what was reported (average CE of 80%) by Kim and Logan [11]
using a SMDC-type of configuration, compared to this study with IERs. In addition to
oxygen that could be leaking into the system, loss of acetate could occur due to diffusion
through the anion exchange membrane placed adjacent to the anode chamber, or from
methanogenesis. Zhang et al. [9] obtained a much lower CE (˂ 10%) in an MDC packed
with IERs, even with potassium ferricyanide as the catholyte, and attributed this low CE
to loss of acetate via methanogensis.
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3.3.3 Current efficiency and power generation
Current efficiencies, which relate the ions transported for desalination to coulombs
transferred, were all >90%. The average current efficiency for the SMEDIC-S was 99 ±
3%, compared to 97 ± 7% for the SMEDIC+S and 93 ± 3% for the SDMC. These results
demonstrate that the ion exchange membranes effectively transported sodium or chloride
counter ions with current generation, with little back-diffusion of these ions. Other
counter ions could back-diffuse across the ion exchange membranes, such as acetate or
hydroxyl ions, are not accounted for in eq. 1.
The maximum power density observed at moderate salt concentration (13 g/L NaCl)
was higher in the SMEDIC-S (0.65 ± 0.04 W/m2) compared to SMEDIC+S (0.49 ± 0.03
W/m2) and the SMDC (0.38 ± 0.05 W/m2) (Figure 3.4a). Similar but higher maximum
power densities were obtained using the higher initial salt concentration (35 g/L NaCl)
where the maximum power density was higher in the SMEDIC-S reactors (0.83 ± 0.04
W/m2) (Figure 3.4b).
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Figure 3.4 Power densities for (a) low (13 g/L NaCl, 23.2 mS/cm) and (b) high (35 g/L
NaCl, 54.1 mS/cm) salt concentrations.
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3.3.4 Internal and ohmic resistances
The ohmic resistances (membranes and solution resistances) and charge transfer
resistances of the whole cell calculated using Galvanostatic EIS, decreased in the order
expected based on the changes in power production for the different reactor
configurations. For the 35 g/L test conditions, the SMEDIC-S reactors with the highest
power density had the lowest resistances, with 130 Ω for the ohmic resistance, and 60 Ω
for the total charge transfer resistance, for a total of 190 Ω (Figure 3.5b). These
resistances increased by ~ 39% for SMEDIC+S with the spacers and IERs, and by ~ 62%
for the SMDC with only the spacers (Figure 3.5b). The same trend was observed at the
lower salt concentration (Figure 3.5a) although, in all cases, the resistances were slightly
larger for each reactor configuration due to the lower conductivity of the salt solution.
There was no apparent trend with the total internal resistance calculated from the slopes
of the polarization data. At the 13 g/L initial salt condition, the internal resistances
increased in the order 172±5 Ω (SMEDIC+S), 203±2 Ω (SMEDIC-S), and 204±15 Ω
(SMDC), while at the 35 g/L salt concentration they were 189±2 Ω (SMEDIC+S), 197±6
Ω (SMDC), and 204±1 Ω (SMEDIC-S). The reason for the inconsistent ordering of these
resistances from the slopes of the polarization data with the maximum power densities is
not known, but the changes in ohmic resistance based on the GEIS analysis provided a
clear indication for the changes in reactor performance with the different configurations.
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Figure 3.5 Internal resistance (Ohmic resistance for solution + membranes and charge
transfer) determined by GEIS for (a) low (13 g/L NaCl, 23.2 mS/cm) and (b) high (35 g/L
NaCl, 54.1 mS/cm) salt concentrations.
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Spacers are needed to provide mixing and an even distribution of flow across the
membranes in electrodialysis stacks [12]. A recent study showed that spacer-less reverse
electrodialysis stacks resulted in non-uniform flow, and this in turn caused an increase in
membrane resistance by 21 Ω as the flow rate was increased from 4 mm s-1 to 18 mm s-1.
In constrast, flow rate did not have an effect on membrane resistance in RED stacks with
spacers. In the current study spacers were used between each pair of ion exchange
membranes in order to provide uniform flow of the feed and prevent deformation of the
membranes. However, when 2.4 ± 0.2 mL of ion exchange resins were used the spacers
were omitted in order to completely fill the chamber and maintain a constant chamber
size. Omitting the spacers resulted in an improvement in performance because spacers are
non-conductive, and therefore their use increases ohmic resistance (membranes and
solution resistances) by hindering conduction of ions through the IEM [12]. The effect of
the spacers on ohmic resistance is consistent with a previous study using a reverse
electrodialysis stack, where the resistance due to the spacers was estimated to be 50 Ω
[12]. Based on the GEIS analysis here, there was a reduction in ohmic resistances of 85 Ω
(moderate salt concentration) and 80 Ω (high salt concentration) for SMEDIC-S
compared to SMDC. The SMEDIC-S reactor with no spacers (but more IERs) had a
lower ohmic resistance of 50 Ω to 56 Ω than the SMEDIC+S reactors that contained
spacers (but lower IERs) at high and low salt concentration, respectively. These results
indicate that IERs could be used to keep the membranes separated, but produce lower
internal resistances and higher power densities compared to reactors with spacers, thus
negating the need for spacers. However, non-uniform flow might limit the use of spacerless SMEDIC systems to low flow rate conditions [12]. In the current study the flow rate

93	
  

was ~ 1 mm s–1. Future studies should address the effect of flow rate on the performance
of spacer-less SMEDIC systems.

3.4 Conclusions
The use of IERs (without spacers) in a stacked, air-cathode microbial desalination
reactors improved desalination performance relative to systems containing IERs and
spacers, or only spacers. The rate of desalination was increased due to the reduction in
membrane stack resistance with both a high (35 g/L) and moderate (13 g/L) initial salt
concentration. The MEDIC-S system achieved a desalination rate of 0.333 ± 0.005 g/L-h
to 0.233 ± 0.005 g/L-h, with 72-94% total desalination of the water using 2.7 L per 1L of
desalinated water with both initial salt concentrations. In contrast, the SMDC reactor,
lacking IERs but with spacers, showed a desalination rate of 0.149 ± 0.005 g/L-h to 0.112
± 0.005 g/L-h, with 43-60% desalination with 3 L needed per 1 L of distilled water. The
improved performance was due primarily to a reduction in the membrane resistance.
These results show that adding IERs and eliminating the spacer between the ion exchange
membranes is a useful approach to improving desalination performance even at high
initial salt concentrations typical of seawater.
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Chapter 4
Exploring the Brine Pool in the Red Sea as a Source of Exoelectrogenic
Communities
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ABSTRACT
One of the challenges for using microbial electrochemical technologies (METs) with
highly saline or thermophilic solutions is the lack of microbes capable of forming a
biofilm and generating electrical current under these conditions. Three different locations
and depths of brine pools in the Red Sea were investigated as inocula for exelectrogenic
biofilms at 70oC and, in highly saline medium: Valdivia, Atlantis II and Kebrit. Using
inocula from the Valdivia brine pools, microbial electrolysis cells (MECs) operated at a
set anode potential of +0.2 V vs Ag/AgCl (+0.405 V vs. SHE), and 10 mM acetate as the
electron donor, produced exoelectrogenic biofilms that were capable of generating high
current densities (~7A/m2 anode). The analysis of the microbial communities using 454
pyrosequencing of 16S rRNA gene showed that anode communities of these three
samples were different from each other. Genus level identification showed that sequences
most similar to Bacteroides were the predominant microorganisms at the anode of the
Valdivia MEC, which was the only MEC that produced appreciable current compared to
Atlantis II and Kebrit-seeded MECs. This study demonstrated that microorganisms
capable of producing electrical current are present in these extreme environments in the
Red Sea. Isolating and characterizing novel microorganisms from these sources that have
extracellular electron transfer capabilities will provide new opportunities for nichespecific applications of METs.
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4.1 Introduction
Microbial electrochemical technologies (METs) such as microbial fuel cells (MFCs) and
microbial electrolysis cells (MECs) utilize a unique group of bacteria, called
exoelectrogens, that are capable of extracellular electron transfer (EET) to solid
electrodes (terminal electron acceptor) [1, 2]. Although the field of METs emerged only a
little over a decade ago, researchers have intensively learned much about the diversity
and potential of microorganisms with EET capabilities. Identifying and characterizing
exoelectrogenic bacteria able to produce high current densities (> 1 A/m2) is an important
requirement for a successful application of METs [3]. Miceli et al. [4] recently reported
the enrichment of both known and novel exoelectrogens at current densities > 1.5 A/m2
anode from a variety of natural environments including marshes, lake sediments, saline
microbial mats, and anaerobic soils. Under typical neutral pH conditions and relatively
low salinities, bacteria capable of high current densities are mostly Geobacter species,
with bacteria most similar to Geobacter sulfurreducens identified in mixed cultures [5,
6]. To date, only a few microorganisms capable of high rates of EET have been identified
under more extreme conditions, such as highly alkaliphilic (Geaoalkalibacter
ferrihyriticus), acidophilic (Acidithiobacillus ferroxidans), halophilic (Geaoalkalibacter
subterraneus), and thermophilic (Thermincola ferriacetica) conditions [3, 7-9]. There
have only been a few reports on EET-capable microorganisms from hyper saline or high
temperature environments.
The Red Sea brine pools represent one of the most extreme saline environments, with
salinities reaching as high as 250 ppt [10]. In addition, the temperatures in the Red Sea
brine pools are higher than normal seawater and can average 46°C or higher [11]. Most
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importantly, all brine pools in the Red Sea form characteristically sharp brine-seawater
interfaces with typically steep gradients of salinity, temperature, density, O2 and pH [10].
Therefore, a single brine pool can have as many microenvironments as the number of
interfaces the column of water is comprised of, with differing physical and chemical
characteristics within. Early analyses of brine pools failed to find microorganisms based
on traditional cultivation methods [10]. This led to a conclusion that the environment was
sterile due to the synergies between high temperature, salinity, and high metal
concentrations [13]. With advances in molecular biology tools, these brine pools, have
been shown to have diverse microbial communities based on phylogentic analysis of the
16S rRNA gene, and some microbes have been isolated from the sediments, the
overlaying water, and the brine-seawater interface [10]. The microbial communities in
the water column at the Atlantis II site were summarized by Siam et al. [14] using 16S
rDNA pyrosequencing, and most of the microbiological studies have focused on Atlantis
II Deep and the closely located Discovery Deep. One isolate that was obtained using
strict anaerobic culture techniques from the Atlantis II sample was Flexistipes
sinusarabici [15]. These bacteria were found to belong to a new phylum Deferribacteres,
becoming the first fully described microbe from deep-sea anoxic brine pools [10].
The extreme conditions (high temperature, salinity and metal concentrations) present
in the brine pools could hamper the enrichment of efficient exoelectrogens for METs.
Nevertheless, recent studies demonstrated enrichment of biofilm communities capable of
producing electricity in MFCs under thermophilic (55oC) [12] or hypersaline (3- to 7-fold
higher than seawater) [16] conditions. It has been reported that controlling the anode
potential is an important variable for successful enrichment of exoelectrogens from
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various environments [3]. In addition, MECs may be more suitable for the enrichment of
exolectrogens than MFCs, because in MFCs oxygen can leak through the cathode and
affect growth of microorganisms on the anode. Dissolved oxygen can inhibit
exoelectrogen growth, for example of G. sulfurreducens, or reduce current generation as
bacteria will use oxygen for respiration as opposed to the anode [17].
The objective of this study was to demonstrate that exolectrogens could be enriched
from brine pools in the Red Sea. To achieve this goal, samples from several brine pool
locations in the Red Sea were obtained and placed in single-chamber MECs operated at a
set potential of +0.2 V vs Ag/AgCl (+0.405 V vs a standard hydrogen electrode, SHE).
Electrochemical, microscopic and molecular biology tools were used to characterize the
anodic biofilm communities.
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4.2 Materials and Methods
4.2.1 Location and characteristics of the Brine Pools in the Red Sea
The Red Sea has many different high- salinity deposits of seawater in various deeps,
referred to as deep-sea anoxic brines or brine pools. These brine pools were formed by a
process of redissolution of evaporitic deposits buried at shallow depths, tectonic
expulsion of interstitial brine associated with this evaporates, and/or by hydrotermal
phase separation [10]. Salt-enriched waters migrate to the sea floor and accumulate in
enclosed geographical depressions, which remain relatively stable as a result of their high
density. The locations of several brine pools are shown in Figure 4.1, with the three used
in this study indicated in bold.

Figure 4.1. Geographic location of the different brine pools on the Red Sea. Atlantis II,
Valdivia and Kebrit (bold font and underlined) are the brine pools selected for this study.
Adapted from Antunes et al. [10] and Backer and Schoell [18].
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The Atlantis II Deep is the largest deep-sea brine pool of the Red Sea [10]. It is
located in the middle of the axial rift of the Red Sea (Figure 4.1.1) at a depth of 2194 m.
Its main characteristic is that it is hydrothermally active, showing a continuous increase
in temperature from the earliest record of 44.8°C, to the last reported temperature of
68.2°C, due to the influx of hot brine supplied by a geyser spring at the bottom [19].
According to Antunes et al. [10], the Atlantis II pool has a high salinity of 25.7% (wt.vol)
NaCl and a high concentration of metalliferous sediments that are enriched in iron,
copper, zinc, and other heavy metals. It is also a highly acidic brine pool with a pH value
of 5.3. The concentration of the main chemical components of the Atlantis II Deep is
shown in Table 4.1.
The Kebrit Deep pool is one of the smallest brine pools of the Red Sea, located in its
northern section (Figure 4.1) at a maximum depth of 1549 m. Compared with Atlantis II,
its temperature is noticeably lower (up to 23.3°C), but with comparable pH and salinity
(5.5 and 26%, respectively) [20]. It is characterized for having substantial amounts of
H2S, with up to 14 mg/L of sulfur [21]. Unlike Atlantis II, its temperature and physical
and chemical structures has remained almost constant over time, suggesting that there is
no tectonic or volcanic/hydrothermal activity [22]. There are very little data available on
the ions and metals in this pool (Table 4.1).
The Valdivia Deep brine pool is located within the same basin as Atlantis II, but
encased in a differently located depression that reaches 1,673 m in depth [18]. While it
presents a similar salinity of 24.2%, its temperature at the bottom reaches 33.7°C [23]. Its
pH is higher than the latter two deeps, reaching a value of 6.21. The most distinguishable
feature of this pool is the high concentrations of sulfate and magnesium (Table 4.1) [10].
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Also, according to Anschutz et al. [23] the temperature and salinity of Valdivia has
increased over the years, suggesting hydrothermal activity.
Table 4.1 Reported and measured chemical composition of the studied brine pools.
Reported values are obtained from Antunes et al. [10], Backer and Schoell [18] and
Anschutz et al. [23].
Valdivia
Chemicals
Atlantis
Kebrit
Reported This study Reported This study Reported This study
+
Na (M)
5.1
5.68
4.1
5.15
NR
5.72
Cl (M)
5.5
4.07
4.6
4.45
5.1
4.20
2+
Ca (mM)
152.4
151
25.0
23.6
42.4
56.0
2+
Mg (mM)
36.9
36.3
95.3
107
98.8
136
K+ (mM)
76.9
126
52.0
99.6
NR
67.3
-2
SO4 (mM)
10.8
49.0
72.0
76.5
22.9
58.4
a
B (mM)
1.2
0.90
NR
0.96
NR
2.40
Sr (mM)
0.7
0.44
NR
0.17
NR
0.52
Fe (µM)
1.6
786
0.1
0.27
0.1
0.30
b
Mn (µM)
1.8
NM
0.1
NM	
  
165.0
NM	
  
Zn (µM)
165.7
NM	
  
NR
NM	
  
NR
NM	
  
Cu (µM)
6.3
NM	
  
Traces
NM	
  
NR
NM	
  
Li (µM)
563.4
NM	
  
98.1
NM	
  
NR
NM	
  
Ba (µM)
10.9
NM	
  
0.5
NM	
  
NR
NM	
  
Rb (µM)
25.3
NM	
  
3.1
NM	
  
NR
NM	
  
c
F (mM)
NR	
  
ND
NR	
  
ND
NR	
  
ND
NO2 (mM)
NR	
  
ND
NR	
  
ND
NR	
  
ND
Br (mM)
NR	
  
ND
NR	
  
ND
NR	
  
ND
NO3 (mM)
NR	
  
ND
NR	
  
ND
NR	
  
ND
3PO4 (mM)
NR	
  
ND
NR	
  
ND
NR	
  
ND
d
TOC (mg/L)
NR
160
NR
171
NR
219
a
NR not reported in the literature
b
NM not measured
c
ND not detected
d
TOC background TOC before adding acetate
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4.2.2 Sample Collection
The brine pool samples were obtained from the Red Sea Research Center (RSRC) of
King Abdullah University of Science and Technology (KAUST). They were acquired
during the second joint expedition of the Woods Hole Oceanographic Institution (WHOI)
and KAUST, sailing on the R/V Aegeo. Samples from different brine pools located in the
Red Sea were collected anaerobically using 10L Niskin water sampling bottles, 24-bottle
rosette sampler assembled in a Rosette water sampling system (Figure 4.2). The samples
were then stored at 4°C inside the RSRC main laboratory. From these containers, 500 mL
samples from three brine pools (Atlantis II, Valdivia and Kebrit) were placed into
anaerobic bottles and stored at 4°C at the KAUST Water Desalination and Reuse Center
(WDRC).
a)

b)

	
  
Figure 4.2 (a) Schematic of the Niskin bottles and the Rosette/Niskin multi-bottle
assembly being lowered for collecting large-volume samples from brine pools. (b) Photo
of the Rosette/Niskin multi-bottle assembly.
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4.2.3 Determination of brine pool components
4.2.3.1 Metals
The concentrations of the most important metals in the brine pools were measured using
an inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima 8300
ICP-OES, Perkin Elmer), equipped with a custom designed solid-state charge-coupled
device (CCD) array detector. The samples were analyzed using direct inductively coupled
plasma analysis on axial view to detect elements present in parts per million (ppm), and
in pre-concentration mode for trace elements.
4.2.3.2 Anions
The concentration of anions present in the brine pools, mainly chloride and sulfate, were
analyzed by ion chromatography (Dionex ICS-1600, Thermo Scientific). The samples
were first filtered through 0.45 µm pore diameter syringe filters (Corning Incorporated),
and then diluted with deionized water. The diluted samples were analyzed using a Dionex
ICS-1600 Ion Chromatography System (Thermo Scientific), equipped with a Dionex
Reagent-Free Controller to prepare 30 mM of a KOH solution used as a mobile phase,
and a high-performance conductivity detector. The column was an IonPac AS15
Capillary column (Thermo Scientific). The system was operated for 15 minutes per
sample at a flow rate of 0.3 mL/min. The resulting peak areas were converted to
concentrations using a standard curve prepared with a Seven Anion Standard solution
(Thermo Scientific).
4.2.3.3 Total organic carbon content
The concentrations of total organic carbon (TOC) present in the brine pool samples (100
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µL) were measured using an on-line total organic carbon analyzer (TOC-VCSH,
Shimadzu), utilizing combustion catalytic oxidation at 680°C, nitrogen as carrier gas, and
a non-purgeable organic carbon (NPOC) protocol (sparging what following addition of 2
M HCl).
4.2.4 MEC construction, inoculation and operation
Exoelectrogenic bacteria were enriched in single-chamber MECs (Figure 4.3), consisting
of 100 mL glass reactor bottles (Adams & Chittenden Scientific Glass) with an anode
(working electrode), cathode (counter electrode), and reference electrode placed in
different openings of the reactor. The working electrodes were graphite rods of 7.5 cm
length (7 cm inside the reactor) and 0.5 cm diameter. The counter electrodes consisted of
titanium mesh squares, 5 cm by 5 cm, which were rolled into cylinders to avoid contact
with the working electrode. Ag/AgCl reference electrodes (Bioanalytical Systems, Inc.)
had a potential of ˗0.20 V vs SHE. The space between all the electrodes was around 0.5
cm. A rubber cap was placed in the membrane opening of each reactor to seal it, and
septum caps were placed in the unused openings that were used to obtain liquid when
necessary. The glass bottles and working and counter electrodes were sterilized by
autoclaving. The reference electrodes were sterilized by soaking in 70% isopropanol.
The glass bottles were sparged with pure nitrogen gas before the electrodes were
assembled, and every opening was sealed using epoxy glue to avoid leakage.
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Figure 4.3 Graphical representation of (a) the MEC anode or working electrode, (b)
reference electrode, and (c) the cathode or counter electrode.

Initially, a total of nine microbial electrolysis cells (MECs) were used for the samples
from three different brine pools (i.e. Atlantis II, Valdivia and Kebrit). Each reactor was
filled with 100 mL of the brine pool sample in an anaerobic glove box (Coy Laboratory,
USA), and fed a medium containing acetate (10 mM). For each brine pool sample,
duplicate MECs were operated at a set potential of +0.2 V (vs. Ag/AgCl) (0.405 V vs
SHE) using a VMP3 potentiostat (Biologic, USA). This potential was chosen to avoid the
use by the bacteria of other potential electron acceptors, such as sulfate or iron, that are
naturally present in the brine pool samples. In addition, one abiotic (autoclaved) control
was operated for each brine pool sample. The MECs were initially operated in a water
bath at a temperature close to their corresponding brine pool temperature of 70oC
(Atlantis II), 30oC (Valdivia), and 23oC (Kebrit). Preliminary tests did not detect any
current generation for the Valdivia and Kebrit seeded MECs when operated at these
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temperatures. To test whether current could be generated for these two samples at higher
temperatures, these reactors were then placed in a water bath set at 70oC. An additional
control reactor (open circuit voltage, OCV) was operated for the Valdivia brine pool
samples as the Valdivia-seeded MECs were the only reactors showing a significant
current at 70°C. The control reactor was also placed in the water bath at 70°C.
4.2.5 Chemical analyses
The concentration of acetate remaining in the reactors was monitored every week using a
high performance liquid chromatograph (HPLC). A 0.5 mL sample was taken from each
reactor using a sterile syringe, and then filtered through a 0.45 µm pore diameter syringe
filter into a 1.5 mL centrifuge tube. Then, 100 µL were taken from each tube and placed
into HPLC vials, along with 900 µL of distilled water. The samples were analyzed with
an HPLC (Accela System, Thermo Scientific) equipped with a photo-diode array (PDA)
detector, with peaks detected at 210 nm. The column utilized was an Aminex HPX-87H
Ion Exclusion Column (Bio-Rad Laboratories) and the mobile phase was a 5 mM sulfuric
acid solution, flowing at 0.55 mL/min.
Since sulfate originally present in the brine pool samples could act as a potential
electron acceptor, its concentration in the reactors was analyzed at the end of the
experiment using an ion chromatography as previously described. Also, TOC
measurements were performed at the end of the experiment, following the same protocol
as described above.

4.2.6 Chronoamperometry and cyclic voltammetry
Current was monitored continuously using a potentiostat, with measurements recorded
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every two minutes. At the end of the amperometric studies, cyclic voltammetry (CV) was
performed on the biofilms developed on the graphite rod, to determine the redox
behavior, using a potentiostat (VMP3; BioLogic). CVs were performed at a scan rate of 1
mV/s and current was normalized to the geometric anode surface area. The sweeping
potentials were originally in the range of –1.0 V to +0.1 V vs Ag/AgCl, but since peaks
were only found in the range of –0.7 V to +0.2 V, this smaller range was used in
subsequent experiments. The midpoint potentials for the anode biofilms were calculated
from the CVs. Also, CVs were performed for the cell-free spent brine pool solution
(filtered using a 0.2 µm pore diameter filter) in a separate 3-electrode electrochemical
cell, using a new set of electrodes, in order to determine the presence of extracellular
secreted redox mediators by anodic communities.

4.2.8 DNA extraction, PCR and 16S rRNA gene pyrosequencing
Biofilm samples for bacterial analysis were collected from the anode at the end of the
experiment and genomic DNA was extracted using the PowerSoil DNA extraction kit
(MO BIO Laboratories, Inc., Carlsbad, CA) according to the manufacturer’s instructions.
Genomic DNA was also extracted from each of the three seed samples. PCR reactions
(triplicate) were performed for each extracted DNA sample in a 25 µL reaction volume
using the HotStarTaq Plus Master Mix (QIAGEN, Valencia, CA), 0.25 µM of each
primer and 20 ng of template DNA. Bacterial 16S rRNA genes were amplified using the
bacteria-specific forward primer 341F (5'-Adaptor A-Barcode-CA LinkerCCTACGGGNGGCWGCAG-3') and reverse primer 805R (5'-Adaptor B-TC LinkerGACTACHVGGGTATCTAATCC-3') [24]. PCR was performed using life technologies
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veritus thermocycler with the following PCR conditions: 94°C for 3 minutes, followed by
28 cycles of 94°C for 30 seconds; 53°C for 40 seconds and 72oC for 1 minute; after
which a final elongation step at 72°C for 5 minutes was performed. Following PCR, all
amplicon products from different samples were mixed in equal concentrations, purified
using Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, USA), and
pyrosequenced on the Roche 454 FLX Titanium genome sequencer (Roche, Indianapolis,
IN) according to the manufacturer’s instructions.
The 16S rRNA gene sequences were processed using a proprietary analysis pipeline
(www.mrdnalab.com, MR DNA, Shallowater, TX). Raw reads were first demultiplexed
to trim the barcodes and primers and then low quality sequence reads outside the bounds
of 200 and 1000 bp, sequences containing more than 6 ambiguous base or 6
homopolymers, and sequences with quality score less than 25, were removed. Sequences
were then denoised and chimeras removed. Sequences were clustered into operational
taxonomic units (OTUs) after removal of singletons with a 97% sequence identity
threshold. A representative sequence from each OTU was phylogenetically assigned to a
taxonomic identity (phylum, class and genus level) using BLASTn against a curated
GreenGenes database [25].
Bray–Curtis dissimilarity index [26] was used to determine the percent dissimilarity
in microbial community structure between samples at the genus level after square root
transformation of the relative abundance of bacterial genera. The agglomerative
hierarchical clustering Ward [27] was used to generate a dendrogram from the Bray–
Curtis dissimilarity matrix using the Community Analysis Package 4.0 (PISCES
Conservation Ltd, UK). Principle component analysis (PCA) was used to compare the
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similarity between the different samples using the statistical software PRIMER 6 (version
6.1.13) and PERMANOVA+ add on (version 1.0.3). PCA plot was generated based on
Bray–Curtis dissimilarity index.
4.2.9 Scanning electron microscopy and EDS
The biofilms on electrode surfaces were examined using a scanning electron microscope
(SEM). Prior to SEM imaging, biofilm covered membranes were dehydrated in a series
of graded alcohol solutions and oven dried (2 h at 30 °C). The samples were mounted
either flat onto an aluminum stub using thin aluminum tape or vertically inside a
machined slot aluminum stub using carbon paste. After sputter-coating the samples with
platinum for 45 s at 25 mA current in an argon atmosphere, SEM imaging (Quanta 200D,
FEI, The Netherlands) was performed using an accelerating voltage of 5 kV and working
distance of 10 mm. Valdivia anode biofilm and autoclaved anode were analyzed by
Scanning Electron Microscopye Energy Dispersive X-ray Apparatus (SEM-EDX,
Magellan, FEI). EDX uses an electron beam to generate X-ray fluorescence on the
sample. Each element of the periodic table owns specific energy level distribution; each
element has an explicit X-ray spectrum and so can be easily identified.

4.3 Results and Discussion
4.3.1 Characterization of brine pool samples
The brine pool samples were analyzed to assess their specific chemical properties
compared to previously reported values [10, 18, 23]. For the metals and anions, the
majority of components had values that were within an order of magnitude of those
previously reported in the literature (Table 4.1). One exception was iron in the Atlantis II
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sample, which was higher by 3 orders of magnitude than values previously reported.
There were also slightly higher salinities (based on Na+ and K+ ions) for the Atlantis II
and Valdivia brine pool samples, and considerably higher sulfate concentrations in the
Atlantis II and Kebrit samples. These results indicate that the natural conditions of the
brine pools could be heterogeneous, or that they may be still changing due to
hydrothermal activity as indicated by Anschutz et al. [23].

4.3.2 Current generation
The MECs inoculated with the Valdivia samples (at 70°C) generated current, which was
relatively stable, with an average of 6.8 ± 2.1 A/m2 over 60 days (Figure 4.4 a). No
appreciable current (0.02 ± 0.01 A/m2) was generated by the autoclaved control for this
inoculum. The current densities for the other two samples were much lower, and they
decreased over time. The MECs inoculated with the Atlantis II samples produced over
the first 5 days of the experiment current of 1.3 ± 0.08 A/m2 (Figure 4.4 b). However,
this current density was lower than that generated by the autoclaved control, and current
rapidly decreased, suggesting that the current generation did not have a biological origin.
The lowest current was produced in the Kebrit reactors (maximum value of 0.05 A/m2).
The current produced by this sample also decreased over time, but it was much higher
than the autoclaved control, suggesting initial biological activity that was not sustainable
using this medium and temperature (Figure 4.4 c).
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Figure 4.4 Current densities for MECs inoculated with samples from (a) Valdivia (70oC),
(b) Atlantis II Deep (70oC), and (c) Kabrit (70oC) brine pools.
The generation of current for the Valdivia reactor was linked to a decrease in the
acetate concentration over time (Figure 4.5). There was negligible sulfate removal at
70°C (data not shown), supporting loss of acetate primarily linked to current generation.
There were relatively smaller changes in the acetate concentrations in the controls, with
acetate concentrations averaging for the period of 20 to 60 days of 483 ± 1.2 mg/L (~4%
decrease, open circuit OCV), and 551± 2.0 mg/L (~3% decrease, autoclaved). These
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minimal changes in acetate could have been due to small amounts of current generation
based on the initial 20 days, or acetate oxidation linked to sulfate or iron reduction. Taken
together, these results provide support for the existence of exoelectrogenic bacteria in the
Valdivia sample that can grow at 70°C. Although the temperature of Valdivia Deep
reported by Anschutz et al. [23] was 33.7°C, these results offer the possibility of finding

Acetate concentration (mM)

thermophilic microorganisms capable of exoelectrogenesis in Valdivia Deep brine pool.
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Figure 4.5 Acetate concentrations over time in the Valdivia reactors.
It was hypothesized that additional sources of carbon could be influencing the
development and performance of the possible exoelectrogenic bacterial communities in
Valdivia Deep reactors. Therefore, the samples were characterized for TOC
concentrations, and other VFAs using HPLC. Compared with the initial amount of TOC
(i.e. after adding acetate), there was a significant decrease (80 ± 2%) in the concentration
of TOC in the Valdivia MEC reactor compared to OCV (18 ± 1%) and autoclaved (11 ±
2%) controls (Figure 4.6). Similarly, there was a significant decrease (63 ± 2%) in the
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concentration of acetate in the Valdivia MEC reactor compared to OCV (20 ± 1%) and
autoclaved (11 ± 2%) controls (Figure 4.5). These results show that percentage decreases

TOC concentration (mg/L)

in TOC were higher by ~17% when compare to acetate.
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0
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Figure 4.6 TOC measurements of Valdivia reactors at the end of the experiment (on day
60), compared with the initial value latter
The current densities measured here for the Valdivia sample are within the range of
those reported by others for other saline and higher temperature environments, although
different set potentials and culture media have been used. Using single-chamber MECs,
Miceli et al. obtained current densities of 1.5 A/m2 to 10.8 A/m2 from various
environmental samples including saltwater samples (4.2–4.5 A/m2) [4], although they’ve
used a set potential of −0.30 V vs Ag/AgCl (−0.105 V vs. SHE) compared to +0.2 V vs
Ag/AgCl (+0.405V vs. SHE) used here. The saltwater samples where enriched in a media
with increased levels of salt (20 g/L NaCl and 3 g/L MgCl2). A maximum current of 7−8
A/m2 was reported for Thermincola ferriacetica using dual-chamber MECs operated at
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60°C, with the graphite-rod anodes set at −0.06 V (vs) SHE [9]. Sustained current by T.
ferriacetica was obtained with a buffer (10 mM bicarbonate) relatively low in salinity
compared to the medium used here [9]. Current densities of 5.0 to 8.3 A/m2 were
generated by acetate-fed pure culture of alkaliphilic Geoalkalibacter ferrihydriticus under
alkaline (pH 9.3) and relatively saline conditions (1g/L NaCl) in dual-chamber MECs
using anodes poised at + 0.07 V vs SHE [8]. In the same study, Geoalkalibacter
subterraneus produced current densities of 2.4 to 3.3 A/m2 under a higher saline solution
(17 g/L NaCl) and anode poised at 0.04 V vs SHE [8]. Current and power generation at
higher temperatures or salinities have also been examined in a few MFC studies. An
MFC fed a distillery wastewater produced a current density of 2.3 A/m2 (power density
2

up to 1.0 W/m2) at ~ 55°C [12]. A current density of 0.56 A/m was obtained in an MFC
using extremely saline synthetic wastewater of 100 g/L NaCl [16].

4.3.3 Cyclic voltammetry
Cyclic voltammograms of the reactors were obtained at the end of the experiments for the
Valdivia biofilm and solution (filtered reactor solution) (Figure 4.7). The shape of these
curves support electroactivity of the biofilms acclimated to a set anode potential at a pH
of 6.21. The CV curve for the Valdivia biofilm (Figure 4.7a) did not show a clear
sigmoidal shape, and therefore did not follow the shape of a Nernst-Monod relationship
[9, 28] typical of Geobacter sulfurreducens CVs which show a clear sigmoidal curve
close to the Nernst-Monod curve with minimal EET losses [9]. This lack of a sigmoidal
shape could be the result of electron transfer limitations or limitations of transport of
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protons out of the biofilm, or they might be the result of more than one redox reaction
controlling the current produced due to multiple microorganisms in the microbial
community [28]. Redox peaks revealed a reversible redox process with a midpoint
potential (EM) of −0.36 V (vs SHE). The midpoint potential is the potential at which half
the maximum current is produced when sweeping the potential and depends on the
electron-transfer mechanism used by exoelectrogenic microorganisms. To examine
whether mediators were used for electron transfer, an additional CV analysis was
conducted at 1 mV/s scan rate for the filtered medium. However, the results showed that
there were no redox peaks in the absence of a biofilm, indicating a lack of mediators for
current generation (Figure 4.7b).
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Figure 4.7 Cyclic voltammogram of the reactors with (a) Valdivia biofilm and (b)
Valdivia solution (filtered reactor solution) at the end of experiment.
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4.3.4 Scanning electron microscopy and EDX analyses
SEM micrographs of the Valdivia anode cultivated at 70oC that produced electrical
current showed clear clusters of rod shaped bacteria with rounded ends at 10,000 ×
magnification (Figure 4.8 a). The biofilm consisted of a dense network of cells (45-55 µm
thick in this section). The EDX analysis showed a few strong peaks of magnesium and
silicon on the surface of the anode (Figure 4.8 a), which is not surprising as it is well
known that seawater from deep locations contains high concentrations of magnesium and
silicon [29]. A few other peaks were found on the surface and were indicated to be
platinum, zinc, sodium, and iron. The presence of platinum was expected as the electrode
was coated by platinum for SEM imaging. Sodium, zinc and iron were all components of
the medium. The autoclaved anode did not show any bacteria or a biofilm, and the EDX
analysis showed only strong peaks were for carbon, from the electrode, and platinum
used in the coating procedure (Figure 4.8 b).
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Figure 4.8 SEM–EDX graphs of the anodes obtained from the for a) Valdivia reactor
operated at 70oC and b) from the autoclaved control.
4.3.5 Bacterial community composition of the anodic biofilm and brine pool samples
Barcoded 454 pyrosequencing of 16S rRNA gene amplicons from 9 samples produced
134,656 reads after denoising, quality filtering and removal of chimeric sequences. The
sequences were assigned to 1,480 OTUs at 97% sequence identity threshold. To classify
the biofilm communities that developed on the anode surfaces and the original brine pool
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communities (i.e. seed samples), qualified reads were assigned to known phyla, classes
and genera (Figure 4.9 and Figure 4.10). The pyrosequencing profile of the bacterial
communities from the anode surfaces of the Valdivia 70°C, Atlantis 70°C and Kebrit
70°C reactors showed a different community structure compared to the corresponding
seed samples (Figure 4.9 and Figure 4.10). Proteobacteria was the dominant phylum in
most of the samples followed by Bacteroidetes, Firmicutes, Actinobacteria,
Verrucomicrobia and Gn02 (candidate division). The dominant phylum in theValdivia
seed belonged to Proteobacteria 88.9%, while Proteobacteria (63.8%) and Bacteroidetes
(30.9%) were the dominant phyla on the anode of Valdivia 70°C (Figure 4.9 a). It should
be noted that Valdivia 70°C reactor was the only reactor showing significant current
generation. This suggests that the enrichment of Bacteroidetes on the anode might be
linked to current generation. The Atlantis seed was dominated by Proteobacteria (76.9
%) and Verrucomicrobia (9.4%) while Atlantis 70°C was dominated by Proteobacteria
(67.2%) Bacteroidetes (11.1%) and Firmicutes (16.1%). The predominant phyla
identified in the Kebrit seed and Kebrit 70°C were Proteobacteria (60.4 %, 62.0 %),
Firmicutes (7.3%, 12.7%), Bacteroidetes (5.6%, 5.1%), Verrucomicrobia (5.6%, 0%) and
Actinobacteria (4.1%, 12.0%) and Gn02 (candidate division) (0%, 7.5%). Collectively,
the above results suggest that some phyla that were not detected in the original seed
samples were highly enriched on the anode, particularly for the Valdivia 70°C and
Atlantis 70°C reactors.
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Figure 4.9 Relative abundance of bacterial reads classified for Valdivia (V), Atlantis (A)
and Kebrit (K) at the (a) phylum, and (b) class level. Phyla and classes that represent less
than 1% of the total bacterial community composition were classified as “others”.
The composition of the anodic biofilm community at the class level was different for
the three reactors (Figure 4.9b). The biofilm community at the anode surface of Valdivia
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70°C reactor was dominated by Bacteroidia (27%), followed by Alphaproteobacteria
(20.7%), Gammaproteobacteria (16.6%), Deltaproteobacteria (12.9%) and
Betaproteobacteria (10.3%). The anode of Atlantis 70°C reactor was dominated by
Betaproteobacteria (34.6%), Deltaproteobacteria (14.5%), Bacilli (12.4%),
Alphaproteobacteria (11.4%), Bacteroidia (7.8%) and Gammaproteobacteria (6.7%).
The dominant phyla on the anode of Kebrit 70°C was Betaproteobacteria (24.6%)
followed by Deltaproteobacteria (19.7%), Gammaproteobacteria (11.5%), Bacilli
(10.5%), Actinobacteria (10.3%), Gn02 (7.5%) and Alphaproteobacteria (6.2%).
Genus level identification showed clear differences in the anodic microbial
community between the three reactors. The dominant genus on the anode of Valdivia
70°C (V_70) was Bacteroides (27%), followed by several other genera with relative
abundances ranging between 4% and 7% (Figure 4.10). Members of the genus
Bacteroides are gram-negative fermentative bacteria, and some strains can reduce Fe (III)
[30]. Ha et al. [12] reported the enrichment of anodic biofilm communities dominated by
Bacteroidetes capable of generating high current density (2.3 A/m2) in thermophilic
MFCs (55oC) fed alcohol distillery wastewater. Also, members of the class Bacteroidia
have been reported to be dominant in mesophilic MFCs [31, 32]. In the current study one
single bacterial sequence (OTU 13) close to an unclassified Bacteroides spp. (99.5%
sequence similarity obtained by BLAST) dominated up to 21% of the total reads on the
anode, suggesting that members of the genus Bacteroides might be able to live under
extreme conditions and produce relatively high current densities. Bacteroidetes have been
detected in the Dead Sea and some species can live up to 71°C [33]. Therefore, it is
possible that the Valdivia brine pool in the Red Sea has Bacteroidetes, although this does
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not rule out possible seeding from other sources. Other genera detected on the anode of
Valdivia 70°C include Rhodovulum (7%), Stenotrophomonas (6%), Methylobacterium
(5%), Geobacter (4%) and Desulfobulbus (4%). The marine photosynthetic bacterium
Rhodovulum was studied by Wang et al. and identified this genus as acid-tolerant
bacteria, and to be involved in hydrogen production and iron oxide reduction [34]. Strains
of the genus Stenotrophomonas have been detected on the anode surfaces of MFCs and
MECs [35]. The presence of Geobacter is often associated with the use of acetate as the
carbon source in MECs [36, 37]. The genus Methylobacterium, is composed of
facultative methylotropic bacteria [38]	
  and	
  a	
  recent	
  study	
  showed	
  the	
  presence	
  of	
  this	
  
genus	
  on	
  the	
  cathode	
  of	
  a two-chamber MFC [39].	
  Desulfobulbus are sulfate-reducing
bacteria, and some strains are involved in propionate formation [40]. Previous studies
have shown this genus to be abundant in deep-sea sediments [41]. Some members of the
genus Desulfobulbus are exoelectrogenic and can directly transfer electrons from the
oxidation of organic compounds to the surface of an electrode or using Fe (III) without
the need for an exogenous shuttle or mediator [42, 43].
The anode of Atlantis 70°C reactor contained primarily Bdellovibrio (11.8%),
Sphaerotilus (10.4%), Streptococcus (8.2%) and Bacteroides (7.7%) (Figure 4.10). The
dominant genera on the anode of Kebrit 70°C were Bdellovibrio (9.4%), Gn02 (7.5%),
Geobacter (6.9%) Dechloromonas (6.7%), Micrococcus (6.2%) and Staphylococcus
(5.7%) (Figure 4.10). It should be noted that Atlantis 70°C and Kebrit 70°C reactors
showed limited or no current generation.
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Figure 4.10 Relative abundance of bacterial reads classified at the genus level for V_70
(Valdivia 70 °C), A_70 (Atlantis 70 °C) and K_70 (Kebrit 70 °C). Genera that represent
less than 3% of the total bacterial community composition were classified as “others”.	
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A dendrogram was constructed of the bacterial communities using the inocula and
anodes of the Valdivia, Atlantis II and Kebrit MECs (Figure 4.11). The dendrogram
clearly shows that seed samples (V_Seed, A_seed and K_seed) were clustered together
and apart from the biofilm samples. Interestingly, the anode sample of Valdivia 70°C
(V_70) did not cluster with the anode samples from the MEC reactors that did not
produce current (A_70 and K_70). The % similarity in the bacterial community structure
between V_70 and the other two MECs ranged between 33.6 and 40.7%, further
confirming that Valdivia 70°C reactor has a different bacterial community that might be
involved in EET. The results of the dendrogram were supported by PCA plot (Fig. 4.12).

	
  
Figure 4.11 A dendrogram showing the % dissimilarity in bacterial community structure
between samples collected from the anode and seed.
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Figure 4.12 Principle component analysis plot showing the similarity between the seed
and biofilm samples.
4.4 Conclusions
It was shown in this study that exoelectrogenic microorganisms other than Geobacter
related genera were relatively enriched on the anodes of MECs inoculated using extreme
environments like brine pools in the Red Sea. Genus level analysis suggests that bacteria
most similar to Bacteroides are electrogenic under high temperature and salinity
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conditions typical of these brine pools. It is important to study different organisms from a
large variety of locations in order to assess the biological mechanisms used to generate
current, and to better understand proliferation of exoelectrogenic microorganisms in
extreme environments. Towards this end it may be necessary to establish favorable media
conditions to enrich additional, and as yet uncharacterized, exoelectrogenic
microorganims. In order to understand these microorganisms better, it will be necessary
to obtain isolates from these brine pools so that their ecology and physiology can be
better understood.
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Chapter 5
Conclusions
	
  
	
  
Air-cathode MFCs hold great promise for many practical applications due to their low
operational cost, simple configuration and relatively high power density [1, 2]. However,
one of the main challenges for air-cathode MFCs is oxygen crossover through the
cathode and into the solution containing the anode. The work presented in Chapter 2
evaluated the effect of oxygen intrusion on the anodic community structure and reactor
performance of air-cathode MFCs. Coulombic efficiency (CE) is an important indicator
of MFC performance, as it is the fraction of substrate recovered as electrical current [3].
The CE was low (26.5%) in this study suggesting that 71.5% of the COD was removed
by non-exoelectrogenic bacteria, mainly aerobic and anoxic (denitrification) heterotrophs.
Despite the low CE, the percentage of Geobacter detected on the anode was high (72%)
because oxygen was being removed near the cathode. Future work should develop
strategies for increasing the CE in air-cathode MFCs
MFCs have been modified and customized for many applications, including
desalination, chemical production, and biosensors [1, 4-7]. One of these customized
MFCs is microbial desalination cell (MDC), which relies on electrochemically active
bacteria to simultaneously treat wastewater, generate electricity and desalinate water.
MDCs have the potential to desalinate different types of impaired-quality water including
secondary effluent wastewater, brackish water, produced water, and seawater. One of the
main challenges of MDCs is that progressive salt ion removal leads to an increased ohmic
resistance, which limits electricity generation and desalination rate, especially for salt
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water with low salinity. The work presented in Chapter 3 integrates MDC with ion
exchange resins (IXRs) to improve desalination efficiency. It was shown that IXRs
increased salt removal in MDCs by increasing conductivity (lowering ohmic resistance)
and improving the migration of ions. This integrated system was referred to as microbial
electrodeionization cell (MEDIC). Using IXRs, the desalination efficiency was improved
by 31% using brackish seawater and synthetic seawater. To scale up MEDICs, challenges
like configuration type (tubular vs. flat plate), pH imbalance and membrane biofouling
require further study.
Although lot of progress has been made in the past five years on MDCs, the
technology is still in its infancy. Nevertheless, one could imagine this technology to be
used in the future as a pre-treatment to reverse osmosis (RO), which is one of the leading
desalination technologies presently used in the world. A major challenge related to RO
technology is the high energy (~3.7 kWh/m3) required to desalinate seawater. The energy
required for RO declines with the decrease in the salinity of the water stream. Therefore,
pretreatment units before the RO system are needed to reduce energy consumption. The
MEDIC technology developed in Chapter 3 showed high desalination efficiency without
using any external power; therefore one may think of MEDIC as a pre-treatment step for
RO.
A proposed schematic of integrating up flow MDC (UMDC) with RO system as a
pre-treatment step and its impact on energy giant is shown in Figure 5.1 [8]. This model
includes the initial treatment of municipal wastewater in an anaerobic reactor to produce
biogas, and at the same time using the effluent of the reactor as a seed for the UMDC,
which is used to partially desalinate seawater, before it is fully treated by RO. In a setup
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that uses the UMDC as a prior desalination step for the RO process, if the UMDC
removes 30% of TDS in saline water, the energy requirement for the RO process will be
decreased from 3.7 to 3.5 kW h m3 due to reduced salinity [9]. Furthermore, the
bioelectricity generated in the UMDC can decrease the energy consumption to 2.9 kW h
m3, reducing about 22% of the overall energy cost of an RO system (without the UMDC).
However, industrial scale integration of MEDICs with RO system would require
innovative scale-up designs and integration schemes. Also, it is most appropriate to
construct this system in locations where both wastewater and saline water are available,
such as coastal cities.

Figure 5.1 Graphical illustration demonstrating the assumption of the integrated UMDC
with RO system as a pre-desalination stage and its influence on the net energy gain [12].
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Isolating and characterizing exoelectrogens from extreme environments will provide
opportunities for niche-specific applications of MFCs and MDCs. For example, many
industries generate hypersaline wastewaters with high organic strength, which represent
major challenges for using MFCs and MDCs. Since not all of the currently characterized
exoelectrogens can tolerate high salt and temperature conditions, there is a need to
explore new sources of exoelectrogens from extreme environments such as the Red Sea
brine pool. In Chapter 4, I demonstrated for the first time the enrichment of an efficient
exoelectrogenic community in MECs seeded with Red Sea brine pools as they generated
a high current density (~7A/m2) under saline (25%) and thermophilic conditions (70oC).
However, further studies are needed to understand their physiology and electron transfer
mechanism. Isolating halophilic and thermophilic exolelectrogens from the Red Sea brine
pools would offer an opportunity to expand the application of MFCs and MDCs for the
treatment of hypersaline wastewaters, including those generated from the oil, gas and
food industries.
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Appendices
Bacterial community structure associated with the anode of sediment microbial fuel
cells from the Red Sea and Tampa Bay sediments: revealed by 16S rRNA gene
pyrosequencing
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This is a short study by using sediment microbial fuel cells configuration to teach
microbial fuel cell technology at WDRC lab to two Master students for thier Directed
Research.
Conference:
Abstract
Shehab, N., Saikaly, P. E., Amy, G., Logan, B. E. (2012). “Bacterial community structure
associated with the anode of sediment microbial fuel cells from the Red Sea and Tampa
Bay sediments: revealed by 16S rRNA gene pyro-sequencing” 14th International
Symposium on Microbial Ecology ISME-14, Copenhagen, Denmark, August 19-24,
2012.
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Background
Marine sediment microbial fuel cell (SMFC) can harvest electricity from the organic
matter present in aquatic sediments through the microbial activity of indigenous
microbial species and electrode-hosted microorganisms that play a role in transferring
electrons to the anode. Most marine SMFC studies have examined the microbial
community structure associated with the anode. However, the microbial community
structure that develops on the anode of SMFC from the Red Sea has not been examined
yet. To characterize the microbial community structure that develops on the anode of
replicate lab-scale SMFCs using marine sediments and seawater collected from the Red
Sea. The results will be compared with another set of replicate lab-scale SMFCs using
marine sediments and seawater collected from Tampa Bay, Florida
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Figure A1 Schematic representation of the sediment microbial fuel cell used in these
experiments.

Material Methods
The two sets of replicate SMFCs were constructed from glass test tubes (1.8 cm wide ×
15.0 cm deep) and filled to a depth of 5 cm with sediment from the Red Sea and Tampa
Bay. Heat-treated graphite fiber brush. The cathode was made of carbon cloth (7 cm2
projected area) with 30% PTFE wet-proofing (Figure A1). The SMFC medium contained
50 mM PBS buffer (4.58 g/L Na2HPO4, and 2.45 g/L NaH2PO4•H2O, 0.31 g/L NH4Cl,
0.13 g/L KCl), trace vitamins, minerals and 35.0 (Tampa Bay) or 45 g/L NaCl (Red Sea)
stimulating the salinity range of the seawater environment in Tampa Bay and the Red
Sea. The anode was connected by an insulated titanium wire containing a resistor (1000
Ω) to an upper cathode positioned near the air-water interface at the upper opening of the
test tube. The voltage was monitored every 30 minutes across a fixed resistance using a
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multimeter with a data acquisition system. For the microbial analysis, at the end of the
experiment samples for microbial community analysis were collected from the anode
(carbon fiber brush) (Figure A2) of each SMFC. High-throughput pyrosequencing of
bacterial 16S rRNA gene was used to characterize the microbial community structure and
diversity on the anode.

	
  

Figure A2 Schematic showing the anode biofilm and microbial analysis
Results and discussion
Results and summary
Conclusion
Current produced by the replicate Red Sea and Tampa SMFC samples was shown in
Figure A3. The predominant phylum on the anode of the Red Sea and Tampa SMFCs
was Proteobacteria with the dominant class being Deltaproteobacteria. Genera
(Desulfosarcina, Desulfobulbus) belonging to the family Desulfobulbaceae were
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prominent in the all anodic samples (Figure A 4). Their enrichment on the anode suggests
that these genera could play a role in extracellular electron transfer. Hierarchical
clustering analysis was used to generate a dendrogram showing the dissimilarity in the
bacterial community structure between the different samples. Two clear clusters were
observed; samples collected from the anodes of the Red Sea SMFC were clustered
together. Similarly, samples collected from the anodes of Tampa SMFC were clustered
together. These results suggest a clear distinction in the microbial community structure
between the two types of sediments (Figure A5).
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Figure A3 Current produced by the replicate Red Sea and Tampa SMFC
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Figure A4 Relative abundance of bacterial reads retrieved from the Red Sea and Tampa
Bay SMFC reactors classified at the (a) phylum and (b) class.
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Figure A5 Dendrogram generated using the Hellinger Distance and agglomerative
hierarchical clustering UPGMA.
	
  
	
  

	
  

	
  
	
  

	
  

