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Microbial Community Optimization for Electricity Generation in Microbial 
Fuel Cells 

Diogo S. Rodrigues 

Abstract: Microbial fuel cells (MFCs) are a type of fuel cells that use bacteria as biocatalyst to oxidize an organic substrate 
to release electrons, which can be harvested in an external circuit to produce electric energy. This technology hold the 
potential to help overcome energetic problems and at the same time treat waste water more efficiently than the current 
employed techniques. Despite all this potential, process and reactor design optimization are still necessary to apply the MFC 
technology in real situations. 

This study focused into optimize the microbial community and MFC performance, by testing three different inoculum 
sources, and afterwards analyze the effect of external resistance and substrate concentration in biofilm formation and MFC 
performance. 

Results indicate that lake sediment is the best inoculum source, with higher power densities (955 mW.m-2) and CE (30% 
and 23% with acetate and xylose, respectively). Furthermore, biofilms formed with this inoculum source showed greater 
enrichment in G. sulfurreducens. The 200 Ω resistance showed the best overall performances both in terms of biofilm 
formation (CE: 61%; COD removal: 55%) and MFC performance (Power density: 1 W.m-2). The substrate concentration was 
concluded to have no effect in biofilm and MFC performance, being only relevant to define the cycle’s duration. 

It’s then possible to conclude that inoculum source plays a major role in microbial community development and MFC 
performance. Moreover, they can be further improved by adjusting the external resistance, which optimization showed to 
be higher with lower resistances values. 
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Introduction
During the last decade, modern societies have become 

more aware of the fossil fuel dependency and the negative 
effects of this dependency in the world. Climate changes 
driven by the global warming are increasingly evident, 
pollution is out of control, perspectives of fossil fuel 
reserves being depleted within the next decades are 
creating geopolitical conflicts. This reality is driving the 
society into discovering new energy sources that are 
renewable and environmentally friendly. With biofuels 
still presenting lots of drawbacks like using food stocks as 
raw material and the release of pollutants from their 
combustion, other alternatives need to be explored. 
Moreover, with growing drinking water sources being 
spoiled, the water pollution is also one imperative 
problem to solve. 
 
Microbial Fuel Cells 

The microbial fuel cells (MFCs) seem to hold the 
potential to overcome both the energetic and water 
problem due to their ability to degrade the pollutants of 
the water and release electrons during that process, which 
can be harvested for electricity production. 

The great breakthrough introduced by MFCs was the 
removal of the metal catalyst, usually platinum, essential 
in chemical fuel cells. This was possible due to a special 
group of microorganisms called exoelectrogens [1]. These 

microorganisms are capable of complete oxidation of 
organic substrates by electron transfer in a biofilm on an 
anode electrode [2], [3]. Thus, a MFC is nothing more than 
a fuel cell where bacteria serves as biocatalyst to oxidize 
an organic substrate to release electrons (Equation 1), 
which are received by the anode electrode and 
transferred through an external circuit to the cathode 
where the reduction reaction takes place (Equation 2).  

 
(𝐶𝐻2𝑂)𝑛 + 𝑛𝐻2𝑂 → 𝑛𝐶𝑂2 + 4𝑛𝑒− + 4𝑛𝐻+ Equation 1 

4𝑒− + 4𝐻+ + 𝑂2 → 2𝐻2𝑂 Equation 2 

 
Inoculum Source 

Therefore, the microbial community within the anode 
chamber is crucial for the MFC operation, and 
performance. This community is normally composed by a 
consortium of fermentative, electrogenic and inactive 
bacteria, and in order to get an efficient biofilm, inactive 
bacteria must be minimized while the electrogenic 
bacteria should proliferate in an equilibrium with 
fermentative bacteria [4]. Since the inoculum is the source 
of the microorganisms that will populate the biofilm, its 
choice plays an important role in MFC performance.  

With the original purpose aimed at wastewater 
treatment, the MFCs are generally inoculated with 
domestic wastewater, a resource which contains multiple 
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bacterial species as well as organic substrates [5]. Besides 
waste water, the most common used inoculum are lake 
sediment [6] and biogas sludge [7],[8]. However an 
accurate analysis between them is not possible because 
the different studies where performed under different 
sets of conditions.  

 
Electrogenic Bacteria 

The majority of microbes are electrochemically 
inactive because the proteins associated with electron 
transport are contained within the cell membrane, the 
absence of electron transport molecules in the cell 
membrane does not allow the electron transfer to 
electrodes [9]. The special group of bacteria called 
exoelectrogenic or simply electrogenic, possess in their 
membrane special electron transporters that allow 
electron transfer to an external electron acceptor like an 
electrode surface. Geobacter spp. are Gram-negative 
Deltaproteobacteria, which are natural inhabitants of a 
diverse range of anaerobic environments, and were the 
first organisms isolated with electrogenic characteristics 
[10]. They were found to be highly enriched in the biofilms 
of some of the most effective MFCs systems [11], [12]. 
 
Microbial Community Interactions 

Electrogenic bacteria is only capable of complete 
oxidation of simple substrates, such as sodium acetate, 
with electron transfer to the electrode [3]. This situation 
raises several problems when the goal of the MFCs is to 
treat waste water because of the complex substrates 
present in it. However, complex substrate degradation has 
been observed in MFCs running with non-pure inoculum 
[9]. These findings were attributed to fermentative 
bacteria present in the mixed inoculum, which do not 
contribute to electricity generation but instead convert 
complex substrates into non-fermentative substrates that 
in turn can be metabolically converted by electrogenic 
bacteria [13].  

Therefore, a cooperative consortia of fermentative 
and electrogenic bacteria is necessary for efficient 
oxidation of substrates such as sugars, proteins and long-
chain fatty acids with electricity generation. This type of 
consortia occurs naturally, especially in anaerobic 
environments such as bottom sediments of lakes, swamps 

and seas, but also in artificial environments such as 
activated sludge from waste water treatment and biogas 
sludge. Inoculation of MFCs using domestic wastewater, 
activated sludge and anaerobic sludge found to be capable 
of electricity generation using food waste leachate as 
substrate with reasonable results [7]. 
 
Electronic transfer chain 

In order to obtain energy, electrogenic bacteria 
perform anaerobic respiration and the process of electron 
transfer from the respiratory chain to the electrode is 
crucial for MFCs operation.  As Fig. 1 shows, this process 
starts with electrons being donated by an organic 
substrate followed by a serial electron transport chain 
from intracellular to extracellular space. The anode is an 
intermediate electron acceptor and, through an external 
circuit, the reaction terminates by reduction of an electron 
acceptor like oxygen at the cathode [13]. 
 
Microbial Community Optimization 

Since the microbial community within the anode 
chamber is one of the key components for efficient 
operation of MFCs and high power outputs [14], the 
development and optimization of the community is 
mandatory to improve the performance of these fuel cells.  

The enrichment of the anode biofilm in electrogenic 
bacteria and also the selection of the most efficient 
electrogenic strains leads to higher power outputs and 
also better efficiencies regarding the substrate conversion 
into electricity [15]. The development of cooperative 
interactions between bacteria with different metabolic 
processes, like the interactions between fermentative and 
electrogenic bacteria, allows the last ones to survive in 
environments where only complex substrates are 
available [16].  Therefore several techniques have been 
studied with the main goal of selecting the most efficient 
microorganisms within the inoculum to populate the 
anode biofilm and improve the necessary metabolic 
interactions for an efficient MFC operation. The selection 
of the inoculum source and the type of substrate are 
fundamental for this optimization since they have a direct 
relation with the microorganisms that will form the 
biofilm. Another techniques are related with operational 
factors like the anode potential [17], the external 

Fig. 1 - Representation of the electron transport chain from the inside to the outside of the cell in exoelectrogenic bacteria [13]. 
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resistance used [18], the presence of oxygen in the anode 
chamber [19] and the sheer-stress in the biofilm [20]. 
Genetic and metabolic engineering can also be used to 
develop more efficient electrogenic strains [21], [22]. 
 
Aim of Studies 

Despite the potential recognized in this technology, 
MFCs are still giving their first steps towards practical 
applications, with only a few pilot projects implemented. 
The performances achieved are still very low, the 
materials are expensive and the process is not cost 
effective. Further research is needed regarding process 
and reactor design optimization in order to reduce the 
costs and increase the performances. 

This project aims at process optimization, focusing on 
two main areas to achieve this goal: (1) microbial 
community manipulation and (2) operational parameters 
optimization. Regarding the first point, three different 
inoculum sources were tested in order to obtain the best 
MFC performances and the microbial communities 
analyzed to identify the principal differences and correlate 
them with the results. Concerning the second point four 
different external resistances were used to study the 
effect on biofilm formation and MFC performance. 
Additionally, four different substrate concentrations were 
also studied to investigate the impact on MFC operation. 
 

Materials and Methods 
 
MFCs configuration 

The H-shaped reactor was constructed with two 
cylindrical acrylic glass bottles with a total volume of 300 
ml, which were connected with an acrylic glass tube with 
an inner diameter of 30 mm at Department of Chemical 
and Biochemical Engineering, Technical University of 
Denmark. A proton exchange membrane (PEM; Nafion™ 
N117, Dupont Co., USA) with an area of 7.1 cm2 was placed 
between the chambers. The two chambers were 
tightened by using rubber rings and screw bolts. Both 
anode and cathode were made of two paralleled carbon 
paper sheets (Toray carbon paper TGPH-20, Pemeas USA, 
Inc., E-TEK division) with a size of 3 × 8 cm and a thickness 
of 0.35 mm.  

 
Inoculation and operation of the MFCs 

 Inoculum test 
Reactors (triplicates) were inoculated with three types 

of wastewater sources: domestic wastewater after a fine 
separation process (Lyngby Taarbæk Community, 
Denmark); lake sediment which was collected from Sorø 
lake (N55⁰25´, 11⁰32´E) in Denmark; and biogas sludge 
from Hashøj Biogas (Dalmose, Denmark). The basic 

anolyte consisted of M9 medium containing per liter: 6 g 
Na2HPO4, 3 g KH2PO4, 1 g NaHCO3, 1 g NH4Cl, 0.5 g NaCl, 
0.247 g MgSO4·7H2O, 0.0147 g CaCl2 and 1 ml trace 
element solution. The trace element solution contained 
per liter: 0.55 g FeSO4, 0.070 g ZnCl2, 0.064 g MnCl2, 0.006 
g H3BO3, 0.066 g CaCl2, 0.0016 g CuCl2, 0.013 g NiCl2, 0.033 
g Na2MoO4, and 0.13 g CoCl2 [23]. To this medium, a 
carbon resource (sodium acetate or xylose) was added to 
obtain a loading rate of 1 g COD.L-1. The reactors were 
inoculated in a 1:1 ratio of medium to inoculum and fed 
with sodium acetate. All reactors were fed every 5 days (5 
days equal to one cycle) with fresh medium and 
corresponding substrates. Due to start up time, the first 
cycle lasted for 7 days. After 2 to 3 batch cycles, stable 
power generation was obtained in all reactors. The 
substrates used in all reactors were switched to xylose to 
study the adaptability of the microbial community to the 
more complex substrate (xylose). The cathode chamber of 
all the reactors were filled with 100 mM K3Fe(CN)6 and 100 
mM phosphate buffer (6 g.L-1 NaH2PO4, 6.6 g.L-1 Na2HPO4). 
The cathode solution was replaced at the beginning of 
each cycle. 

 

 External resistance test 
With the objective of testing the external resistance 

which led to optimal power production, the reactors 
(duplicates) were coupled with four different resistances 
in the electric circuit: 200, 500, 800 and 1000 Ω. A single 
inoculum was used (lake sediment) and the inoculation 
process was the one described above. The anolyte (with 
sodium acetate as carbon source) and catholyte were the 
same used in the previous test. All the reactors were fed 
every 4 days (4 days equal to a cycle) with fresh medium 
and new cathode solution. The first cycle lasted for 6 days 
due to start up time, and stable power generation was 
observed after this start up cycle for all the reactors. 

 

 Substrate concentration test 
The reactors (duplicates) using the optimal resistance 

from the previous test (200 Ω), were fed with sodium 
acetate in the following loading rates: 0.5; 1.0; 1.5 and 2.0 
g COD.L-1. The biofilm formed in the external resistance 
test was used for this test, which means that anode 
electrode was kept. Therefore, the inoculation step was 
avoided and the start-up cycle of 6 days was substituted 
by an acclimatization cycle of 4 days. The anolyte and 
catholyte were the same used in the previous test. All the 
reactors were fed every 4 days (4 days equal to a cycle) 
with fresh medium supplemented with corresponding 
substrate concentration, as well as new cathode solution.  
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Microbial community analysis  

Samples were taken by cutting ≈0.5 cm2 

(corresponding to ≈2% of the anode surface) of anode 
electrode by using a flame-sterilized scissor at the end of 
each cycle. The small reduction of anode electrode area 
would not affect performance as the report has shown 
that up to 20% of the anode electrode material can be 
removed without affecting power generation significantly. 
Genomic DNA was extracted directly by using the 
PowerBiofilm™ DNA Isolation Kit (MO-BIO, USA) according 
to manufacturer’s instructions. The extracted DNA was 
amplified by polymerase chain reaction (PCR) in a C1000™ 
thermo-cycler (BIO-RAD, USA) as described by Muyzer et 
al. [24], using the primer 16S-338f-GC containing a GC 
clamp (5’-CGC CCG CCG CGC GGC GGC GGG GCG GGG GCA 
CGG GGG GCC TAC GGG AGG CAG CAG-3’) and 16S-518r 
(5’-ATT ACC GCG GCT GCT GG-3’). Denaturing gradient gel 
electrophoresis (DGGE) was performed using the DCODE™ 
Universal Mutation Detection System (Bio-Rad, USA). PCR 
and DGGE were performed as outlined by [25] The PCR 
product was loaded onto 8% (W/V) polyacrylamide gels 
with a gradient of denaturant ranging from 45% to 60%. 
DGGE was run in 1×TAE (Tris–acetate–EDTA) buffer at 38V 
for 16h (60℃). The gels were then stained in TAE buffer 
(pH 8.0) containing SYBR Green (1:10000, Bio-Medicine, 
USA) for 30 min before the DNA bands were observed by 
a UV-Doc image analyzer (UVItec, UK). The similarity 
between the samples was analyzed by using BioNumerics 
software v.7.1 (Applied Maths, Sint-Martens Latem, 
Belgium). The parameters of the DGGE profile were 
analyzed as explained by [26].  

A clone library with the only aim of providing a proper 
phylogenetic affiliation to the DGGE bands was also 
constructed [25]. The almost full length of the 16s-RNA 
was amplified by means of PCR with universal primers 16S-
27f and 16S-1492r. The cloning was performed by using 
the CloneJET PCR Cloning Kit according to the 
manufacturer’s instructions (Phusion High-Fidelity DNA 
Polymerase; Thermo Scientific #F-530S, USA) and electro 
competent Escherichia coli DH5α. 120 of different clones 
were then sequenced with one primer (27f) to identify the 
clones. The resulting sequences were analyzed in the 
database Nucleotide BLAST. Subsequently only those 
clones that were different were amplified by PCR with the 
DGGE primers 338f-GC and 518r. The PCR product was 
then run in a DGGE gel to identify the unknown DGGE 
bands.  
 
Analytical methods 

Total Nitrogen, phosphate, sulfate and COD 
concentration were determined by chemical kits (LCK138 

and LCK349, HACH LANGE, UK) according to the product 
manuals. The concentrations of monomer sugars and 
volatile fatty acid (VFA) were measured by high-
performance liquid chromatography (HPLC). The samples 
were firstly acidified with 1 M H2SO4 until reaching pH 2.0-
2.5, subsequently centrifuged at 4500 rpm for 15 min, and 
analyzed on a HPLC (Shimadzu CTO-10A) using a Biorad 
HPX-87H column (Hercules, CA; USA), RI detector, 63°C 
and 4 mM H2SO4 as eluent, at flow rate of 0.6 ml.min-1. Cell 
voltage was recorded every 15 minutes by a data logger 
(Model 2700, Keithley Inc., USA). In polarization test, the 
external resistor was varied ranging 30–50000 Ω. 
Coulombic efficiency was calculated as the ratio of 
accumulative electrons produced from the MFCs to the 
electrons released from substrate degradation.  
 

Results & Discussion 
 
Inoculum test 

The first part of this work focused on the effect of the 
inoculum resources on electricity generation and 
microbial community development in MFCs. With the aim 
of determining which of the 3 most utilized inoculums in 
MFCs studies lead to the best results, triplicate reactors 
were inoculated with (1) domestic waste water (DW); (2) 
lake sediment (LS); and (3) biogas sludge (BS). In order to 
avoid problems in data comparison, all the reactors were 
run under the same conditions all the time. Moreover, to 
evaluate the robustness of the biofilm formed, the 
substrate was changed from sodium acetate to xylose 
after 3 cycles. 

 

 Electrochemical Data 
A stable electricity production was achieved after the 

inoculation cycle (cycle 1) for all the MFCs. DW-inoculated 
MFCs presented the best start-up with a shorter lag phase 
and higher voltage values, followed by the LS and the BS. 
The LS-inoculated MFCs had the highest average values 
for the cell voltage in all the cycles, while the DW- and BS- 
inoculated MFCs showed ups and downs of the cell 
voltage depending on the cycle (data not shown). 
The changing of substrate from acetate to xylose had 
more distinct impact on the DW than on the other two. 
This is visible with the necessity of two cycles (cycle 4 and 
5) by the DW to stabilize their electricity production, while 
the LS and BS required less than one cycle to achieve a 
stable production. This is also reflected by the drop on 
average cell voltage for DW (from 632 mV to 472 mV), 
followed by the BS (from 650 mV to 555 mV) and LS (from 
662 mV to 569 mV), when the substrates were changed. 
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The MFC performance regarding to the substrate 
variation demonstrated the capability of the microbial 
community in MFCs to adapt from simple substrate 
(acetate) to complex substrate (xylose) change. As shown 
in Fig. 5 the microbial community became more diverse 
and fermentative bacteria predominated after addition of 
the xylose. Moreover, it seems that the consortia of 
fermentative and electrogenic bacteria works quite well 

since an identical cell voltage output was obtained in all 
MFCs (cycle 4 to 5 in Fig. 2). 

The data from polarization test (Fig. 3), showed higher 
power densities for the MFCs inoculated with LS in all 
cycles. DW- and LS- inoculated MFCs presented similar 
values during the fourth and fifth cycles (transition from 
acetate to xylose). At the end of the experiment the LS 
showed the higher value (955 ± 53 mW.m-2) followed by 
DW (887±16 mW.m-2) with the BS presenting the worst 
results (604 ± 114 mW.m-2). It’s also visible a bias for the 
power density to increase over time, which suggests that 
the biofilm became stronger over time and the capability 
of power generation was also improved. 

 

Different techniques can be used to evaluate the 
substrate degradation in a MFC, one of them is the 
coulombic efficiency (CE). This technique compares the 
maximum value of electrons that could be released from 
the substrate that was degraded with the effective value 
of electrons that were transferred to the anode and that 
travelled through the external circuit. In that way the 
higher the coulombic efficiency, the more efficient was 
the electricity generation observed in the MFCs. The 
coulombic efficiency was calculated using Equation 3 [27], 
where the integral represents the cumulative charge, M is 
the molar mass of the oxygen molecule, n is the number 
of electrons exchanged per mole of oxygen, F is the 
Faradays’s constant (F=96485 C.mol-1) and ΔCOD is the 
COD variation between the beginning and the end of the 
batch cycle. 

𝐶𝐸 =
∫ 𝐼. 𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

0
 . 𝑀

𝑛. 𝐹. ∆𝐶𝑂𝐷
 Equation 3 

LS-inoculated MFCs showed higher CEs than DW and 
BS. A deeper analysis of the results in Fig. 4, showed the 
CE dropped dramatically from third to fourth cycle when 
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Fig. 2 - Electricity production in MFCs inoculated with DW (a), LS (b) and 
BS (c), respectively. Ace: acetate; Xyl: xylose. The dashed lines represent 
the beginning and end of each cycle. 

2 3 4 5 6

DW 441 482 574 654 887

LS 485 683 726 765 955

BS 449 541 575 686 604

0

150

300

450

600

750

900

1050

P
o

w
er

 D
en

si
ty

 (
m

W
/m

2
)

Fig. 3 - Maximum power density obtained in MFCs inoculated with three 
different inoculums (DW, LS and BS). The operation cycles correspond to 
the ones in Fig. 2. 
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the substrate was changed from acetate to xylose. 
However, after one operation cycle (cycle 5) the CE 
increased to 21.8±0.45% (LS), 20.5±1.25% (BS) and 
18.9±2.84% (DW).   This demonstrates that the addition of 
xylose had significant effect on electric efficiency and that 
adaptation of the microbial community to the new 
substrate was needed. Moreover, the higher CEs obtained 
for LS-inoculated MFCs might be explained by the greater 
percentage of G. sulfurreducens in the microbial 
community within the biofilm - Fig. 6. 

 

 

 Microbial Community Data 
To understand how the inoculum source really affects 

the establishment of a microbial community, an analysis 
was performed to the biofilm formed in the anode. The 
resulting profile from the DGGE gel allows band 
identification for each sample. Furthermore, using 
computer software it was possible to determine profile 
similarities between different samples and quantify 
species relative abundance based on band intensity, 
which in turn allows the construction of similarity trees. 

Analyzing the DGGE profiles obtained for the inoculum 
test - Fig. 5 - the most evident observations are (1) the 
different profiles obtained for each inoculum source; (2) 
the presence of GS in all the samples analyzed (band 8); 
and (3) the shift in the microbial community between the 
third and the fourth cycles. 

The different profiles obtained for each inoculum 
source are related with the fact that each inoculum carries 
a different cocktail of microorganisms, which will 
constitute the microbial community. However, common 
bands are visible in Fig. 5, these bands corresponds to 
bacteria which are usually determinant for the MFC 
operation, and are found to be enriched in the biofilms. 
One example is the Geobacter sulfurreducens (GS). In this 

test this specie was found in all the samples tested, and 
had relative abundances in the biofilm up 18%. 

The shift observed in the microbial community is 
explained by the substrate change from acetate to xylose. 
The use of xylose, which is a fermentative substrate, 
promoted an enrichment of the microbial community in 
fermentative bacteria, fact observed in the Fig. 5Error! 
Reference source not found. by the arising of the bands 1, 
7, 9 and 10, which were identified as fermentative 
bacteria. The enrichment in these bacteria is beneficial 
and in a certain way mandatory for the MFC operation 
since the electrogenic bacteria is only capable to convert 
non-fermentable substrates, which are produced by the 
fermentative bacteria. 

Furthermore, from the similarity tree is visible two 
distinct groups of communities, one that includes the 
samples taken when acetate was fed, and the other 
constituted by the samples from the xylose-fed cycles. 
This result exacerbates even more the effect of the 
substrate in the microbial community development. 

 

Relating the electric data with the microbial 
community results, the drop in the CEs in the fourth cycle 
can be explained by the biofilm enrichment in 
fermentative bacteria. These bacteria are not capable of 
electron transfer to the anode electrode, resulting in 
substrate consumption that is not converted into electric 
energy, which causes the decrease observed. 

As studies have shown [28], the electrical performance 
of a MFC is correlated with the presence and relative 
abundance of GS in the microbial community. In an 
attempt to demonstrate this correlation, relative 
quantification of this bacteria was performed based on 
band intensity from the DGGE profiles of Fig. 5. The 
greatest abundance of GS in the reactors inoculated with 

2 3 4 5 6

DW 27,5 26,6 13,5 18,9 17,3

LS 30,4 28,9 17,7 21,8 22,8

BS 22,5 24 16,5 20,5 21,3
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Fig. 4 - Coulombic efficiency in MFCs inoculated with three different 
sources (DW, LS and BS).  The operation cycles correspond to the ones in 
Fig. 2. 

Fig. 5 - DGGE profiles and similarity tree for the microbial community of 
the anodic biofilm. The numbers (1, 2, 3, 4) in the lanes name (WW_1, 
WW_2, …BS_3, BS_4) means the samples were taken at end of cycle 2, 3, 
4 and 5 in Fig. 2, respectively. Numbers 1-10. 
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LS seem to support the correlation with MFC 
performance, since the data obtained for power density 
and cell voltage presents the highest values for the LS-
inoculated MFCs. 
 

 

 
External Resistance Test 

With the aim of studying the effect of external 
resistance in the biofilm formation and composition, and 
consequently in the power generation of the MFCs, four 
resistances with following values were applied to the 
external circuit: 200 Ω, 500 Ω, 800 Ω and 1000 Ω. 

 

 
Regarding the power production the 200Ω-MFCs had 

the best start-up cycle with a slightly shorter lag-phase 
(2.0 days) and a maximum power value of 1.26 mW. The 
500Ω- and 800Ω-MFCs showed identical start-up times 
(2.1 days), but different maximum power values of 0.76 
mV and 0.54 mV, respectively. The 1000Ω-MFCs had the 
worst performance with the longer lag-phase (2.6 days) 

and the lowest maximum power result (0.44 mV). After 
only one cycle (cycle 2) a stable power production was 
achieved for all the MFCs. Furthermore, an increase in 
average cell power between second and third cycles was 
observed. The 200Ω-MFCs presented the highest values 
ranging from 1.25±0.38 mW (cycle 2) to 1.43±0.18 mW 
(cycle 3), followed by the 500Ω-MFCs (from 0.79±0.14 mW 
to 0.86±0.06 mW) and 800Ω-MFC (from 0.56 ± 0.08 mW 
to 0.60±0.03 mW). The 1000Ω presented the lowest 
values with the average cell power increasing from 0.46 ± 
0.08 mW to 0.49±0.04 mW.  The difference between the 
maximum power for the 200Ω and 500Ω was around 45%, 
while for the 1000Ω resistance the same difference was 
around 68%.  

In the polarization test (Table 1) a similar pattern was 
observed, 200Ω-MFCs showed the highest power 
densities (1006±20 mW.m-2), with the 500Ω-, 800Ω- and 
1000Ω-MFCs coming in second (916±140 mW.m-2), third 
(756±27mW.m-2) and fourth place (619±16 mW.m-2), 
respectively. Furthermore, data from the polarization test 
also allows to observe that lower power productions were 
obtained from biofilms formed under higher external 
resistances. This mean that the external resistance plays 
an important role in the biofilm formation and 
composition since the maximum power obtained for this 
biofilms is different even after the change in the external 
resistance performed by the polarization test. 
 
Table 1 – Maximum power, COD removal from the anolyte and coulombic 
efficiency in the MFCs under different external resistances. The letters A-
C indicate significant difference between the results in the same column 
(one-way ANOVA; p<0.05). Results that do not share a letter are 
significantly different. 

 
Max Power 
(mW/m2) 

∆COD (%) CE (%) 

200Ω 1006,4 ± 14,5A 54,8 ± 4,7A 61 ± 5,3A 

500Ω 916,5 ± 98,8A 42,7 ± 0,6B 38,2 ± 1,2B 

800Ω 755,6 ± 18,8AB 41,9 ± 1,3B 25,8 ± 1,1C 

1000Ω 618,85 ± 11,4B 35,1 ± 2,3B 25 ± 1,8C 

 
COD removal percentages (Table 1) are relative to the 

third cycle of the test. The 200Ω-MFCs showed the highest 
COD removal values, with the 500Ω-, 800Ω- and 1000Ω-
MFCs showing lower results. From the COD variation in 
the anolyte it was possible to detect a pattern: the highest 
the resistance the worst the results since the goal in MFCs 
is to remove as much COD as possible.  

The CE results indicate how efficient the substrate 
consumption in MFCs was. The 200Ω-MFCs revealed the 
best performance with more than 60% of the substrate 
converted in electricity. The 500Ω resistance reached 
slightly more than half of the 200Ω conversion rate, and 
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the 800 and 1000Ω, which showed similar values between 
them, not even achieved half of this result. Furthermore, 
despite the relation already demonstrated between the 
external resistance and the power generation, is also 
possible to relate the resistance with the biofilm efficiency 
since the lowest resistances showed higher COD removal 
rates and at the same time better CEs. 
 
Substrate Concentration Test 

The next goal was to evaluate the effect of substrate 
concentration in the MFC performance. For that, a test 
was performed using duplicate reactors with a 200Ω 
external resistance attached and fed with four different 
acetate concentrations measured in terms of COD load: 
0.5, 1.0, 1.5 and 2.0 g of COD.L-1. 

 

Two different groups can be formed to analyze the cell 
power results present in Fig. 8: (1) a group consisting only 
of the 0.5-fed MFCs and, (2) a group with the three 
remaining concentrations: 1.0, 1.5 and 2.0 g COD.L-1. Both 
groups presented similar values of power generation 
however, the first group was characterized by a power 
drop before the end of the cycle, while the second group 
could sustain power generation till the end of both cycles. 
This power drop was caused by a lack of substrate (data 
not shown), but in the same conditions it occurs in 
different time points in each cycle. In the first cycle the 
power drop occurs around the 1.5 day, while in the second 
cycle this drop was delayed to the 3.5 days, which 
represents an increase in power production of 2 days. 

An explanation is that inactive bacteria died and the 
electrogenic bacteria, which was better adapted to 
metabolize this substrate, maintained its population. That 
way, the same amount of substrate was available for less 

bacteria what enables a longer power production. 
Therefore, more cycles should be performed in order to 
obtain a stable biofilm and understand for how long this 
new biofilm could sustain the power production. 

Regarding the maximum power achieved, all the 
conditions tested presented identical maximum power 
densities, and no significant difference was found 
between them with a statistical test (one-way ANOVA; 
p<0.05) - Table 2. 

 
Table 2 - Maximum power, COD removal from the anolyte and coulombic 
efficiency in the MFCs for four different substrate concentrations. The 
letters A-D indicate significant difference between the results in the same 
column (one-way ANOVA; p<0.05). Results that do not share a letter are 
significantly different. 

 
Max Power 
(mW/m2) 

∆COD (%) CE (%) 

0,5 1012,5 ± 37,8A 84,1 ± 3,5A 66,2 ± 9,2A 

1 1021,5 ± 52,5A 56,5 ± 1,5B 60,4 ± 0,6A 

1,5 1031,8 ± 74,2A 47,3 ± 0,4C 47,9 ± 1,2A 

2 1005,0 ± 33,4A 36,7 ± 0,2D 47,3 ± 1,2A 

 
Since the acetate is the only carbon source fed to the 

reactors, the COD data supports the hypothesis of a 
limited substrate uptake rate since, as it is possible to see 
in Table 2, the COD removed decreases as the substrate 
concentration increases. 

In terms of CE, at first sight the results for the 0.5 and 
1.0 concentrations were better than the results of the 
remaining two conditions. However, from the statistical 
point of view, no significant difference was found between 
them when a one-way ANOVA test was performed. This 
means that the substrate consumption efficiency, in terms 
of electricity generation, had no significant difference 
between the four studied conditions, and therefore, the 
substrate concentration had no effect in terms of CE. 
 
Microbial Community Analysis 

The effect of external resistance and substrate 
concentration in the microbial community was evaluated 
by means of DGGE profiles. The results obtained are 
shown in Fig. 9. 

Since the same lake sediment was used in the 
inoculum test and in the external resistance test it was 
expected that similar DGGE profiles were obtained. 
However, comparing the lanes for LS in Fig. 5 with the 
profiles obtained in Fig. 9 the differences are clear. 
Excluding the first three lanes, all other seem to suffer 
from a GS selection with only traces of other bacterial 
species. Since the biofilm was formed under different 
external resistances the enrichment of the biofilm in GS 
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was not due to an external resistance effect otherwise 
different profiles would be visible in Fig. 9. The possible 
explanation for this enrichment may be related with the 
time elapsed between the two tests. The inoculum used in 
the Inoculum test had only few days when it was used, 
while when it was used to inoculate the reactors for the 
external resistance test, several weeks had gone. The time 
between utilizations may had led to a change in the 
microbial community within the inoculum which had 
direct consequences in the microbial community of the 
anode. 

This phenomenon is related with the presence of 
nutrients in the inoculum (it’s a sediment of a lake) that 
sustained the microbial community for few days. These 
nutrients were mainly complex substrates that were firstly 
degraded by fermentative and methanogenic bacteria. 
When they ran out, these bacteria start to die from 
starvation and only the bacteria able to degrade simple 
substrate stayed alive. It was the case of GS, which due to 
its electrogenic metabolism and less competition for the 
substrate was able to survive longer using the non-
fermentative compounds. 

 

The presence of GS in all the samples (band 2) once 
again showed the importance of this bacteria in MFCs. 
Moreover being the predominant bacteria in the microbial 
community shows their direct influence in electricity 
production. Furthermore, the 200Ω originated a different 
microbial community less enriched in GS and with a 
predominance of a specie not found in the remaining 
reactors tested (band 1). The effect of this resistance 
seems to only affect the microbial community during the 
biofilm formation since the 200Ω resistance was also used 
during the substrate concentration test in all reactors and 
no enrichment of the microbial community in this 
bacterial species was visible in the DGGE profile of Fig. 9. 

Table 3 -Code number from Fig. 9 with the respective test and operational 

conditions. 

 
Conclusions 
 
Inoculum Test 

The results from this test clearly show an effect of this 
parameter in the MFCs performance, with significantly 
different results obtained for each inoculum.  

The lake sediment was by far the best inoculum, 
showing superior results in all the data analyzed. This 
include higher power densities (955 ± 53 mW.m-2) when 
compared with the second best (WW - 887 ± 16 mW.m-2) 
and stable power production. Coulombic efficiencies of 
30% and 23% were achieved when acetate and xylose 
were used as substrate, respectively, with WW showing 
28% for acetate and the BS 21% for the xylose. 
Furthermore, the effect of substrate change had less 
impact in the MFCs inoculated with LS, showing a more 
robust biofilm than the ones formed with the other two 
inoculums. 

The DGGE analysis showed a greater abundance of 
Geobacter sulfurreducens in the biofilms formed with lake 
sediment, which confirms the existence of a correlation 
between the enrichment of the biofilm with this bacteria 
and better MFC performances.  

Furthermore, it is also possible to conclude that the 
substrate plays an important role in the microbial 
community and in the MFC performance. The change from 
acetate to xylose originated two distinct groups of biofilms 
when the DGGE profiles were analyzed, with an 
enrichment of the biofilm with fermentative bacteria 
when xylose was used, supporting that a consortia of 
fermentative and electrogenic bacteria is essential in 
MFCs when complex substrates are used.  Moreover, from 
the MFC performance point of view, the average cell 
voltages increased in all the reactors and higher power 
densities were achieved when xylose was used, which 
indicates in first place a very good collaboration between 
fermentative and electrogenic bacteria, and in second 

Numeration Test Conditions 

1.1 

External resistance 

200Ω | 1g COD/L 

1.2 500Ω | 1g COD/L 

1.3 800Ω | 1g COD/L 

1.4 1000Ω | 1g COD/L 

2.1 

Adaptation cycle 

200Ω | 1g COD/L 

2.2 200Ω | 1g COD/L 

2.3 200Ω | 1g COD/L 

2.4 200Ω | 1g COD/L 

3.1 

Substrate concentration 

200Ω | 0.5g COD/L 

3.2 200Ω | 1.0g COD/L 

3.3 200Ω | 1.5g COD/L 

3.4 200Ω | 2.0g COD/L 

1 2 

Fig. 9 - DGGE profile for the microbial community of the anodic biofilm 
formed during the external resistance test and substrate concentration 
test. The meaning of the code number is presented in Table 3. 
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place that complex substrate lead to better MFC 
performances, especially if a robust consortia of these two 
types of bacteria is present in the biofilms formed in the 
anode. 

 
External resistance and substrate concentration test 

After concluding that MFCs inoculated with LS present 
the best performances, duplicate reactors were 
inoculated with this inoculum source and subjected to 
four different external resistances in order to evaluate 
how this parameter defines the microbial community 
within the anode biofilm and which leads to the best 
electrical performances. 

In an overall review, it is possible to conclude that the 
200Ω resistance is the one that leads to better results both 
in terms of power production (1 W.m-2), start-up time (<2 
days), organic matter degradation (COD removal: 58%) 
and substrate consumption efficiency (CE: 61%). This leads 
to infer that a more efficient microbial community is 
formed under this external resistance. While the power 
results are deeply affected by the external resistance, 
what not always translate the biofilm performance, the 
COD removal and the CE are mainly affected by the biofilm 
composition. Therefore, the best indicators of the 
influence of the external resistance in the microbial 
community are these two parameters. Another evidence 
that the external resistance has a crucial effect in the 
biofilm formation is evident in the polarization test 
results. In this test the reactors are subjected to the same 
range of external resistance what might suggest that the 
results should be similar. However, a higher power 
production was achieved for the reactors where the 
biofilms were formed with lower resistances. 

Therefore, higher power productions and more 
efficient microbial communities are obtained in MFCs 
using lower external resistances. Knowing that lowering to 
much this resistance could lead to power overshoots, the 
main goal is to determine the lower resistance possible to 
use in order to obtain the best MFC performance and 
avoid the power overshoot. 

The biofilm obtained in the previous test was then 
used to test the substrate concentration effects on MFC 
performance and microbial community dynamics under a 
200Ω external resistance. 

No significant effects on MFC performance were 
observed for the different concentrations tested, similar 
maximum power densities were obtained (1 W.m-2) and 
stable power productions were observed. From the 
microbial community point of view no differences were 
visible from the DGGE profiles. 

From the substrate concentration test it is then 
possible to conclude that this parameter has no effect in 

MFC performance or microbial community development 
in the range tested, and for a batch test with 4 days, 1 g of 
COD.L-1 is the optimum concentration for sodium acetate, 
with a CE of 60% and not running out before the end of 
the cycle, like happened for the 0.5 g of COD.L-1. 
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