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Abstract This study determined the influence of substrate
degradation on power generation in microbial fuel cells
(MFCs) and microbial community selection on the anode.
Air cathode MFCs were fed synthetic medium containing
different substrates (acetate, glucose and starch) using
primary clarifier sewage as source of electroactive bacteria.
The complexity of the substrate affected the MFC perfor-
mance both for power generation and COD removal. Power
output decreased with an increase in substrate complexity
from 99±2 mW m−2 for acetate to 4±2 mW m−2 for starch.
The organic matter removal and coulombic efficiency (CE)
of MFCs with acetate and glucose (82% of COD removal
and 26% CE) were greater than MFCs using starch (60% of
COD removal and 19% of CE). The combined hydrolysis–
fermentation rate obtained (0.0024 h−1) was considerably
lower than the fermentation rate (0.018 h−1), indicating that
hydrolysis of complex compounds limits current output
over fermentation. Statistical analysis of microbial commu-
nity fingerprints, developed on the anode, showed that
microbial communities were enriched according to the type
of substrate used. Microbial communities producing high
power outputs (fed acetate) clustered separately from
bacterial communities producing low power outputs (fed
complex compounds).
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Introduction

Microbial fuel cells (MFCs) represent an innovative method
for combining waste treatment and power generation. Exten-
sive studies on MFC reactor design, microbial communities,
electrode materials and operating parameters have been
carried out to improve MFC performance (e.g. Cheng et al.
2006; Min and Logan 2004). Although modifications to
reactor configuration and materials have significantly en-
hanced the power output of MFCs (Du et al. 2007), further
understanding of process performance in relation to micro-
bial communities is required for better process optimisation.
The degradation of complex organic compounds in MFCs is
thought to follow pathways similar to anaerobic digestion,
such as the hydrolysis and fermentation (or acidogenesis;
Metcalf and Eddy 2003). In order to determine the chemical
and biological processes occurring in the MFC anode, it is
important to understand the degradation pathway of complex
organic compounds. Figure 1 shows the degradation path-
way (through glycolysis) of carbohydrates in an MFC anode.
Complex organic compounds are first hydrolysed to simple
molecules which are assimilated by microorganisms. Hydro-
lysis occurs if polymeric carbohydrates such as sucrose,
trehalose, starch and molasses are used as fuel. In systems
requiring hydrolysis, there may be energy losses as a
consequence of less effective energy transfer (due to
utilization of hydrolysis and fermentation products by non-
electrogenic organisms present in the system) from the
primary electron donor to electron donors which are used by
electrogenic bacteria. After hydrolysis, nutrient carbon is
likely to be further degraded by bacterial cells through
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fermentation as MFC anodes are under anaerobic conditions
(Torres et al. 2007). Fermentation involves the biochemical
breakdown of organic compounds to compounds that have the
same oxidation state but lower energy content (Vogel 1983).
In fermentation, unlike in respiration, organic compounds
which are reaction products within microbial cells are used
as electron acceptors. The general products of fermentation
are volatile fatty acids (VFA, e.g. propionate, acetate and
butyrate), as well as carbon dioxide, hydrogen and other
organic products (e.g. lactate and alcohols; Metcalf and Eddy
2003). VFAs can then be consumed by either anode-
respiring bacteria, secondary fermenters or methanogenic
archaea. The consumption of VFAs by respiring bacteria can
lead to the transfer of electrons to the MFC anode (Fig. 1).

Energy losses during both hydrolysis and fermentation
can be reflected in MFCs’ coulombic efficiency (CE).
Numerous studies have reported higher CE with simple
substrates than with complex substrates. The highest CE
(around 80%) is obtained when acetate, that does not
require fermentation, is used as substrate (Lee et al. 2007;
Thygesen et al. 2009; Torres et al. 2007; Xue et al. 2006).
Current outputs are also higher with simple compared to
complex compounds. For example, Niessen et al. (2004)
obtained higher current densities from glucose (1.3 mA cm−2)
than from starch (0.8–1 mA cm−2) when using Clostridium

beinjenrinckii as an inoculum. This indicates that the use of
complex compounds reduces current output and overall
process performance. However, the use of complex com-
pounds is needed since the composition of wastewater can be
multifarious. In order to optimise current outputs when using
complex substrates, the fundamentals of the substrate degra-
dation stages (hydrolysis and fermentation) occurring in MFC
should be determined. In anaerobic digestion, the hydrolysis
of complex wastes is considered the major limiting factor with
first-order rate constants between 0.025 and 0.47 day−1

(Mata-Alvarez et al. 2000; van Lier et al. 2001).
Regarding microbial selection in the MFC anode, it has

been emphasized that more research is needed to determine
how process variables, such as the type of substrate used,
affect the metabolism of microbial communities and current
production (Pham et al. 2009). The study of bacterial
metabolism from Pham et al. (2009) showed that the
microbial communities can be affected by the type of
substrate used in MFCs.

Fermentation and hydrolysis can be undertaken by
different or the same types of microbial communities.
Specific microorganisms responsible for hydrolysis may
include Proteus vulgaris (Matsubara et al. 1981) and
Acetovibrio celluliticus (Mackenzie et al. 1985). Micro-
organisms only catalysing fermentation comprise Lactoba-
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cillus sp., Succinomonas amylolytica and Ruminococcus
flavefaciens (Abasiekong 1991). Microbial communities
performing both hydrolysis and fermentation include Clos-
tridium sp. and Staphylococcus sp. (Andreesen et al. 1973;
Arvidson 1973; Kataeva et al. 2002). Several reports have
concentrated in identifying the type of communities devel-
oped when using different organic fuels in MFCs (Jung and
Regan 2007; Logan 2009; Xing et al. 2009). However, few
have considered how the community is assembled when the
complexity of the substrate is changed, an interesting
variable when evaluating the range of microbial communi-
ties present when different degradation processes are needed.

This work estimates, for the first time, the hydrolysis and
fermentation rate constants in MFCs which are important
parameters in the modelling of MFC substrate degradation
and for process understanding. This was studied using three
substrates differing in complexity (starch, glucose and
acetate). Starch is a complex carbohydrate that requires
hydrolysis to glucose and fermentation; glucose is a simple
carbohydrate that will only need fermentation and finally,
acetate is a fermentation product that neither needs hydrolysis
nor fermentation; as a result, acetate can be directly consumed
by anode-respiring bacteria. The relationship between differ-
ent simple and complex fuels, current output and the anodic
bacterial community was determined. It was hypothesised that
the decreased MFC performance observed when using
complex compounds may be due to the rate of hydrolysis as
it occurs in anaerobic fermentation. In addition, the anodic
bacterial communities may present greater diversity when
using complex substrates than using simple substrates due to
the increased range of degradation processes required.

Materials and methods

Reactor configuration and operation

Experiments were conducted using six single-chambered
glass MFCs under anoxic conditions. The anodic chamber
had a volume of 200 ml (Fig. 2) and contained an anode
electrode. The anode was a carbon cloth (38 cm2), which
was boiled twice in 0.1 M H2SO4 for 1 h to activate and
sterilise the anode surface, then washed with sterile distilled
water until a neutral pH was reached. The cathode (35 cm2)
was Toray carbon paper prepared according to the proce-
dures of Cheng et al. (2006) and contained 0.5 mg/cm2 of Pt
and four diffusion layers. The top of the anodic chamber was
equipped with a sample port to remove samples of the
anolyte solution without disturbing the anodic biofilm and a
port to insert a reference electrode. Before use, all reactor
components were autoclaved. Anode and cathode were
positioned at a distance of 4 cm. Anode and cathodes were
connected to the electrical circuit using a resistor box.

Experiments were initiated using 180 ml of a mixture of
50% clarifier effluent and 50% synthetic medium (1 g
COD/L) until a stable current output was obtained after five
batches of 50% clarifier effluent and 50% synthetic medium
had been fed to the reactor. The synthetic medium
contained either starch, glucose or acetate as substrate,
and two reactors were run per substrate. This was done to
allow MFC anode enrichment and adaptation of electro-
chemically active bacteria. After enrichment, experiments
were done using 180 ml of synthetic medium made up with
the corresponding substrate (acetate, glucose or starch) which
had been used in the enrichment stage. Each substrate was
tested in duplicate. All MFCs were operated at room
temperature (19±2 °C) for 8 months. During that time,
different concentrations of the organic substrate were tested,
and electrochemical measurements were conducted. Cell
voltages were recorded using a data acquisition system (PICO
Data logger, UK), and linear sweep voltammograms were
used to characterise MFC performance with various sub-
strates. Internal resistance of MFCs was measured by
electrochemical impedance spectroscopy. When analysing
the anodic anolyte, no more than 10% (18 ml) of the medium
volume was removed. Anolyte samples taken for chemical
analyses were filtered through a 0.2-μm syringe filter (What-
man, UK) and then stored at −20 °C prior to analysis.

Substrate and inoculum

The synthetic medium was prepared using one substrate
(acetate, glucose or starch) and the following compounds
(analytical grade, Sigma-Aldrich): 40 mg/L NH4Cl,
10 mg/L MgCl2, 0.1 mg/L CuSO4·5H2O, 5 mg/L
CaCl2·2H2O, 0.1 mg/L MnSO4·4H2O and 0.1 mg/L ZnCl2.
Sodium phosphate buffer (pH 7.0) was added to a
concentration of 25 mM to increase the conductivity of
the electrolyte to 3 mS/cm. The amount of substrate in the
synthetic medium was changed to give different COD
(Chemical Oxygen Demand) concentrations. A calibration
curve was constructed to determine the COD per gram of
substrate ratio. The source of bacteria was primary clarifier
effluent collected from a municipal sewage treatment plant
located in Northumberland, UK.

Chemical and microbial measurements

The anodic electrolyte was chemically characterized under
different process conditions by analysing the COD and
VFA. COD was estimated according to APHA standard
method 5220-C (APHA 1995). VFAs were measured by ion
chromatography using a Dionex ICS-1000 (ICE-AS1
column; mobile phase, 1 mM heptafluorobutyric acid; flow
rate, 0.16 mL/min; backpressure, ∼700 psi and a 25-μL
capacity sample loop). Quantification was achieved by
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integrating the peak areas from a conductivity detector,
relative to external standards. The detection limit was
0.2 mg/L for lactic, formic, acetic, propionic and butyric acids.

Anodic microorganisms developed with all substrates
were characterized at the end of the experiment by
sequentially performing DNA extraction, PCR and dena-
turing gradient gel electrophoresis (DGGE) analyses as
reported previously (Velasquez-Orta et al. 2010). Two
additional MFCs fed with wastewater rather than synthetic
medium, and operated for the same length of time, were
included in the microbial community analysis. Images
obtained from DGGE were processed using the Bionumer-
ics software package (version 3.5, Applied Maths, USA).
Bionumerics was used to construct a character table of
bands in DGGE profiles according to their position and
intensity in relation to markers run alongside samples in the
gel (van Verseveld and Roling 2008). The character table
was exported to Microsoft Excel and Primer 6 for subsequent
analysis. Bray–Curtis similarity matrices were obtained using
Primer 6 for Windows (Version 6.1.5, Primer-E Ltd, Ply-
mouth, UK) and analysed using non-metric multidimensional
scaling (MDS). Similarities were statistically analysed using
band designation as variables of presence and absence and
analysis of similarities (ANOSIM) (Clarke and Warwick
2001). The MDS analysis and algorithm were followed as
mentioned in Gray et al. (2007). SPSS 15.0 for Windows
was used for all other statistical analysis using analysis of
variance (ANOVA).

Calculations

To calculate the theoretical open circuit voltage (OCV)
value for MFCs, it was assumed that MFCs used only
acetate as a source of electrons. Therefore, MFCs using
glucose and starch had to transform the substrate to acetate

prior to being used for current production. As an example,
the reaction potential when using acetate is as below for the
following conditions: [CH3COO

−]=[HCO3
−]=4.5 mM=

250 mg COD/L, pH=7, T=298.15 K, pO2=0.2 bar;

Anode : CH3COO
� þ 4H2O ! 2HCO3

� þ 9Hþ

þ 8e� ðEa ¼ �296mV vs NHEÞ
ð1Þ

Cathode : 2O2 þ 8Hþ þ 8e� ! 4H2O ðEc ¼ 805mV vs NHEÞ
ð2Þ

Overall : CH3COO
� þ 2O2 ! 2HCO3

� þ Hþ ðEcell ¼ 1; 101mVÞ
ð3Þ

The rates of acetate consumption, fermentation (conversion of
glucose to acetate) and hydrolysis–fermentation (conversion
of starch to acetate) were calculated assuming a first-order
reaction according to previous literature (Lavarack et al. 2000;
Mata-Alvarez et al. 2000).The first-order reaction (R→P) is
expressed using: r=−k [R], where r is the rate of reaction, R
is the reactant concentration and P is the product concentra-
tion. The linear plot of t (time) vs In R was constructed to
obtain the kinetic rate constant: k, using Eq. 4.

In R ¼ �kt þ lnRo ð4Þ
The rate of depletion of glucose and starch was derived by
subtracting the VFA produced through time from initial
substrate concentrations (1,000 mg/L). For reactors fed with
starch, it was assumed that the rate of VFA accumulation in
MFC reactors was proportional to the rate of VFA
production, while for reactors fed with glucose, the acetate
consumption values were added to the VFA accumulation to
calculate the rate of fermentation.

Fig. 2 Single chamber microbi-
al fuel cell reactor. a Photograph
of a fuel cell reactor. b Diagram
of fuel cell reactor. 1 cathode,
2 anode, 3 sampling point,
4 external resistor
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Results

Effect of the type of substrate used in MFC performance

MFCs produced a reproducible current after 200 h of
enrichment (Fig. 3). The initial increase in current produc-
tion was faster in MFCs using acetate and glucose than in
MFCs using starch. MFC performance was evaluated using
different substrates (acetate, glucose and starch) and
organic loads (125, 250 and 500 mg COD/L; Table 1).
The highest current outputs, power densities and coulombic
efficiencies for all substrates were obtained using a
concentration of 250 mg COD/L; therefore, subsequent
current and power production measurements were per-
formed using this substrate concentration.

Coulombic efficiencies decreased with all substrates when
the concentration of organic matter increased to 500 mg/L.
There were no statistical differences in the maximum current
produced between MFCs using acetate and glucose (p=0.78,
t test). However, the current produced by MFCs using starch
was low and statistically different from MFCs using acetate
and glucose (p=0.01, ANOVA). The highest coulombic
efficiencies (CE) were obtained by MFCs using acetate and
glucose (around 30%), and the lowest coulombic effi-
ciency was obtained in MFCs using starch (around 1%).
There were also no significant differences in the COD
removed between MFC reactors using glucose and
acetate (p=0.78, t test), but COD removed in MFCs using
starch was lower in all cases (between 30% and 60%).

Current production in MFCs using a substrate concen-
tration of 250 mg COD/L remained constant for 40 h when

using acetate, 80 h when using glucose and 60 h when
using starch (Fig. 4a). A comparison of four batch runs
(Fig. 4b) revealed significant differences in the maximum
current obtained when using different synthetic substrates
(p<0.0001, two-way ANOVA). There was greater variance
in the mean current produced by MFCs using starch than by
MFCs using acetate or glucose. This is due to the slower
increase in current in MFCs using starch (Fig. 4a).

Peak power densities obtained by polarizing the MFCs
(Fig. 5) decreased as the complexity of the substrate increased
(99±2 mW m−2, 78±5 mW m−2 and 4±2 mW m−2 for
acetate, glucose and starch, respectively). It can be observed
from the polarisation curves that the open circuit voltage
(OCV) in MFCs using acetate and glucose was similar
(around 800 mV) while the OCV in MFCs using starch was
low (about 600 mV). Measured OCV values in MFCs using
acetate were 20% lower than the theoretical OCV of
1,101 mV. This indicates that there were potentially voltage
losses in MFCs due to overpotential. MFCs using starch had
a high cell voltage drop (from 600 mV to 30 mV for a current
density of 30 mA m−2), implying a higher polarisation/
resistance and lower activity than in MFCs using acetate and
glucose. The internal resistance of MFCs increased as the
complexity of the substrate increased. Internal resistance in
MFCs using starch was double (329±63Ω) than in MFCs
using acetate (145±16Ω). MFCs fed with glucose had an
internal resistance of 244±41Ω.

Generation and consumption of volatile fatty acids in MFC
using different substrates

As can be seen in Fig. 6, MFCs using acetate exhibited
more rapid current production and a slow rate of acetate
consumption (12±3 ppm/h). The VFA analysis showed
acetate production with marginal quantities of propionate.
In the case of MFC using glucose, VFA accumulated at a
rate of 10±2 ppm/h until reaching a plateau at 28 h. For
MFCs using starch, VFA did not accumulate during the first
20 h and corresponded with the slow increase in current
production. Presumably, bacterial communities for MFCs
using starch were consuming the VFA at a rate faster than
they were produced during the first 20 h, and therefore,
they did not accumulate in the bulk liquid. Once a steady
current output was achieved in MFCs using starch (at 20 h),
VFA started to slowly accumulate at a rate of 4±1 ppm/h.
The accumulation of VFA in MFC reactors using glucose
and starch suggests that VFA production occurred at a
faster rate than VFA consumption. Fermentation and
hydrolysis rates were obtained from the VFA concentra-
tions in Fig. 6. The hydrolysis/fermentation rate constant
was some eight times lower (k=0.0024 h−1) than the rate
constant for fermentation (k=0.018 h−1). The rate constant
for acetate consumption (k=0.017 h−1) was in the same

Fig. 3 Enrichment of MFC reactors using primary clarifier effluent.
Current was obtained using a 200-Ω resistor. Experiments were done
using primary clarifier effluent (50% of total electrolyte) and synthetic
fuel (50% of total electrolyte) to give a concentration of 1 g COD/L
and a conductivity of 3 mS/cm. Arrows indicate replacement of the
MFC electrolyte with fresh electrolyte
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range as the fermentation rate. This can also explain the
plateau reached by all MFC reactors after 20 h.

Bacterial community composition of MFC anode biofilms
using different substrates

DGGE profiles obtained from anode biofilms (Fig. 7a)
showed differences in the number of bands between MFCs
using complex compounds (starch, wastewater and glucose)
and MFCs using acetate with 25±2 and 15±1 bands,
respectively (p<0.0001, ANOVA). Comparison of the
community structure in MFCs using different substrates by
MDS analysis (Fig. 7b) showed that bacterial communities
from the inoculum were very different from communities
developed in anode biofilms (bounded by a 20% similarity
contour). This indicates that microorganisms were selected

Fig. 5 MFC polarisation curves with different substrates. The organic
load used was 250 mg COD/L of synthetic fuel with a conductivity of
3 mS/cm. Filled symbols are for power densities and open symbols are
for voltage losses. Polarizations were carried out using linear sweep
voltammetry at a scan rate of 1 mV s−1

Table 1 MFCs’ performance with different substrates and organic loads

Substrate concentration Current output(mA/m2) Power density(mW/m2) COD removed(%) Coulombic efficiency(%)

Acetate

125 mg/L 137±44 15.05±9.70 70±1 20±8

250 mg/L 224±13 38.28±4.56 81±17 32±2

500 mg/L 176±32 24.41±8.68 73±2 10±3

Glucose

125 mg/L 153±79 20.50±18.60 69±8 23±7

250 mg/L 213±8 34.78±2.84 82±26 30±1

500 mg/L 145±26 18.16±16.85 75±10 9±4

Starch

125 mg/L 107±26 8.82±0.18 30±6 5±0.2

250 mg/L 166±18 21.53±5.18 60±2 19±12

500 mg/L 111±5 9.28±0.22 44±28 2±3

Values were obtained from single batch MFC experiments using a 200-Ω resistor

Fig. 4 Current production in MFCs using different pure substrates.
Current was obtained using a 200-Ω resistor. a Single batch MFC
experiments using 250 mg COD/L of synthetic fuel with a
conductivity of 3 mS/cm. b Mean current outputs during the full
batch run for four experiments (I to IV)
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during the 8 months of MFC operation as has been
previously reported (Kim et al. 2004; Rabaey et al. 2004).
Biofilm communities from MFCs using different types of
substrates were also only bounded by a 40% similarity
contour. Statistical analysis indicated a significant substrate
effect in the bacterial community structure of biofilms (R=
0.96 and p=0.01, ANOSIM). Figure 7b also shows that
microbial biofilms from MFCs using acetate produced the
highest current output and were widely separated along the
ordinates from MFCs using glucose, starch or wastewater
(R=1 and p=0.33, ANOSIM). In contrast, biofilm commu-
nities in MFCs using glucose, starch or wastewater were
similar at the 94% level (R=1 and p=0.06, ANOSIM).

Discussion

Results from this study showed differences in MFC process
performance in relation to substrate complexity. Process
performance was better in MFCs using simple substrates
(acetate) than in MFCs using complex substrates (starch),
which is in agreement with previous studies (Catal et al.
2008; Kim et al. 2000; Lee et al. 2007; Niessen et al.
2004). As current output increased, COD removal and CE
also increased, indicating a relationship between current
and COD removal by bacteria on the anode. For this
experiment, the electron production from the different
substrates limited the overall process performance. Max-
imum CE obtained in this experiment for MFCs using
acetate (32%) or starch (19%) was lower than CE reported
in literature using acetate (65%) or starch (21%) (Min and
Logan 2004).CEs for MFCs using glucose were similar to
the 29% maximum CE reported for a similar MFC

configuration (Catal et al. 2008; Kim et al. 2000). It was
found that increasing the concentration of substrates to
500 mg COD/L decreased the MFC process performance
(as CE) compared to that with 250 mg/L (Table 1). This
may be due to organic matter saturation in the anode due
to a low ratio of the surface area/organic matter availabil-
ity which can limit MFCs’ performance and enhance
secondary reactions such as bacterial growth, storage of
energy in cells and/or methanogenesis (Velasquez-Orta et
al. 2010). Recently, Sharma and Li (2010) reported a
substrate inhibition effect when using high glucose
concentrations. This was attributed to the random binding
of substrate molecules in the active sites of an enzyme at
the same time. For their experiments, this substrate
inhibition effect was produced at concentrations higher
than 900 mg/L.

Several reports have shown that electrogenic microbial
communities utilise VFAs to produce electrons (Thygesen
et al. 2009; Kim et al. 2004), making hydrolysis and
fermentation essential processes when using complex
substrates as electron donors. In this experiment, the first-
order rate constant obtained for fermentation (0.018 h−1)
was ten times higher than that for the combined fermenta-
tion–hydrolysis processes (0.0024 h−1). This means that the
rate of hydrolysis limited MFC performance. This is
comparable with anaerobic digestion where fermentation
occurs rapidly because fermentative bacteria can replicate
rapidly (Gujer and Zehnder 1983; Metcalf and Eddy 2003),
while hydrolysis is considered the rate-limiting step (Mata-
Alvarez et al. 2000; Vavilin et al. 2008). It was also
observed that the rate constant for fermentation (k=
0.018 h−1) was in the same order with that of the rate of
acetate consumption (k=0.017 h−1). However, MFCs still
accumulated VFA (mostly acetate) in the bulk liquid. This
suggests that the rate of fermentation was initially occurring
faster than the rate of acetate consumption, but these
processes reached equilibrium when the VFA concentration
curve showed a plateau. CEs obtained in MFCs using
acetate were less than 33%. This shows that approximately
one third of the acetate was oxidised, and electrons were
produced by anode-respiring bacteria, while the two thirds
of acetate were consumed by secondary reactions such as
methanogenesis. These secondary reactions may have faster
kinetics than the electrogenesis process.

In order to optimize MFC fed with complex substrates
(such as wastewater), the rate of hydrolysis, fermentation
and acetate consumption for electron transport should
ideally be standardised. For example, the rate of
hydrolysis could be increased by promoting the growth
of hydrolytic bacteria or by adding hydrolytic enzymes.
Rezaei et al. (2008) obtained a tenfold improvement in
current output when cellulases were added to enhance
hydrolysis in MFCs using cellulose. Another option is the

Fig. 6 MFC volatile fatty acid production/consumption and current
output. Current was obtained using a 200-Ω resistor. MFC experi-
ments were done using 1,000 mg COD/L of synthetic fuel to allow for
VFA identification at conductivity of 3 mS/cm. Filled symbols are for
VFA concentrations and open symbols are for current outputs
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use of a two-stage process to conduct hydrolysis and
fermentation in a pre-treatment process such as anaerobic
digestion (Lalaurette et al. 2009). The rate of acetate
consumption for electron transport to the anode could also
be raised by increasing the concentrations of redox
mediator compounds (Velasquez-Orta et al. 2010).

Analysis of the structure of microbial communities using
different substrates suggested that the diversity in commu-
nities was wider in MFCs using complex wastes (glucose,
starch and wastewater) than in MFCs using acetate. This is
likely to be due to the increased number of degradation
processes performed by different types of communities.
MFCs using starch had the lowest MFC performance
(Figs. 3 and 4). Presumably, bacteria present in MFCs
using starch transferred fewer electrons to the anode due to

the increased number of degradation processes performed
by a wide bacterial community (Fig. 6).

This study highlighted the importance of promoting
efficient degradation of compounds to achieve an increased
electron transfer process to the MFC anode. Two proposed
mechanisms can be applied to improve MFCs’ performance
during wastewater treatment: (1) using anaerobic digestion
as pre-treatment of wastewater effluents to improve
substrate degradation, and (2) promoting enrichment of
bacterial communities which are balanced with respect to
hydrolysis, fermentation and electrogenesis in the MFC
anode. For the first option, combining MFCs with anaer-
obic digestion can offer benefits in the treatment of
complex wastes such as wastewater. Anaerobic digestion
is normally used to treat wastewater with high organic

(a) 

(b) 

Starch 

Glucose 

Wastewater 

Acetate 

Inoculum

Fig. 7 Analysis of similarity between DGGE profiles of 16S rRNA
gene fragments from bacterial communities developed in MFC anode
biofilms and the initial inoculum. a Bands obtained from DGGE

analysis. b Statistical analysis of band patterns using non-metric
multidimensional scaling (MDS). Maximum current outputs were
obtained in experiments using 250 mg COD/L
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loads, achieving around 80% COD removal and leaving
20% of COD (in the form of VFA and refractory
compounds). The COD load reduction after anaerobic
digestion could also increase MFC performance as shown
in this study. For the second option, a balanced community
enrichment might be possible by changing process con-
ditions such as light (Xing et al. 2009), external resistance
(Katuri et al. 2011) or momentarily switching the type of
substrate used (Zhang et al. 2011).
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