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Microbial Fuel Cells for Wastewater Treatment

Liliana Alzate-Gaviria
Yucatan Centre for Scientific Research (CICY),
Mexico

1. Introduction

A typical domestic wastewater treatment plant consists of a series of unit processes, each of
which is designed with specific functions. Process trains will be more variable for industrial
wastewater and for nutrient control.

Conventional sewage treatment may involve these stages:

1.1 Screening

The influent is strained to remove all large objects carried in the sewage stream. This is most
commonly performed with an automated mechanically-raked bar screen in modern plants
serving large populations, whilst in smaller or less modern plants a manually-cleaned
screen may be used. The raking action of a mechanical bar screen is typically paced
according to the accumulation on the bar screens and/or flow rate. The solids are collected
and later disposed of in landfill or incinerated. Bar screens or mesh screens of varying sizes
may be used to optimise solids removal, so as to trap and remove the floating matter, such
as pieces of cloth, paper, wood, kitchen refuse, etc. These floating materials will choke pipes
or adversely affect the working of the pumps if not removed. They should be placed before
the grit chambers. However, if the quality of grit is not of much importance, as in the case of
landfilling etc., screens may even be placed after the grit chambers. They may sometimes be
accommodated in the body of the grit chambers themselves.

1.2 Primary treatment

In the primary sedimentation stage, tanks commonly called “primary clarifiers” or “primary
sedimentation tanks” are used to settle sludge while grease and oils rise to the surface and
are skimmed off. Primary settling tanks are usually equipped with mechanically driven
scrapers which continually drive the collected sludge towards a hopper in the base of the
tank where it is pumped to sludge treatment facilities. Grease and oil from the floating
material can sometimes be recovered for saponification. The dimensions of the tank should
be designed to effect removal of a high percentage of the floatables and sludge. A typical
sedimentation tank may remove from 60% to 65% of suspended solids, and from 30% to
35% of biochemical oxygen demand (BOD) from the sewage.

1.3 Secondary treatment
This is designed to substantially degrade the biological content of the sewage which is
derived from human waste, food waste, soaps and detergent. The majority of municipal
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plants treat the settled sewage liquor using aerobic biological processes. To be effective, the
biota require both oxygen and food to live. The bacteria and protozoa consume
biodegradable soluble organic contaminants (e.g. sugars, fats, organic short-chain carbon
molecules, etc.) and bind much of the less soluble fractions into floc. Secondary treatment
systems are classified as fixed-film or suspended-growth.

It has been estimated that the activated sludge process in publically owned treatment works
in the U.S. requires 0.349 kWh of electricity per cubic metre of wastewater, accounting for
about 21 billion kWh of electricity consumption per year (Goldstein and Smith, 2002).
Pumping and aeration are the predominant energy consuming processes (21% and 30-55%
of the total treatment energy demand, respectively) (EPA, 2008). Similarly in the UK, 3-5%
of national electricity consumption goes towards wastewater treatments. If activated sludge
processes were adopted by engineers in the rapidly developing world to serve, say 19
million people, this would produce an energy bill equivalent to 6.8% of the entire U.S.
electricity consumption (UNICEF, 2000; Water, 2006). We suggest that this is unsustainable,
both on economical and environmental grounds (Oh et al., 2010). The cost of energy will
undoubtedly rise as carbon-based resources become depleted and renewable sources
struggle to make up the shortfall. Operating costs of treating wastewater are therefore likely
to become prohibitively expensive.

Anaerobic digestion of wastewater, particularly industrial wastewater, is usually a cheaper,
if more fickle, option than aerobic technologies. However, the effluent often requires further
treatment to remove residual organics.

1.4 Tertiary treatment

Finally, the purpose of tertiary treatment is to provide a final treatment stage to raise
effluent quality before it is discharged to the receiving environment (sea, river, lake, ground,
etc.). More than one tertiary treatment process may be used at any treatment plant. If
disinfection is performed, it is always the final process. It is also called “effluent polishing”.
The organic matter concentration in wastewater is usually evaluated in terms of either its
biochemical oxygen demand (BOD) in a five day test (BODs) or its chemical oxygen demand
(COD) in a rapid chemical oxidation test. Total BOD or COD can be viewed as consisting of
two fractions: soluble BOD (sBOD) and particulate BOD (pBOD). Most pBOD is removed in
the primary clarifier sludge and sBOD is converted to bacterial biomass (Logan, 2008).

Screens Grit Primary Biological Secondary
Influent——p 1 Removal [ Clarifier A System [ Clarifier

!

G- mimimm -

. Recycled Sludge
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Waste ry
Sludge Treatment [—Effluent

Fig. 1. Process flow for a typical wastewater treatment plant. (Metcalf and Eddy, 2003)

Based on this summary of a wastewater treatment process train, we can see that a microbial
fuel cell (MFC) would replace the secondary treatment system and tertiary treatment
(removal of nutrients, ammoniacal nitrogen, phosphorus and organics components)
(Yokoyama et al., 2006). These organics are often volatile fatty acids, which are metabolic
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products of anaerobic digestion, whose accumulation has been reported to hinder the
process (Hawkes et al., 2007; Logan and Regan, 2006b; Oh and Martin, 2009). However,
these acids, such as acetate and butyrate, are effectively consumed in MFCs, even at low
concentrations (Kim et al., 2010, Lee et al., 2008; Liu et al., 2005). The sensitivity of MFCs to
low levels of organic contaminants is well documented and has led to their application as
biosensors (Chang et al, 2004; Kim et al., 1999). In addition, multi-stage treatment
combining anaerobic digestion and/or hydrogen fermentation and MFC technologies may
result in reduced accumulation of inhibitory by-products and allow effluent polishing to
more stringent discharge standards (Kim et al., 2010, Logan and Regan, 2006b; Pham et al.,
2006). Combining an MFC with AD and Bio-hydrogen would therefore maximise total
energy recovery and consequently increase the sustainability of wastewater treatment. The
additional heating system to maintain temperature may not be necessary for energy
recovery or wastewater treatment using MFC technology.

2. Exoelectrogens

The idea of using microorganisms as catalysts in an MFC has been explored since the 70s
and 80s (Suzuki, 1976; Roller et al., 1984). MFCs used to treat domestic wastewater were
introduced by Habermann and Pommer (1991). However, these devices have recently
become attractive again for electricity generation, providing opportunities for practical
applications (Schroder et al., 2003; Liu and Logan, 2004; Liu et al., 2004a).

Most microorganisms use respiration to convert biochemical energy into ATP. This process
involves a cascade of reactions through a system of electron-carrier proteins in which
electrons are ultimately transferred to the terminal electron acceptor. Most forms of
respiration involve a soluble compound (e.g. oxygen, nitrate, and sulphate) as an electron
acceptor. However, some microorganisms are able to respire solid electron acceptors (metal
oxides, carbon, and metal electrodes) in order to obtain energy. Several mechanisms explain
how microorganisms respire using a solid electron acceptor (Hernandez and Newman, 2001;
Weber et al., 2006; Rittmann, 2008). Some of these mechanisms involve the use of chelators
or siderophores which effectively solubilise the solid electron acceptor and introduce them
into the cell (Gralnick and Newman, 2007). Other mechanisms involve extracellular electron
transfer (EET), in which microorganisms externalise their electron transport to the surface of
the solid electron acceptor. Researchers have proposed three distinct EET mechanisms,
which are depicted in Figure 2. The first mechanism proposes direct electron transfer
between electron carriers in the bacteria and the solid electron acceptor. This mechanism is
supported by the presence of outer-membrane cytochromes which can interact directly with
the solid surface to carry out respiration (Beliaev et al., 2002; Magnuson et al., 2001). Bacteria
using this mechanism require direct contact with the solid electron acceptor and therefore
cannot form a biofilm. The second mechanism proposes the presence of a soluble electron
shuttle: a compound which carries electrons from the bacteria by diffusive transport to the
surface of the metal oxide (or electrode) and is able to react with it, discharging its electrons.
This compound in its oxidised state then diffuses back to the cells, which should be able to
use the same compound repeatedly (hence the name ‘shuttle’). Bacteria are known to
produce compounds which act as electron shuttles, including melanin, phenazines, flavins,
and quinones (Newman and Kolter, 2000; von Canstein et al., 2008). The third mechanism
proposes a solid component which is part of the extracellular biofilm matrix and is
conductive for electron transfer from the bacteria to the solid surface. This mechanism is
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Fig. 2. Schematic of three EET mechanisms used by ARB: (a) direct electron transfer, (b) an
electron shuttle, and (c) a solid conductive matrix. (Torres et al., 2010)

supported by the recent discovery of the possible role of cellular pili as nanowires (Reguera
et al., 2005; Gorby et al., 2006), which are being characterised for their capability to conduct
electrons. Other components may also be conductive and contribute in EET, such as
extracellular cytochromes or bound electron mediators (Marsili et al., 2008; Rittmann, 2008).
Currently, researchers have not reached a consensus regarding the conditions under which
these EET mechanisms are dominant in natural and engineered systems. Evidence can be
found to support more than one EET mechanism in some cases. For example, recent
discoveries have shown that Shewanella oneidensis is capable of producing shuttles (Marsili
et al., 2008; von Canstein et al., 2008) and nanowires (Gorby et al., 2006). It is not obvious
under which conditions an EET mechanism would be used and whether more than one
mechanism is concurrently utilised by S. oneidensis and other bacteria.

The use of EET is of special importance in microbial fuel cells and electrolysis cells
(collectively referred to as MXCs). In MXCs, anode-respiring bacteria (ARB) carry out a
respiration process in which a solid electrode (the anode) is their electron acceptor. Because
most MXC electrodes are solid conductors which can neither be solubilised nor reduced
(they only act as a conductor), ARB can only externalise electrons through EET in order to
respire using the anode. To date, ARB include members from diverse phyla, such as Alpha-,
Beta-, Gamma-, and Deltaproteobacteria, Firmicutes, Acidobacteria, and a yeast (Logan,
2009, Alzate et al., 2010). Most of these members are known to utilise solid Fe (III) as an
electron acceptor, and they are anaerobic, gram-negative oligotrophs. Substrate-utilisation
capabilities of most of these bacteria are limited to simple fermentation products, such as
acetate and H;. However, some members can utilise a wider range of substrates, such as
propionate, butyrate, lactate, and glucose (Debabov, 2008).

A few studies have shown that the maximum current densities produced by ARB are
limited by proton transport inside the biofilm (Torres et al., 2008b; Franks et al., 2009). If
protons produced as a result of substrate oxidation accumulate inside the biofilm, they
decrease the pH and inhibit the ARB. The maximum current density obtained therefore
appears to depend on proton transport rather than factors associated with EET. The highest
current densities reported so far are consistent with relatively high buffer concentrations
(4100mM buffer) (Fan et al., 2007; Logan et al., 2007; Torres et al., 2008; Xing et al., 2008). It is
therefore possible that higher current densities are achievable in ARB biofilms if better
proton transport is achieved (Torres et al., 2010).
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3. MFC

MEFCs convert a biodegradable substrate directly into electricity and are new types of
bioreactors which use exoelectrogenic biofilms for electrochemical energy production
(Logan, 2008; Logan and Regan, 2006b; Rabaey et al., 2005). (Figure 3).
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Fig. 3. Schematic of the basic components of a MFC. Bacteria grow on the anode, oxidising
organic matter and releasing electrons. The cathode is sparged with air to provide dissolved
oxygen for the reaction of electrons, protons and oxygen at the cathode, completing the
circuit and producing power. (Logan, 2008)

MEFCs have advantages over other technologies used for generating energy from organic
matter. First, the direct conversion of substrate into electricity permits high conversion
efficiencies. Second, they operate efficiently at ambient temperature, including low
temperatures. Third, they do not require the treatment of biogas generated in the cell. Fourth,
they do not require additional energy to aerate the cathode, given that it can be aerated
passively. Fifth, they have the potential for application in remote areas without electrical
infrastructure, making them an additional renewable energy option to meet global energy
requirements. Finally, MFCs involve an anaerobic process, and bacterial biomass production
will therefore be reduced compared to that of an aerobic system. Estimated cell yield from a
MFC process is in the order of Yx/s=0.16 g-COD-cell/g-COD. This is about 40% of the value
produced by an aerobic process of Yx/s=0.4 g-COD-cell/ g-COD (Logan, 2008)

A variety of biofuels and by-products can be obtained from organic biomass present in solid
and liquid waste, with glucose forming the main source of carbon (Logan, 2004; Alzate et al.,
2007, He and Angenent, 2006). The main stoichiometric reactions in fermentative
microbiological metabolism include:
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Bio-ethanol:
CﬁH]_)Oﬁ —— 2 C]HjOH T 2 CO:
Biogas:
CeH,,0y == 3 CH,+ 3 CO,
Hydrogen gas:
CH 304 + 6 HyQ =t |2 I, + 6 CO,
Microbial fuel cell:
(‘6H1:Oﬁ +6 O] —_— 6 H]O +6 CO_!

There are three typical configurations amongst MFCs with a proton exchange membrane
(PEM) (Figure 4): A. Bioreactor separate from the MFC: the microorganisms generate
hydrogen, which is then used as fuel in a fuel cell. B. Bioreactor integrated into the MFC: the
microorganisms generate hydrogen which is converted into electricity in a single cell. C.
MFC with direct electron transfer: microbiological electricity generation and direct transfer
to the anode (Rabaey et al., 2005).
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Fig. 4. Different MFC configurations with PEM. (Rabaey et al., 2005)
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MECs can be monitored via electrochemical parameters, such as power density, generated
electrical current and voltage. Equally, a very important biological parameter is the organic
load of the substrate to be used, expressed in Kg m-3 d-! (Rabaey et al., 2003).

Recently, much attention has been focused on the tubular type of MFCs (Clauwaert et al.,
2007; Kim et al., 2010; Rabaey et al., 2005a) which increase sludge retention time and reduce
hydraulic retention time, which would reduce the long term operating cost. Power densities
from industrial and domestic wastewater using MFCs range from 4 to 15 W/m? (Cheng et
al., 2006; Feng et al., 2008; Liu and Logan, 2004). The anode has, for example, been made of
graphite granules (diameters between 1.5 and 5 mm, surface areas between 1000 and 3000
m2/m3), which microorganisms can easily attach to. Rabaey et al. (2005) observed a
maximum power density of 90 W/m?3 with acetate feeding at 1.1 kg COD/m3/day.
Clauwaert et al. (2007) used a similar configuration but with a biocathode exposed to air
which produced a maximum power density of 65 W/m?3 at 1.5 kg COD/m?3/day (Oh et al.,
2010).

Finally according to Oh et al. (2010), innovation in the design of new MFC reactors has been
driven by the desire to increase power output and decrease capital costs. Therefore,
materials which minimise internal electrical resistance, designs which maximise the surface
area which electrogenic bacteria can attach to and the removal of expensive materials such
as noble metal catalysts on the cathode have been the focus of much of the research activity.
This iteration towards optimal design has paid dividends. Reported power outputs in
laboratory-scale MFCs have increased from 0.001 to 6.9 W/m2 (Fan et al., 2008) in less than a
decade. Material costs have deceased, but need to decrease further to make MFCs attractive
alternatives to other forms of wastewater treatment and pilot plants are emerging (Cha et
al., 2009, Rabaey and Keller, 2008). Electricity produced by MFCs may never be a cost
effective source of energy in its own right. Rather their contribution will be one of reducing
the energy used in wastewater treatment. Switching wastewater treatment from an aerobic
to anaerobic process would dramatically cut energy consumption by obviating the need to
aerate the sludge. However, conventional anaerobic treatment technologies are often
thought of as being slow, need concentrated waste and high temperatures to operate
reliably, the effluent often requires further treatment before it can be discharged and sludge
disposal is still required. Microbial fuel cells appear to operate at lower temperatures and
yield less biomass. In addition, the fact that the bacteria donate electrons to an external
circuit with a controllable resistance may ultimately make the whole treatment process
amenable to real-time control. The electrical current is a continuous index of the efficiency of
the process. This is a neglected area of research for microbial fuel cells which will assume
greater importance when MFCs are scaled up for use in real wastewater treatment plants.
Least is known about the ecology of microbial communities which metabolise the waste or
catalyse the reactions on biocathodes. Microbial communities have been used in
conventional wastewater treatment technologies without necessarily having a deep
knowledge of the dynamics of the populations, so perhaps our lack of knowledge is not a
barrier to the adoption of MFCs. However, when microbial communities behave in
unexpected ways and treatment technologies go wrong it can be baffling. A good
understanding of the acclimatisation of the communities in MFCs and their response to
environmental perturbations would reduce the perceived risks and accelerate the adoption
of MFCs. New sequencing technologies combined with proteomics and metabolomics could
provide us with a much clearer picture of the changes in community composition and
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metabolic pathways which occur in response to different operating conditions. However,
even if this deep understanding of the biology at work in an MFC takes many years to
achieve it seems clear that, even in the short term, MFCs will have a role to play in
sustainable wastewater treatment.

We go on to present how a MFC can generate electricity with electron transfer from the
anode to the cathode using a mixed microbial consortium previously adapted as
biocatalysts. We examined three factors which could affect MFC operation: external
resistance, pH and the effect of temperature.

4. Methodology

4.1 Microorganisms and substrate source

The biocatalysts used for electricity generation were obtained from a previously stabilised
MEC (Alzate et al., 2010). The source of the substrate was Synthetic Wastewater (SW) (Poggi
et al., 2005), with Sigma® brand reagent grade glucose as the carbon source. The SW had a
pH of between 5 and 6 and the following composition per litre: 4g glucose; 310mg NH4Cl;
130mg KCl; 4.97g NaH,POy; and 2.75g Na,HPO4.H>O (Lovley and Philips, 1998).

4.2 Microbial fuel cell

A large range of materials and designs have been used in MFCs. In this study a MFC was
built from glass with a working volume of 350 ml for both the anolyte and catholyte. The
anode chamber was bubbled with N, to displace the O, present before the anode was closed.
Untreated carbon paper distributed by Fuelcell (Toray carbon paper®) was used for the
electrode.

The PEM cell consisted of 2 chambers, one for the anode and one for the cathode, joined by a
proton exchange membrane called Nafion® 117, with a film thickness of 183um reinforced
with a PTFE copolymer (teflon/ perfluorosulphonic acid). Its molecular structure permits the
absorption of water and once moist, it selectively conducts positively charged ions, blocking
those with a negative charge. This characteristic is combined with the established chemical
inertness, mechanical resistance and stability of Teflon® resins (Fuelcell Internacional, USA).
The membrane was activated before use with 1N H,SO; at 45°C for 24h (Kim et al., 2005).

In the cathode chamber an aqueous catholyte with air bubbling for O, use was used with
untreated carbon paper with Pt (0.5 mg Pt 10% per cm?) for the electrode, whilst the
previously selected and stabilised flocculent-type mixed inoculum was used at the anode.
No catalyst was applied to the latter electrode, given that this function is performed by the
microorganisms present in the inoculum.

The carbon paper electrodes used in each chamber were 1.7 cm x 1.6 cm, with a total area of
5.44 cm?.

MEC start-up consisted of colonising the electrode with the microbial consortium contained
in the inoculum in order to form a biofilm; or a complex community of microorganisms
which adhere to the electrode and produce a cellular polymer coating which helps them to
retain nutrients and protect themselves from toxic agents, and finally produce electricity.
During this process three sequential inoculum transfers were performed until a constant
electrochemical response with a constant voltage was obtained. In addition, the voltage
pattern was reproduced on the third addition of mixed inoculum to the anode. It is worth
noting that strict anaerobic conditions were not maintained for the change of inoculum. The
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experiments were performed at mesophilic temperatures by placing the cell in a
thermostatic bath.

Two external resistances were used for the PEM cell circuit, one of 1000Q2 over a period of
102 days and a second of 600Q2 during the remaining days. Based on previous experiments
(Liu et al., 2004a; Logan, 2004), the MFC was operated for a period of no greater than 155
days, not including start-up. The changes which occurred in the microbial community
during this time were monitored via electrochemical monitoring.

4.3 Electrochemical monitoring

This was performed by measurements of power density produced by the MFC, using a
Fluke® multimeter. A resistance was set for the circuit to obtain current data. The current (I)
in amps was obtained as: I=VxR-1=Qxt-1, where V is the voltage (volts), Q is the charge
(coulombs) and t is the time (seconds). Power (P; watts) was measured as P=IxV and energy
production was measured in joules using the equation E=Pxt.

Efficiencies are expressed based on the experimental coulombic efficiency compared to the
theoretical one, which varies in accordance with the type of substrate used in the MFC
(Rabaey et al., 2004).

4.4 Analysis

The electrode was monitored by taking measurements of volatile fatty acids by titration,
hydrogen potential (pH), temperature and soluble chemical oxygen demand (COD) in the
liquid current. These parameters were determined in accordance with APHA procedures
(2005). Finally, current and voltage measurements were performed with a multimeter and

coulombic efficiency was calculated as CE= %x 100% , where CP is total coulombs
i
calculated as the integral of current with respect to time and Cti is the theoretical amount of

coulombs calculated from the following equation C, =

{M} , where F: Faraday’s

constant, b: is the number of moles of electrons produced per mole of substrate, S: substrate
concentration, V: liquid volume and M: molecular weight of the substrate used in the MFC.

5. Results and discussion

5.1 MFC Start-up

When the MFC was inoculated with biocatalysts from a previously stabilised MFC there
was a 30h lag phase followed by a rapid increase in voltage over the following 40h, reaching
a maximum voltage of 0.4V (Figure 5). The voltage subsequently decreased gradually as the
organic matter contained in the inoculum was consumed. On adding the third transfer of
inoculum to the MFC the behaviour was similar, producing a stability range of 0.37 + 0.03V,
comprising the last stage in the pattern of bacterial growth. Growth ceased and cell death
occurred once the substrate was consumed, and voltage generation was affected.

After 120h in operation, part of the inoculum was replaced with SW and just 10% of the
inoculum was conserved. Electricity was immediately seen to be generated in the previously
inoculated MFC (Figure 6), reaching a maximum voltage of 1.05V and maintaining a range
of 0.90 £ 0.1V over the following 55h.
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Fig. 5. Voltage generation by MFC during start-up. Arrows indicate replacement.
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Fig. 6. Voltage generation from glucose as substrate.
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5.2 Effect of substrate concentration

Voltage production in the MFC (Figure 7) followed a saturation kinetic, or in other words,
the use of substrate in biological systems according to concentration and transport speed
(Liu and Logan, 2004). As can be seen in the figure, voltage increased as glucose
concentration increased, and remained constant at 1.15 + 0.05V from a concentration of 1000
mg-L-1. The maximum rate of substrate use therefore occurs in high concentrations of the
same (Metcalf and Eddy, 2003).

0.8 |

Maximum Voltage (V)

06 |
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02|

s s B I
0 500 1000 1500 2000 2500 3000
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Fig. 7. Maximum voltage generation as a function of glucose concentration.

5.3 Continuous measurement of electricity generation

In this stage electricity generation was monitored over a period of 130 days. With a
resistance of 10002 the voltage remained at 0.88 + 0.17V during the first 102 days. After 102
days, a resistance of 600Q was used, giving values of 0.91 + 0.08V. With greater fuel
oxidation by the microorganisms we expect greater oxidation rates of the electron
transporters in the culture at low resistances. In addition, a MFC can be started at low
resistances to remove pollutants with high organic indices (Jang et al., 2004).

5.4 Power generation in the MFC

The power density generated by the MFC was measured in W-m-3 based on liquid volume,
and the power equation was used for calculations. Using a resistance of 1000, the
maximum power density generated was 4.41 W-m-3 with a voltage of 1.05V. When a
resistance of 600Q2 was used, a maximum power density of 6.53 W-m? was obtained with
0.99V and organic matter removal expressed in COD was 65% and 82%, with 1000 and 600€2
respectively. Table 1, shows the comparison of selected performance parameters of MFCs
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with a proton exchange membrane, and we can see that there is a wide range of power
values related to the electrode and MFC architecture, the substrate, the inoculum and the
redox mediator. Our results are found in the mid-to-low range given that we used a basic
architecture, without an external redox mediator.

Mixed

CE

P

Substrate Culture Electrode Type Redox Mediator (%)  (W/m?) References
Mixed . ) Ferricyanide Rabaey,
Glcose consortium Plain graphite solution cathode & s 2003
Ferricyanide
solution cathode
Sewage . . and Mn(4+) Park,
Acetate sludge Plain graphite eraphite anode - 32 2003
and Fe (3+)
graphite cathode
Bacteria Liu
Wastewater presentin  Plain graphite None 12 1.6 200‘1
wastewater
Activated ) . Kim,
Wastewater sludge Plain graphite None - 1.7 2004
Bacteria .
Glucose present in Wovgn None 40 13 Liu,
graphite 2005
wastewater
Synthetic Anaerobl.c Granular Hexacyanoferrate Aelterman,
and aerobic ; - 258
wastewater graphite cathode 2006
sludge
. . None
Acetate Microbial Granu.lar Biocathode 90 65 Clauwaert,
fuel cell graphite . 2007
exposed to air
Bacteria .
Wastewater present in Graphite brush None 23 23 Logan,
anodes 2007
wastewater
Anaerobic
sludge
Sucrose collected Stainless steel None 729 36.72 Bglo’lgga,
from septic
tank
. Anaerobic
Sodium digested Carbon cloth None 39.6 16.7 Cha,
acetate 2010
sludge
Synthetic Non- 4.41- Alzate,
wastewater anaerobic Carbon paper None 59 6.53 2008

Table 1. Comparison of selected performance parameters of MFC with proton exchange

membrane

The results show that operating with lower external resistances increases power density
production and leads to increased organic matter removal (Jang et al., 2004). This system
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uses an aqueous catholyte to provide the electrode with dissolved O,, without using
external mediators. Microbial consortiums generate greater power density than pure
cultures (Pham et al., 2006; Rittmann, 2006).

One of the highest power densities reported in the literature is 386 W-m- (Aelterman et al.,
2008), where sodium acetate was used as a substrate and potassium hexacyanoferrate was
used to optimise cathode performance. Ferricyanide is very popular as an electron acceptor in
MFC experiments and reaches greater voltages than using O, The great advantage of
ferricyanide is the low overpotential using flat carbon cathodes. However, power generation
with ferricyanide is not sustainable as a result of insufficient reoxidation via O,, which requires
regular replacement of the catholyte. Furthermore, long periods of system operation can be
affected by ferricyanide diffusion to the anode chamber (Logan and Reagen, 2006b).

5.5 Influence of pH

Another important parameter in MFC performance is the pH of the anode chamber. The
experimental results clearly showed the dependence of MFC performance on the influent
pH. During the experiment the pH of the anolyte was maintained at 6.7. The highest power
densities occurred at pH values near neutral, with results ranging from 3.68 to 4.41 W-m-3in
the case of 1000Q. Recorded power density decreased slightly when the pH was < 7.0,
remaining at 3.55 W-m-3. In the measurements taken when using a resistance of 600€2, a
maximum power density of 6.53 W-m=3 was obtained at a pH of between 6.8 and 7.0. This
result agrees with the results reported by Gil et al. (2003) and He et al. (2008). Both studies
observed that low pH (pH 5 and 6) resulted in lower electricity generation. The lower pH in
the MFC might have inhibited the activity of electrogenic bacteria. Other researchers have
also reported that an acidic pH in the anode chamber reduces power production. Ren et al.
(2007) reported a significant decrease in power production when the pH in the anode
compartment dropped to 5.2 due to the acidic products of fermentation, and power
production was rapidly resumed when the pH of the anolyte was increased to 7.

5.6 Effect of temperature on MFC performance

Anaerobic digestion requires 30-50°C for optimal operation but MFCs are known to operate
well at ambient temperature (Ahn and Logan, 2010; Jadhav and Ghangrekar, 2009; Min et
al., 2008). Organic removal increased but the electricity production decreased, which might
be due to increased activity of methanogens. The additional heating system to maintain
temperature may not be necessary for energy recovery or wastewater treatment using MFC
technology. The MFC operated at a mesophilic temperature of 35 + 5°C during the first 102
days. During this period the maximum power density reached was (4.41 W-m=3) using
1000Q at 37°C. A constant temperature of 40°C was maintained for the following days,
obtaining a maximum power density of (6.53 W-m-3) with 600Q. Under this last scheme the
temperature was increased by 5°C, obtaining 6.54 W-m3. We should note that the
temperature increase to 45°C did not lead to significant increases in power density, given
that the result obtained is very similar to the one reached at an operational temperature of
40°C. These results reflect the strong influence of the external resistance used, together with
an optimum operational temperature (Rozendal et al., 2006).

A significant advantage of MFCs is that they can produce electricity from organic matter
whilst operating at moderate temperatures, for example 20-40°C (Min and Logan, 2004;
Niessen et al., 2004; Oh et al., 2004; Kim et al., 2005; Liu et al., 2005; Aelterman et al., 2006;
Cheng et al., 2006; Zhao et al., 2006; Logan et al., 2007; Oh and Logan, 2007).
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5.7 Efficiency obtained in the MFC
Current efficiency is determined based on Coulombic Efficiency (CE), which is defined as
the quantity of organic matter recovered as electricity.

CE= g x100%
Cti
The graph of current against MFC operation time was used to determine Cp. The total
charge (q) in coulombs is obtained by integrating the area under the curve (from t = 0 to 130
days), which was Cp=12367.23 (Figure 8). Glucose was used as the substrate. The previously
described equation (Liu et al., 2005) for Cti is used to calculate the theoretical quantity of
coulombs which can be produced by glucose:

Cﬁ.:{FXbXSXU}
M

where F: is Faraday’s constant (98485 C-mol-1 of electrons), b: number of moles of electrons
produced per mole of substrate (glucose substrate b=24), S: substrate concentration (g-L-1),
v: liquid volume and M: molecular weight of the substrate (glucose, M=180). We therefore
obtain Cti=20681.85 and in turn, the coulombic efficiency of the MFC is:

CE - { 12367.23
20681.85
The CEs calculated for microbial fuel cells present in the literature vary, but they generally

increase with power density because there is less time for substrate to be lost during
competing physical and biological processes (Logan and Regan, 2006a).
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200

Total Charge: 12367.23 C h
180 |

-
L

160 |

140 |

Current (uA)

120 |

100 | ‘i.l -
—
[ ]]
FIAREX
LY
80 Il g I‘ I
il
1 |
607.
40
L I L L L L
0 20 40 60 80 100 120 140
Time (d)

Fig. 8. Total charge calculated from the integration of current over time for substrate
consumption.
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In this study a CE of 59.79% was obtained. Table 1, presents efficiencies reported in other
studies and we can see that the efficiencies produced vary in terms of the type of substrate
or electrode used. For example, efficiencies of 23% (Logan et al., 2007) were obtained with
bottle (B-MFC) air-cathode MFCs inoculated with wastewater which produced up to 2.3
W-m-3 and a CE = 23% with brush electrodes, versus 0.97 W-m= with a plain carbon paper
electrode. These findings show that brush anodes which have high surface areas and a
porous structure can produce high power densities, and therefore have qualities which
make them ideal for scaling up MFC systems.

Efficiencies of 65% (Min and Logan, 2004) and 63-78% (Oh et al., 2004) were obtained with
acetate. With glucose CEs were 89% using potassium hexacyanoferrate at the cathode
(Rabaey et al., 2003), whilst Liu and Logan obtained 40-55% using a PEM and 9-12% without
a membrane, but using an air cathode, and noting that the main disadvantage of this system
was the loss of substrate due to aerobic oxidation at the anode. In other words, there is
greater O diffusion in the anode chamber in the absence of a PEM. With wastewater CEs
were 3-12% (Liu et al., 2004), with protein efficiency was 6% (Heilman and Logan, 2006) and
finally, using lactate and potassium ferricyanide efficiency was 2.4% (Ringeisen et al., 2006).

6. Conclusions

- A PEM microbial fuel cell can generate electricity and simultaneously purify
wastewater, which makes it attractive for in situ treatments or for the modification of
current conventional treatment plants.

- Switching from aerobic to anaerobic wastewater treatment would cut energy
consumption by obviating the need to aerate the sludge. However, conventional
anaerobic treatments are often thought of as being slow, need concentrated waste and
high temperatures to operate reliably, the effluent often requires further treatment
before it can be discharged and sludge disposal is still required. Microbial fuel cells
appear to operate at lower temperatures and yield less biomass.

- An aspect to be improved in future studies is to increase the area of the anode to
compensate for losses due to death and space occupied by other non-electricity
generating bacteria in the biofilm.

- It was shown that as is the case with an external electron acceptor, the presence of
conductivity is imminent in the anolyte of the MFC.

7. References

Aelterman P, Rabaey K, Pham T, Boon N, Verstraete W. (2006). Continuous electricity
generation at high voltages and currents using stacked microbial fuel cells. Env. Sci.
Technol. 40: 3388-3394.

Aelterman P, Versichele M, Marzorati M, Boon N, Verstraete W. (2008) Loading rate and
external resistance control the electricity generation of microbial fuel cells with
different three-dimensional anodes. Biores. Tech. 99: 8895-8902.

Ahn'Y, Logan B. (2010). Effectiveness of domestic wastewater treatment using microbial fuel
cells at ambient and mesophilic temperatures. Bioresour Technol. 101: 469-475.

Alzate-Gaviria L, Sebastian P, Pérez-Herndndez A. (2007). Comparison of two anaerobic
systems for hydrogen production from the organic fraction of municipal solid
waste and synthetic wastewater. Int. |. Hydrogen Energy 32: 3141-3146.

www.intechopen.com



166 Waste Water - Treatment and Reutilization

Alzate-Gaviria L, Fuentes-Albarran C, Alvarez-Gallegos A and Sebastian PJ. (2008).
Electricity generation from a pem microbial fuel cell. Interscience 33: 510-517.

Alzate -Gaviria L , Gonzélez K, Peraza I, Garcia O, Dominguez-Maldonado ], Vazquez J,
Tzec-Simda M and Canto-Canché B. (2010). Performance evaluation and
identification of exoelectrogens in two types of microbial fuel cells with different
anode configuration. Interscience 35: 19-25.

Angenent L, Karim K, AL-Dahhan M, Wrenn B, Domingues-Espinosa R. (2004). Production
of bioenergy and biochemicals from industrial and agricultural wastewater. Trends
Biotechnol. 22: 477-485.

APHA (2005). Standard Methods for the Examination of Water and Wastewater (2005). 21st
ed. APHA, AWWA, WEF. Washington, DC, EEUU. 1170 pp.

Beliaev A, Thompson D, Fields M, Wu L, Lies D, Nealson K and Zhou ] (2001) Microarray
Transcription Profiling of a Shewanella oneidensis etrA Mutant. | Bacteriol. 184:
4612-4616.

Cha J, Choi S, Yu H, Kim H, Kim C (2009) Directly applicable microbial fuel cells in aeration
tank fro wastewater treatment. Bioelectrochemistry 78: 72-79.

Chang I, Jang J, Gil G, Kim M, Kim H, Cho B. (2004). Continuous determination of
biochemical oxygen demand using microbial fuel cell type biosensor. Biosens
Bioelectron 19: 607-613.

Cheng S, Liu H, Logan B. (2006). Increased Power generation in a continuous flow MFC
with advective flow through the porous anode and reduced electrode spacing. Env.
Sci. Technol. 40: 2426-2432.

Clauwaert P, van der Ha D, Boon N, Verbeken K, Verhaege M, Rabaey K. (2007). Open air
biocathode enables effective electricity generation with microbial fuel cells. Environ.
Sci. Technol. 41:7564-7569.

Debabov V. (2008). Electricity from microorganisms. Microbiology 77: 123-131.

EPA. (2008). Water and Energy: Leveraging Voluntary Programs to Save Both Water and
Energy. Environmental Protection Agency.

Fan Y, Hu H and Liu H. (2007). Sustainable Power Generation in Microbial Fuel Cells Using
Bicarbonate Buffer and Proton Transfer Mechanisms. Environ. Sci. Technol. 41: 8154~
8158.

Fan Y, Sharbrough E, Liu H. (2008). Quantification of the internal resistance distribution of
microbial fuel cells. Environ. Sci. Technol. 42:8101-8107.

Feng Y, Wang X, Logan B, Lee H. (2008). Brewery wastewater treatment using air-cathode
microbial fuel cells. Appl Microbiol Biotechnol. 78: 873-880.

Franks A, Nevin K, Jia H, Izallalen M, Woodarda T and Lovley D. (2009). Novel strategy for
three-dimensional real-time imaging of microbial fuel cell communities: monitoring
the inhibitory effects of proton accumulation within the anode biofilm. Energy
Environ. Sci. 2: 113-119.

Gil G, Chang I, Kim B, Kim M, Jang J, Park H, Kim H. (2003). Operational parameters
affecting the performance of a mediator-less microbial fuel cell. Biosensors &
Bioelectronics 18: 327-334.

Goldstein R, Smith W. (2002). Water & Sustainability (Volume 4): U.S. Electricity
Consumption for Water Supply & Treatment—The Next Half Century. Electric
Power Research Institute, Inc. (EPRI).

www.intechopen.com



Microbial Fuel Cells for Wastewater Treatment 167

Gorby Y, Yanina S, McLean ], Rosso K, Moyles D, Dohnalkova A, Beveridge T, Chang I,
Kim B, Kim K, Culley D, Reed S, Romine M, Saffarini D, Hill E, Shi L, Elias D,
Kennedy D, Pinchuk G, Watanabe K, Ishii S, Logan B, Nealson K and Fredrickson ]J.
(2006). Electrically conductive bacterial nanowires produced by Shewanella
oneidensis strain MR-1 and other microorganisms. PNAS 103: 11358-11363.

Gralnick J, Newman D. (2007). Extracellular respiration. Molecular Microbiology 65: 1-11.

Haberman W, Pommer E. (1991). Biological fuel cells with sulphide storage capacity. Appl.
Microbiol. Biotechnol. 35: 128-133.

Hawkes F, Hussy I, Kyazze G, Dinsdale R, Hawkes DL. (2007). Continuous dark
fermentative hydrogen production by mesophilic microflora: principles and
progress. Int. |. Hydrogen Energy 32: 172-184.

He Z, Angenent L. (2006). Application of bacterial biocathodes in microbial fuel cells.
Electroanalysis 18: 2009-2015.

He Z, Huang Y, Manohar A, Mansfeld F. (2008). Effect of electrolyte pH on the rate of the
anodic and cathodic reactions in an air-cathode microbial fuel cell.
Bioelectrochemistry 74: 78-82.

Heilmann J, Logan B. (2006). Production of electricity from proteins using a single chamber
microbial fuel cell. Water Env. Res. 78: 531-537.

Hernandez M and Newman D. (2001). Review Extracellular electron transfer. CMLS, Cell.
Mol. Life Sci. 58: 1562-1571.

Jadhav G, Ghangrekar M. (2009). Performance of microbial fuel cell subjected to variation in
pH, temperature, external load and substrate concentration. Biosource Technol. 100:
717-723.

Jang J, Pham T, Chang I, Khan K, Moon H, Cho K, Kim B. (2004). Construction and
operation of a novel mediator- and membrane -less microbial fuel cell. Proc.
Biochem. 39: 1007-1012.

Kim H, Hyun M, Chang I, Kim B. (1999). A microbial fuel cell type lactate biosensor using a
metal-reducing bacterium, Shewanella putrefaciens. J. Microbiol. Biotechnol. 9: 365~
367.

Kim J, Min B, Logan B. (2005). Evaluation of procedures to acclimate a microbial fuel cell for
electricity production. Appl. Microbiol. Biotechnol. 68: 23-30.

Kim ], Premier G, Hawkes F, Rodriguez ], Dinsdale R, Guwy A. (2010). Modular tubular
microbial fuel cells for energy recovery during sucrose wastewater treatment at low
organic loading rate. Bioresour Technol. 101: 1190-1198.

Lee H, Parameswaran P, Kato-Marcus A, Torres C, Rittmann B. (2008). Evaluation of energy-
conversion efficiencies in microbial fuel cells (MFCs) utilizing fermentable and non-
fermentable substrates. Water Res. 42: 1501-1510.

Liu H, Logan B. (2004). Electricity generation using an air-cathode single chamber microbial
fuel cell in the presence and absence of a proton exchange membrane. Env. Sci.
Technol. 38: 4040-4046.

Liu H, Ramnarayanan R, Logan B (2004a) Production of electricity during wastewater
treatment using a single chamber microbial fuel cell. Env. Sci. Technol. 38: 2281-2285.

Liu H, Cheng S, Logan B. (2005). Production of electricity from acetate or butyrate in a single
chamber microbial fuel cell. Env. Sci. Technol. 39: 658-662.

Logan B. (2004). Extracting hydrogen and electricity from renewable resources. Env. Sci.
Technol. 38: 160A-167A.

www.intechopen.com



168 Waste Water - Treatment and Reutilization

Logan B, Regan J. (2006a). Electricity-producing bacterial communities in microbial fuel
cells. Trends Microbiol. 14: 512-518.

Logan B, Regan ]. (2006b). Microbial fuel cells - challenges and applications. Env. Sci.
Technol. 40: 5172-5180.

Logan B, Cheng S, Watson V, Estadt G. (2007). Graphite fiber brush anodes for increased
power production in air- cathode microbial fuel cells. Env. Sci. Technol. 41: 3341-
3346.

Logan B (2008). Microbial Fuel Cells. Wiley. Hoboken, NJ, EEUU. 200 pp.

Logan B (2009). Exoelectrogenic bacteria that power microbial fuel cells. Nature Rev. Microb.
7: 375-381.

Lovley D, Phillips E. (1998). Novel of microbial energy metabolism: Organism carbon
oxidation coupled to dissimilatory reduction of iron and manganese. Appl. Env.
Microbiol. 54: 1472-1480.

Magnuson T, Isoyama N, Hodges-Myerson A, Davidson G, Maroney M, Geesey G and
Lovley D. (2001). Isolation, characterization and gene sequence analysis of a
membraneassociated 89 kDa Fe(Ill) reducing cytochrome c from Geobacter
sulfurreducens. Biochem. ]. 359: 147-152.

Marsili E, Flickinger M, Bond D. (2008). Shewanella secretes flavins that mediate
extracellular electron transfer. PNAS 105: 3968-3973

Metcalf and Eddy (2003). Wastewater Engineering Treatment and Reuse. 4a ed. Mc Graw-Hill.
Madrid, Espafia. 1485 pp.

Min B, Logan B (2004). Continuous electricity generation from domestic wastewater and
organic substrates in a flat plate microbial fuel cell. Env. Sci. Technol. 38: 5809-5814.

Min B, Cheng S, Logan B (2005). Electricity generation using membrane and salt bridge
microbial fuel cells. Water Res. 39: 1675- 1686.

Min B, Roman O, Angelidaki I. (2008). Importance of temperature and anodic medium
composition on microbial fuel cell (MFC) performance. Biotechnol. Lett. 30: 1213~
1218.

Newman D, Kolter R. (2000). A role for excreted quinones in extracellular electron transfer.
Nature 405: 94-97.

Niessen ], Schroder U, Scholz F. (2004). Exploiting complex carbohydrates for microbial
electricity generation - a bacterial fuel cell operating on starch. Electrochem. Comm.
6: 955-958.

Oh S, Min B, Logan B. (2004). Cathode Performance as a factor in electricity generation in
microbial fuel cells. Env. Sci. Technol. 38: 4900-4904.

Oh S, Logan B. (2007). Voltage reversal during microbial fuel cell stack operation. Power
Sources 167: 11-17.

Oh S, Martin A. (2009). Long chain fatty acids degradation in anaerobic digester:
thermodynamic equilibrium consideration. Process Biochem. 45: 335-345.

Oh S, Kim J, Premier G, Lee T, Changwon K, Sloan W. (2010). Sustainable wastewater
treatment: How might microbial fuel cells contribute. Biotechnology Adv.28: 871-881.

Park D, Zeikus J. (2003). Improved fuel cell and electrode designs for producing electricity
from microbial degradation. Biotechnol. Bioeng. 81: 348-355.

Pham T, Rabaey K, Aelterman P, Clauwaert P, Schamphelaire L, Boon N and Verstraete W.
(2006). Microbial fuel cells in relation to conventional anaerobic digestion
technology. Eng. Life Sci. 6: 285-292.

www.intechopen.com



Microbial Fuel Cells for Wastewater Treatment 169

Poggi-Varaldo HM, Alzate-Gaviria LM, Nevarez- Morillon VG, Rinderknecht-Seijas N.
(2005). A side by side comparison of two systems of sequencing coupled reactors
for anaerobic digestion of the organic fraction of municipal solid waste. Waste
Manag. Res. 23: 270-280.

Rabaey K, Lissens G, Siliciano S, Verstraete W. (2003). A microbial fuel cell capable of
converting glucose to electricity at high rate and efficiency. Biotechnol. Lett. 25: 1531-
1535.

Rabaey K, Boon N, Siciliano S, Verhaege M and Verstraete W. (2004). Biofuel cells select for
microbial consortia that self-mediate electron transfer. Appl. Env. Microbiol. 70:
5373-5382.

Rabaey K, Boon N, Hofte M, Verstraete W. (2005). Microbial phenazine production enhances
electron transfer in biofuel Cells. Env. Sci. Technol. 39: 3401-3408.

Rabaey K, Clauwaert P, Aelterman P, Verstraete W. (2005a). Tubular microbial fuel cells for
efficient electricity generation. Env. Sci. Technol. 39: 8077-82.

Rabaey K, Keller J. (2008). Microbial fuel cell cathodes: from bottleneck to prime
opportunity. Water Sci. Technol. 57: 655-659.

Reguera G, McCarthy K, Mehta T, Nicoll J, Tuominen M and Lovley D. (2005). Extracellular
electron transfer via microbial nanowires. Nature 435: 1098-1101.

Ringeisen B, Henderson E, Wu P, Pietron ], Little B, Biffinger ], Jones-Meehan J. (2006). High
power density from a miniature microbial fuel cell using Shewanella oneidensis
DSP10. Env. Sci. Technol. 40: 2629-2634.

Rittmann B (2006). Microbial ecology to manage processes in environmental biotechnology.
Trends Biotechnol. 24: 261-268.

Rittmann B (2008). Opportunities for renewable bioenergy using microorganisms. Biotechnol.
Bioeng.100: 203-212.

Roller S, Bennetto H, Delaney G, Mason ], Stirling J, Thurston C. (1984). Electrontransfer
coupling in microbial fuel cells. Comparison of redox-mediator reduction rates and
respiratory rates of bacteria. J. Chem. Technol. Biotechnol. 34: 3-12.

Rozendal R, Hamelers H, Buisman C. (2006). Effects of Membrane Cation Transport on pH
and Microbial Fuel Cell performance. Env. Sci. Technol. 40: 5206-5211.

Schroder U (2003). Anodic electron transfer mechanisms in microbial fuel cells and their
energy efficiency. Phys. Chem. 9: 2619-2629.

Suzuki S (1976). Fuel cells with hydrogen forming bacteria. Hosp. Hyg. Gesundheitswes.
Desinfekt. 68: 159.

Torres C, Marcus A, Rittmann B. (2008). Proton transport inside the biofilm limits electrical
current generation by anode-respiring bacteria. Biotech. Bioeng. 100: 872-881.

Torres C, Marcus A, Lee H, Parameswaran P, Krajmalnik-Brown R, Rittmann B. (2009). A
kinetic perspective on extracellular electron transfer by anode-respiring bacteria.
FEMS Microbiol. Reviews 34: 3-17.

UNICEF. (2000). Global Water Supply and Sanitation Assessment 2000 Report. In: UNICEF,
editor.: UN.

von Canstein H, Ogawa J, Shimizu S and Lloyd J. (2008). Secretion of Flavins by Shewanella
Species and Their Role in Extracellular Electron Transfer. Appl. Environ. Microb. 74:
615-623.

Water UN. (2006). Gender, Water and Sanitation: A policy Brief. In: Water U, editor.: UN.

www.intechopen.com



170 Waste Water - Treatment and Reutilization

Weber K, Achenbach L and Coates J. (2006). Microorganisms pumping iron: anaerobic
microbial iron oxidation and reduction. Nature Reviews Microbiology 4: 752-764.

Xing D, Zuo Y, Cheng S, Regan ] and Logan B. (2008). Electricity Generation by
Rhodopseudomonas palustris DX-1. Env. Sci. Technol. 42: 4146-4151.

Yokoyama H, Ohmori H, Ishida M, Waki M and Tanaka Y. (2006). Treatment of cow-waste
slurry by a microbial fuel cell and the properties of the treated slurry as a liquid
manure. Animal Sci. J. 77: 634-638.

Zhao F, Harnisch F, Schroder U, Scholz F, Bogdanoff P and Herrmann I. (2006). Challenges
and constraints of using oxygen cathodes in microbial fuel cells. Env. Sci. Technol.
40: 5193-5199.

www.intechopen.com



Waste Water - Treatment and Reutilization
Edited by Prof. Fernando SebastiAjn GarcAa Einschlag

ISBN 978-953-307-249-4

Hard cover, 434 pages

Publisher InTech

Published online 01, April, 2011
Published in print edition April, 2011

The steady increase in industrialization, urbanization and enormous population growth are leading to
production of huge quantities of wastewaters that may frequently cause environmental hazards. This makes
waste water treatment and waste water reduction very important issues. The book offers a collection of studies
and findings concerning waste water treatment, minimization and reuse.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Liliana Alzate-Gaviria (2011). Microbial Fuel Cells for Wastewater Treatment, Waste Water - Treatment and
Reutilization, Prof. Fernando SebastiAjn GarcAa Einschlag (Ed.), ISBN: 978-953-307-249-4, InTech, Available
from: http://www.intechopen.com/books/waste-water-treatment-and-reutilization/microbial-fuel-cells-for-
wastewater-treatment

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERAEIK6SS LiEEPr R # ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




