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A novel single cathode chamber and multiple anode chamber microbial fuel cell design
(MAC-MFC) was developed by incorporating multiple anode chambers into a single unit and
its performance was checked. During 60 days of operation, performance of MAC-MFC was
assessed and compared with standard single anode/cathode chamber microbial fuel cell
(SC-MFC). The tests showed that MAC-MFC generated stable and higher power outputs
compared with SC-MFC and each anode chamber contributed efficiently. Further,
MAC-MFCs were incorporated with different wastewaters in different anode chambers
and their behavior in MFC performance was observed. MAC-MFC efficiently treatedmultiple
wastewaters simultaneously at low cost and small space, which claims its candidature for
future possible scale-up applications.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
Keywords:
Microbial fuel cells
Multiple wastes
Bioelectricity
New design
Wastewater treatment
Introduction

Microbial fuel cells (MFCs) hold a promising future in waste-
water treatment as an emerging system, capable of removing
contaminants and producing electricity simultaneously. These
are the devices, which convert chemical energy of chemical
compounds, directly into electrical energy using catalytic
activities of microorganisms. The essential components of a
MFC include: an anode, a cathode, an electrolyte medium that
connects the two electrodes, an external circuit, and microor-
ganisms (Cheng et al., 2006a; Mathuriya and Sharma, 2009a;
Mathuriya and Yakhmi, 2014). A prototype two-chamber MFC
has been studied most extensively (Cheng et al., 2006a, 2006b;
Shukla et al., 2004; Mathuriya and Sharma, 2009b). This MFC
consists of anaerobic anode and aerobic cathode chamber
separated by a cation/proton exchange membrane. At the
anode, microorganisms generate electrons through degrading
organic compounds. Electrons travel through external circuit
to cathode while protons through membrane. At the
cathode, they react with oxygen to form water. Therefore,
the electricity generated by MFC can be harvested by an
o-Environmental Science
external resistor placed between the anode and the cathode
(Jiang et al., 2010).

Over the past few years, MFCs witnessed intense research
and development and proved to be superior over other com-
peting conventional wastewater treatment technologies, in
many aspects, including enhanced conversion efficiency due
to direct conversion of substrate's chemical energy into
electricity; capability to treat low-strength wastewaters that
are not suitable for anaerobic digestion (Rittmann, 2008;
Watanabe, 2008); safe and quite performance; ability to
operate at ambient temperature (Mathuriya and Sharma,
2009a); and generation of 50%–90% less solids to be disposed
of (Du et al., 2007). Moreover, MFCs produce mainly carbon
dioxide (CO2) that has no useful energy content and compar-
atively less harmful, thus not requiring much further treat-
ment (Jang et al., 2004). In recent years power densities in
MFCs reached over 4200 mW/m3 (Sharma and Li, 2010) and
chemical oxygen demand (COD) and other contaminants
removal up to 100% (Luo et al., 2011).

The structural parameters draw crucial effects on the
overall performance of a fuel cell (Larminie and Dicks, 2000).
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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In past, manyMFC designs have been tested to increase power
density or wastewater treatment efficiency (Kaewkannetra et
al., 2011; Qian et al., 2011; Huang et al., 2012). In additions,
various attempts have been made to minimize MFC operational
costs (Buitrón and Cervantes-Astorga, 2013). Novel configura-
tions viz. single-chamber (Yokoyamaet al., 2006), column (Powers
et al., 2011), tubular, (Rabaey et al., 2005) and high efficiency
electrode materials (non-platinum coated cathodes, brush an-
odes, granular activated carbon anodes) have been developed till
date (Rabaey et al., 2005; Cheng et al., 2006a,b; He et al., 2007;
Logan et al., 2007; Zou et al., 2008; Sharma et al., 2008). However,
most MFCs studies were conducted at lab scales (less than 1 L)
and it was observed that the power density decreased during
scale-up (Keller and Rabaey, 2008). In addition, these MFCs were
able to treat only one type of wastewater at a time (Mathuriya
and Sharma, 2009a; Rabaey et al., 2005). In order to make MFCs
suitable for practical applications, it is critical to achieve high
power density at large scale along with real time wastewater
management capabilities. In present investigation, a novel
multiple anode chamber and single cathode chamber MFC
design (MAC-MFC)was fabricatedwhich operated as a fed batch
system to optimize power output from wastewater and its
performance was compared with the standard single-anode/
cathode chamber MFC (SC-MFC) for power production and
chemical oxygen demand (COD) removal. Further, efficiency of
MAC-MFC was studied with different wastewaters in each
anode chamber to prove its ability in treating different waste-
waters simultaneously, a possible situation in many waste
treatment plants.
1. Materials and methods

1.1. Wastewaters

Dairywastewaterwas collected fromprimary effluent collection
tank from a local dairy plant at Agra, India. Potato wastewater
was collected from local potato chip unit Agra, India. Paper
wastewaterwas collected fromapaper processing plant at Agra,
India. The artificial wastewater was prepared by modifying
previous method (Jang et al., 2004). The composition was (g/L):
15.0 g glucose, 450.0 mgNaHCO3, 100.0 mgNH4Cl, 10.5 mgK2HPO4,
6.0 mgKH2PO4, 64.3 mgCaCl2·2H2O, 18.9 mgMgSO4·7H2O, 10.0 mg
FeSO4·7H2O, 6.0 mg MnSO4, 0.5 mg ZnSO4·7H2O, 20.0 mg CoCl2·6-
H2O, and 0.65 mg CuSO4·5H2O. Spot samples of all wastewaters
were transported to laboratory for physicochemical analysis.
These parameters include pH, total dissolved solids (TDS), total
suspendedsolids (TSS), volatile suspendedsolids (VSS), color, odor,
COD, and biological oxygen demand (BOD). Each sample was left
undisturbed for 24 hr at 4°C under anaerobic conditions to settle
the solid particulate contents. Wastewater samples were kept in
refrigerator at 4°C, when not in use. The plain wastewaters
(without any modifications such as addition of nutrients, media-
tor, and any other microbial inoculum or trace metals) with
constantCODvalueof 1500 mg/Lwereusedas the inoculumforall
MFC tests (except as indicated). CODvaluesof variouswastewaters
were adjusted by diluting wastewaters with de-ionized water.
Experiments were conducted at 30°C, pH 7.0 and stagnant
condition (without stirring).
1.2. MFC designs

Standard single chamber MFCs (SC-MFCs) were constructed
from two glass chambers with total inner volume of 3000 mL
and working volume of 2100 mL. The anode and cathode
chambers were separated using a glass plate frame having
6 × 6 cm hole. The hole was tightly sealed by a proton
exchange membrane (PEM-Nafion™ 117, DuPont Co., USA).
Plain carbon paper (7 × 7 cm) and graphite plate (7 × 7 cm)
were used as anode and as cathode (Fig. 1a). The electrodes
(both anode and cathode) were connected to copper wire and
exposed coppermetal surface at the joints, were tightly sealed
with non conductive epoxy resin. Both anode and cathode
were suspended in their respective chambers. The anodic
chamber was filled with 2100 mL dairy wastewater. The anodic
chamber was continuously flushed with a mixture of N2/CO2

(80:20, V/V) to maintain anaerobic conditions. On the other hand,
cathodechamberwas filledwith700 mLof100 mmol/Lphosphate
buffer and pH was maintained to 7.0 by 0.5 mol/L NaOH. Air was
percolated in the cathode chamber through a 0.45 μm pore size
filter to providemolecular oxygenas electronacceptor for cathode.

Multiple anode chamber MFC design (MAC-MFC) was
constructed from three media bottles and one water bottle.
Each media bottle had a total working volume of 1000 mL
while water bottle was of 5000 mL capacity. Themedia bottles
were developed as anode chambers and water bottle as
cathode. All anodes and cathode bottles were joined by a
non-conductive resin with 6 × 6 cm PEM, separating the
passage between the bottles (Fig. 1b). Electrode arrangements
consisting of plain carbon paper (7 × 7 cm) as anode and three
parallel graphite plates (7 × 7 cm) as cathode were used. The
anodes and cathodes were suspended from the top cover,
which was tightly sealed. The anodes were continuously
flushed with N2/CO2 (80:20, V/V) to maintain anaerobic
conditions. Cathode chamber was filled with 100 mmol/L,
2100 mL phosphate buffer and pH adjusted to 7 by 0.5 mol/L
NaOH. Cathode chamber was provided with air that was
passed through a 0.45 μm pore size filter to provide molecular
oxygen as electron acceptor for cathode. The electrodes were
attached to copper wire with all exposed metal surfaces
sealed with a nonconductive epoxy. One sampling ports were
tapped in the side of the anodes and cathode chamber to
permit withdrawal and addition of medium solution.

1.3. MFC operations

After the attachments were completely dried, both the cathode
and anode electrodes were soaked in deionized water for 1 hr
before assembling the MFCs. The anode chambers were filled
(700 mL) with wastewater for study. Initially MFCs were
inoculated with artificial wastewater containing glucose as
carbon source. After two cycles, feed solution containing 50%
artificial wastewater and 50% dairy wastewater sample, inocu-
lated into MFCs separately. After four cycles, feed solution was
switched to dairy wastewater sample.

The experimental setupwas run in fed-batchmodewithdairy
wastewater as anolyte except as indicated. The performance of
all the MFCs was evaluated by measuring current, current
density, potential, open circuit voltage (OCV), and power density
along with COD removal efficiency. Stable voltage output was
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Fig. 1 – Schematic representation of standard single anode/cathode chamber microbial fuel cell (SC-MFC) and multiple anode
chamber and single cathode chamber microbial fuel cell (MAC-MFC) design.
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achieved after two cycles (30 days each). Constant substrate
(COD) removal efficiency and voltage output were consid-
ered as indicators to assess the stable performance of the
MFC. Electrode fouling was not observed and the electrodes
could be used in further experiments without remarkable
activity loss. Before changing the feed, inoculum was allowed
to settle down (1 hr) and exhausted feed (350 mL) was replaced
with fresh feed under anaerobic condition. The anode chamber
was sparged with oxygen-free N2 gas for a period (4 min) to
maintain anaerobicmicroenvironment after every feeding event.
A steady increase in voltage generation was observed with
additional feed.

1.4. Polarization curve measurement

Polarization curve for an MFC dictates its sustainable perfor-
mance under specific operating conditions. For each test
run, when the MFCs reached steady state (i.e., effluent COD
concentration remained little change and obtained current
didn't showed much fluctuation), a polarization curve exper-
iment was carried out. For polarization, current generation
wasmonitored at various external resistances connected for a
few minutes and readings were noted after stabilization of
voltage. The polarization curve measurement was conducted
to determine the power generation at different external resis-
tors, Rext (Ω). The Rext was changed from100 to 1000 Ω during the
measurement and the voltage on each Rext was recorded by a
digital multimeter (Model–108, Kusam Electrical Industries,
India). In MAC-MFC, all three anodes were connected in series
during polarization experiment.

1.5. Electricity measurement

Current (I) and voltage (V) measurements were done by
connecting with 200 Ω external circuit. OCV was measured
in an open circuit, without any external resistance. The power
output (P) generated was calculated according to P = V2 / R
and plotted with respect to Rext. The maximum power out-
put was derived from the polarization curve. Power density,
PD (mW/m2), was calculated by multiplying the current by
voltage and dividing with electrode surface area.

1.6. COD measurement

COD measurements were conducted using standard methods
(Greenberg et al., 1992). All samples were filtered through a
0.22 μm (pore diameter) membrane filter prior to COD measure-
ments. COD (mg/L) removal was calculated as ECOD = (CODin −
CODout / CODin) × 100%, where CODin (mg/L) is the influent COD
and CODout (mg/L) is the effluent COD.

1.7. Statistical analyses

All experiments were conducted in triplicate either using
separate MFCs or the experiments were repeated at least 3
times, when single MFC was used. The results were presented
as average values.
2. Results and discussion

2.1. Wastewater characterization

All wastewaters were characterized to observe their suitability
to act as anolyte in anode chambers of MFCs. The character-
istics of the wastewaters were observed as shown in Table 1.
The results show that these wastewaters are cause of pollution
in the environment. In addition, those can be utilized as
anolytes in MFCs due to their high COD values.

2.2. Characterization of MFC performance

Fig. 2 represents the polarization curves of both MFC designs,
as a function of current density, potential, and power density
measured at variable resistances (100 to 1000 Ω). Under low
resistances the fuel cell circuit allowed more electrons to
flow and to neutralize the protons (H+) present at the cathode,



Table 1 – Characterization of different wastewaters.

Dairy Potato Paper

pH 7.9 6.4 7.8
COD (mg/L) 2057 1735 2839
BOD (mg/L) 1827 234 1528
TSS (mg/L) 2867 256 385
VSS concentration
(mg/L)

1945 1276 2458

TDS (mg/L) 13878.5 11794.1 19889.9
Odor Foul Foul Foul and intolerant
Color Brownish Brownish Dark brownish

COD: chemical oxygen demand, BOD: biological oxygen demand,
TSS: total suspended solids, VSS: volatile suspended solids, TDS:
total dissolved solids.
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in comparison to higher resistance, which resulted in rapid
stabilizationof potential at higher resistances. In similarmanner,
decreasing current generation trend with increase in the resis-
tance was observed in both MFC types and at 1000 Ω relatively
less current generation was recorded. This typical current and
potential decreasing trend with increase in resistance was found
to be in consistentwith earlier studies (Kaewkannetra et al., 2011;
Oh et al., 2004), and thus represents typical fuel cell behavior.
Higher performance was observed in MAC-MFCs than SC-MFC
during polarization studies, which indicate better substrate
diffusion and less internal losses inMAC-MFC.MAC-MFC showed
1.23 times higher power density (356 mW/m2) than the power
density obtained from SC-MFC (289 mW/m2). These results
encourage the candidature of MAC-MFC particularly for further
large scale applications.

2.3. Electricity generation in MAC-MFC and SC-MFC

After successful stable start-up, performance was measured
by running the MAC-MFCs and SC-MFCs without any external
resistance for 60 days under identical conditions. MFCs started
generating power soon after inoculation and a gradual rise in
the OCV was observed, which might be due to readily degrad-
able components inwastewater. The voltage droppedwhen the
easily degradable contents of anolyte were exhausted, yet the
presence of other degradable components supported microbial
metabolism and less OCVwas observed. When the voltage out-
put dropped remarkably, 50% of freshwastewater was replaced
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Fig. 2 – Polarization curve obtained from MAC-MFC (a) and SC-M
anode chamber and single cathode chamber microbial fuel cell;
fuel cell.
with old, into MFCs to maintain the COD of 1500 mg/L. A linear
increase inOCVoutputwas observedwith every additional feed.

When compared with SC-MFC, MAC-MFCs exhibited higher
performance. The voltage output of MAC-MFC was 1.21 times
(986 mV) higher than SC-MFC (810 mV). While highest current
density of MAC-MFC was 288 mA/m2 in comparison with
196 mA/m2 of SC-MFC. The MAC-MFC showed less fluctuation
in the voltage as well as current response in comparison with
SC-MFC (Fig. 3). This might be due to multiple anode chambers
inMAC-MFCwhich acted as co-backup to other anodic chamber.
In addition, distribution of anolyte among three chambers
provides much scope for microbial metabolism and substrate
distribution.

2.4. COD removal efficiency

As the main aim of present study was to observe the
efficiency of MFCs as waste treatment system, therefore
during the operation MFCs were continuously monitored for
waste (as COD) removal. COD value was fixed at 1500 mg/L in
both MFCs. Both the systems showed their potential for COD
removal indicating the function of microflora in metabolizing
the waste in wastewater as electron donors. Microbes enriched
for 60 days in anMFC removed organic contaminants in waste-
water almost completely, with the concomitant generation
of electricity. MAC-MFC showed a higher and stable COD
removal efficiency than SC-MFC (Fig. 4), during 60 days of
operation.

2.5. Simultaneous treatment of different wastewaters
in MAC-MFC

Many real waste treatment sites generate more than one type
of wastewaters which hinders the installation of standard
MFC which treats only one type of wastewater in one time. In
an attempt to meet this challenge, MAC-MFC was operated
with three different wastewaters (dairy, potato and paper
industry) in each anodic chamber to study its efficiency as
multiple wastewater treatment system. The COD concentra-
tion of each wastewater was optimized at 1500 mg/L. COD
removal efficiency was checked separately in every anodic
chamber, while OCV measured in complete system to check
stable voltage output. 50% fresh wastewater was replaced
with old, when COD level dropped remarkably. Highest and
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rapid COD removal efficiency was shown be associated with
potato wastewater. Paper industry wastewater showed a
fluctuated current response throughout, and it was replaced
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the COD removal trend was different yet the voltage output
was almost stable, which clearly indicates that all three
chambers were associated with each other and acted as
backup for another anode chamber.

In some earlier studies, it was observed that the cathode
was among major limiting factors for lower power output of
MFCs (Jiang et al., 2010; Oh et al., 2004; Zhao et al., 2006; Zuo et
al., 2007; Jiang and Li, 2009). Increase in the number of
cathodes might increase the power output due to higher
oxidation rate on the multiple cathodes. This concept was
applied in present study that multiple cathode surface area
would provide more reaction sites and thus would result in
an increase in the voltage output (Oh and Logan, 2007;
Rismani-Yazdi et al., 2008). However, ohmic loss and mass
transport loss also limit the high voltage yield in spite of large
cathode area (Rismani-Yazdi et al., 2008). The possible reason
may be the scarcity of oxygen due to less liquid volume
in comparison to number of electrodes (in SC-MFC). This
problem was illustrated in present study that power density
is also dependant of available oxygen at cathode present in
catholyte. Catholyte limits the power density even if multiple
cathodes are present. The configuration of multiple anode
chambers, single cathode chamber (with multiple electrodes
in large volume of catholyte) in one MFC reactor, thus
maintained the high power generation.

MAC-MFC was found to be more efficient than SC-MFC, in
terms of electricity generation and COD removal. The primary
reasonmay be the distribution of anolyte in separate chambers,
which facilitated more scope for substrate diffusion. Here, it
may consider that MAC-MFC and SC-MFC are stagnant-batch
systems, thus substrate diffusionmaybe the limitation. Second,
MAC-MFC offers high membrane:anolyte contact ratio due to
multiple anode chambers, which allows higher transfer of H+ to
cathode, thus offers higher efficiency.

Further, different wastewaters were tested in MAC-MFC
to check its suitability to treat a large domain of wastewaters.
Wastewaters were selected on the basis of the nature of major
biodegradable component present in wastewater (dairy waste-
water: proteinous; potato wastewater: carbohydratic; and paper
industry wastewater: cellulosic nature). Dairy effluent contains
dissolved proteins, fats, and sugars and is a good source of
nutrition for microorganisms of broad category (Mathuriya and
Sharma, 2009b). The potato wastewater is considered as rich
source of starch and sugar (Mathuriya andSharma, 2009b, 2010).
Paper wastewater contains mainly cellulose or lingo-cellulosic
materials which are difficult to metabolize by microbes than
that of low molecular carbohydrates, or of the storage carbo-
hydrate starch, as the ß (beta)-glycosidic bonds of the structural
carbohydrate cellulose are highly resistant to hydrolysis
(Mathuriya and Sharma, 2009a). Different results were obtained
in terms of COD removal which suggests that performance of
every anode chamber was independent and it followedmore or
less same pattern as was in author's previous study (Mathuriya
and Sharma, 2009b). Further the stable voltage output was
observed due to variation in degradation pattern of different
wastewaters, which apparently acted as backup for MFC to
generate sustainable voltage output. Although MAC-MFC con-
sumed must cost due to expansive nafion 117, yet the replace-
ment of low cost separator with nafion 117 may solve the
problem.
3. Conclusions

The core objective of this study was to describe a proof-of
concept MAC-MFC system with special focus on multiple
wastewater treatment with energy generation. This prototype
successfully demonstrated the defined objective. During parallel
operation with SC-MFC, MAC-MFC exhibited superior and stable
performance and all anode chambers in MAC-MFC acted as
co-backup to others. Yet the performance of MFCs is influenced
by several other factors viz. microbial activity, anolyte, PEM,
internal resistance, and cathode electron transfer efficiency. All
of these require careful study in order to develop MFC as an
economical power production device and are of further scope.
Acknowledgment

The author acknowledges the assistance of Suyash Srivastava
and Pradyot Tripathi during laboratory work and Anshul
Kumar for framing the manuscript.
R E F E R E N C E S

Buitrón, G., Cervantes-Astorga, C., 2013. Performance evaluation
of a low-cost microbial fuel cell using municipal wastewater.
Water Air Soil Pollut. 224, 1470–1478. http://dx.doi.org/10.1007/
s11270-013-1470-z.

Cheng, S., Liu, H., Logan, B., 2006a. Power densities using different
cathode catalysts (Pt and CoTMPP) and polymer binders
(Nafion and PTFE) in single chamber microbial fuel cells.
Environ. Sci. Technol. 40 (1), 364–369.

Cheng, S., Liu, H., Logan, B.E., 2006b. Increased power generation
in a continuous flow mfc with advective flow through the
porous anode and reduced electrode spacing. Environ. Sci.
Technol. 40 (7), 2426–2432.

Du, Z., Li, H., Gu, T., 2007. A state of the art review on microbial
fuel cells: a promising technology for wastewater treatment
and bioenergy. Biotechnol. Adv. 25, 464–482.

Greenberg, A., Clesceri, L.S., Eaton, A.D., 1992. Standard Methods
for the Examination of Water and Wastewater. 18th ed.
American Public Health Association, Washington, DC.

He, Z., Shao, H., Angenent, L., 2007. Increased power production
from a sediment microbial fuel cell with a rotating cathode.
Biosens. Bioelectron. 22 (12), 3252–3255.

Huang, Y., He, Z.B., Kan, J., Manohar, A.K., Nealson, K.H., Mansfeld,
F., 2012. Electricity generation from a floating microbial fuel
cell. Bioresour. Technol. 114, 308–313.

Jang, J.K., Pham, T.H., Chang, I.S., Kang, K.H., Moon, H., Cho, K.S., et
al., 2004. Construction and operation of a novel mediator and
membrane-less microbial fuel cell. Process Biochem. 39 (8),
1007–1012.

Jiang, D., Li, B., 2009. Granular activated carbon single-chamber
MFCs: a design suitable for large-scale wastewater treatment
processes. Biochem. Eng. J. 47 (1–3), 31–37.

Jiang, D., Li, X., Raymond, D., Mooradain, J., Baikun, L., 2010. Power
recovery with multi-anode/cathode microbial fuel cells suitable
for future large-scale applications. Int. J. Hydrog. Energy 35 (16),
8683–8689.

Kaewkannetra, P., Chiwes, W., Chiu, T.Y., 2011. Treatment of
cassava mill wastewater and production of electricity through
microbial fuel cell technology. Fuel 90 (8), 2746–2750.



111J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 4 2 ( 2 0 1 6 ) 1 0 5 – 1 1 1
Keller, J., Rabaey, K., 2008. Experiences from MFC pilot plant
operation: how to get the technology market ready? Abstracts
of Microbial Fuel Cells: First International Symposium. The
Pennsylvania State University, Pennsylvania, p. 13 (May 27–29)

Larminie, J., Dicks, A., 2000. Fuel Cell Systems Explained. John
Wiley & Sons, Chichester, pp. 68–69.

Logan, B., Cheng, S., Watson, V., Estadt, G., 2007. Graphite fiber
brush anodes for increased power production in air-cathode
microbial fuel cells. Environ. Sci. Technol. 41 (9), 3341–3346.

Luo, Y., Zhang, R., Liu, G., Li, J., Qin, B., Li, M., et al., 2011.
Simultaneous degradation of refractory contaminants in both
the anode and cathode chambers of the microbial fuel cell.
Bioresour. Technol. 102 (4), 3827–3832. http://dx.doi.org/10.
1016/j.biortech.2010.11.121.

Mathuriya, A.S., Sharma, V.N., 2009a. Bioelectricity production
from paper industry waste using a microbial fuel cell by
Clostridium species. J. Biochem. Technol. 1 (2), 49–52.

Mathuriya, A.S., Sharma, V.N., 2009b. Bioelectricity production
from various waste waters through microbial fuel cell
technology. J. Biochem. Technol. 2 (1), 133–137.

Mathuriya, A.S., Sharma, V.N., 2010. Electricity generation from
potato waste water in amicrobial fuel cell. Int. J. Agric. Environ.
Biotechnol. 3 (3), 335–340.

Mathuriya, A.S., Yakhmi, J.V., 2014. Microbial fuel
cells—applications for generation of electrical power and
beyond. Crit. Rev. Microbiol. http://dx.doi.org/10.3109/
1040841X.2014.905513.

Oh, S., Logan, B., 2007. Voltage reversal during microbial fuel cell
stack operation. J. Power Sources 167 (1), 11–17.

Oh, S., Min, B., Logan, B., 2004. Cathode performance as a factor in
electricity generation in microbial fuel cells. Environ. Sci.
Technol. 38 (18), 4900–4904.

Powers, C.A., Scott, N.R., Richardson, R.E., 2011. Performance of
microbial fuel cells with dairy manure as the substrate and
combined with anaerobic digestion. Biol. Eng. 3 (3), 151–161.
http://dx.doi.org/10.13031/2013.36509.

Qian, F., He, Z., Thelen, M.P., Li, Y., 2011. A microfluidic microbial
fuel cell fabricated by soft lithography. Bioresour. Technol. 102
(10), 5836–5840.
Rabaey, K., Clauwaert, P., Aelterman, P., Verstraete, W., 2005.
Tubular microbial fuel cells for efficient electricity generation.
Environ. Sci. Technol. 39 (20), 8077–8082.

Rismani-Yazdi, H., Carver, S.M., Christy, A.D., Tuovinen, I.H., 2008.
Cathodic limitations in microbial fuel cells: an overview.
J. Power Sources 180 (2), 683–694.

Rittmann, B.E., 2008. Opportunities for renewable bioenergy using
microorganisms. Biotechnol. Bioeng. 100 (2), 203–212.

Sharma, Y., Li, B., 2010. Optimizing energy harvest in wastewater
treatment by combining anaerobic hydrogen producing
biofermentor (HPB) and microbial fuel cell (MFC). Int. J. Hydrog.
Energy 35 (8), 3789–3797.

Sharma, T., Reddy, A., Chandra, T., Ramaprabhu, S., 2008.
Development of carbon nanotubes and nanofluids based
microbial fuel cell. Int. J. Hydrog. Energy 33 (22), 6749–6754.

Shukla, A.K., Suresh, P., Berchmans, S., Rajendran, A., 2004.
Biological fuel cells and their applications. Curr. Sci. 87 (4),
455–468.

Watanabe, K., 2008. Recent developments in microbial fuel cell
technologies for sustainable bioenergy. J. Biosci. Bioeng. 106
(6), 528–536.

Yokoyama, H., Ohmori, H., Ishida, M., Waki, M., Tanaka, Y., 2006.
Treatment of cow-waste slurry by a microbial fuel cell and the
properties of the treated slurry as a liquid manure. Anim. Sci. J.
77 (6), 634–638.

Zhao, F., Harnisch, F., Schro¨der, U., Scholz, F., Bogdanoff, P.,
Herrmann, I., 2006. Challenges and constraints of using oxygen
cathodes in microbial fuel cells. Environ. Sci. Technol. 40 (17),
5193–5199.

Zou, Y., Xiang, C., Yang, L., Yang, L., Sun, L.X., Cao, Z., 2008. A
mediatorless microbial fuel cell using polypyrrole coated
carbon nanotubes composite as anode material. Int. J. Hydrog.
Energy 33 (18), 4856–4862.

Zuo, Y., Cheng, S., Call, D., Logan, B.E., 2007. Tubular membrane
cathodes for scalable power generation in microbial fuel cells.
Environ. Sci. Technol. 41 (9), 3347–3353.


