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ABSTRACT: In microbial fuel cells (MFCs), the oxidation of organic compounds catalyzed by 
microorganisms (anode) generates electricity via electron transfer to an external circuit that acts 
as an electron acceptor (cathode). Microbial fuel cells differ in terms of the microorganisms em-
ployed and the nature of the oxidized organic compound. In this study, a consortium of anaerobic 
microorganisms helped to treat the secondary sludge obtained from a sewage treatment plant. 
The microorganisms were grown in a 250 mL bioreactor containing a carbon cloth. The reactor 
was fed with media containing acetate (as the carbon source) for 48 days. Concomitantly, the 
electrochemical data were measured with the aid of a digital multimeter and data acquisition 
system. At the beginning of the MFC operation, power density was low, probably due to slow mi-
croorganism growth and adhesion. The power density increased from the 15th day of operation, 
reaching a value of 13.5 μW cm–2 after ca. 24 days of operation, and remained stable until the 
end of the process. Compared with data in the literature, this power density value is promising; 
improvements in the MFC design and operation could increase this value even further. The sys-
tem investigated herein employed excess sludge as a biocatalyst in an MFC. This opens up the 
possibility of using organic acids and/or carbohydrate-rich effluents to feed MFCs, and thereby 
provide simultaneous effluent treatment and energy generation. 
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Introduction

Current energy production relies on fossil fuel con-
sumption, which limits energy generation and dramati-
cally contributes to climate change and environmental 
deterioration (Levin et al., 2004). Given this scenario, 
the development of technologies to obtain cleaner and 
renewable energy is highly desirable. 

The use of biological systems for energy produc-
tion has attracted the attention of researchers worldwide. 
With these systems, wastewater and organic residues 
with high concentration of pollutants can be applied as 
raw material to generate energy. These systems should 
offer a double benefit: potential remediation of effluents 
and concomitant output of renewable energy (Levin et 
al., 2004). 

Microbial Fuel Cells (MFCs) are among the most 
prominent biological systems for energy production. 
The possibility of using microorganisms to generate 
electricity in fuel cells is based on the biochemical 
processes of energy production. Microorganisms de-
grade organic compounds by removing electrons from 
these compounds (oxidation) and releasing them to a 
final receptor, such as oxygen. However, even in the 
absence of oxygen, certain bacteria can transfer elec-
trons from organic compound oxidation to systems 
outside the cell. These bacteria, known as exoelec-
trogenic bacteria, have found application as biologi-
cal catalysts in MFCs. (Logan, 2009; Rachinski et al., 
2010).

MFCs usually consist of two compartments sep-
arated by a membrane that prevents oxygen diffusion 

to the anode and enables the resulting protons to reach 
the cathode. An external circuit connects the two elec-
trodes, allowing for electron transfer and use of the en-
ergy generated. In the anode compartment, a graphite 
cloth collects the electrons produced by the anaerobic 
microorganisms during substrate oxidation. In the aero-
bic cathode compartment, the electrons generated re-
duce oxygen and, together with protons, produce water 
(Logan, 2009). 

The microorganisms used as biocatalysts in the 
anode can be pure or mixed cultures, like the anaero-
bic sludge from a biological wastewater treatment plant, 
which constitutes a good source of exoelectrogenic bac-
teria (Pham et al., 2006; Logan, 2009).

This study reports on the use of a consortium of 
microorganisms obtained from a biodigestor employed 
to treat excess sludge from an activated sludge wastewa-
ter treatment plant. The microorganisms were cultivated 
in a bioreactor (anode) and employed as biological cata-
lysts in an MFC. 

Materials and Methods

MFC Inoculum
The MFC inoculum was obtained from sludge col-

lected from an anaerobic reactor. This sludge had been 
used to treat excess sludge originating from an activated 
sludge system employed to remediate the sewage of Ri-
beirão Preto, a city in the state of São Paulo, Brazil. Vola-
tile solids concentration (VS) was determined according 
to Standard Methods (APHA, 2005); at the beginning, VS 
was 18.2 g L−1.

treatment plant
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MFC construction and operation	
The MFC consisted of two identical chambers. 

The anode corresponded to a carbon cloth where micro-
organisms grew and formed biofilms. This chamber was 
fed with culture medium and was kept under anaerobic 
conditions by argon gas bubbling after each feed. A pro-
ton exchange membrane separated the chambers. The 
platinum cathode (2 mg cm−2 Pt 40 m.m. %), was posi-
tioned according to Figure 1. The volume of each cham-
ber (anode and cathode) was 250 mL. Together, the elec-
trodes (anode and cathode) comprised an area of 15 cm2.

At the beginning of the MFC operation, 150 mL of 
culture medium and 100 mL of anaerobic sludge were 
added to the anode. Every two days, for a period of 48 
days, the anode compartment was fed with 100 mL of 
the culture medium containing sodium acetate (10 g L−1), 
as a carbon source, and it was enriched with micro- and 
macronutrients according to Lovley and Phillips (1988), 
as follows (concentrations given in g L−1): 2.5 NaHCO3, 
0.1 CaCl2.2H2O, 0.1 KCl, 1.5 NH4Cl, 0.6 NaH2PO4.H20, 
1.87 Na2HPO4.12H2O, 0.1 NaCl, 0.1 MgCl2.6H2O, 0.1 
MgSO4.7H2O, 0.005 MnCl2.4H2O, 0.001 Na2MoO4.2H2O, 
and 0.05 yeast extract.

The pH was adjusted to 7.0 (± 0.2) with the aid 
of NaOH 5 % (w/v) or HCl 5 % (v/v), as monitored by 
a pHmeter. After each feed, argon gas was bubbled into 
the anodic compartment, to ensure anaerobiosis. Dur-
ing the experiment, the MFC system was magnetically 
stirred at 500 rpm. The temperature of the system was 
maintained at 27 and 33 °C.

In the cathode compartment, potassium perman-
ganate (KMnO4) at 0.2 g L−1 and pH 7.0 (± 0.2) acted 
as the final electron acceptor. The anode and cathode 
were connected through an external resistor of 1000 Ω, 
by means of a copper wire. 

Samples were periodically taken from the efflu-
ent withdrawn from the anode, filtered through 0.45 µm 
cellulose acetate membranes, and frozen until total or-
ganic carbon (TOC) concentration had been measured 
by direct combustion-catalytic oxidation at 680 °C using 
a Shimadzu TOC analyzer. TOC was detected by a non-
dispersive infrared gas analyzer (NDIR). To this end, 27 
and 20 μL of the sample were used for inorganic carbon 
(IC) and total carbon determination, respectively. Pre-

treatment for IC determination consisted of automatic 
addition of acid and gas (oxygen charger at 230 mL 
min−1) injection. The calibration condition corresponded 
to the standard self-dilution of potassium biphthalate 
at 1000 ppm, to give concentrations ranging from 50 to 
1000 ppm. Data were acquired and processed by the 
TOC-Control V 1.07.00 software. 

	
Eletrochemistry assays 

The potential difference generated in the MFC 
was measured as a function of time with the aid of a 
digital multimeter. Data were collected and stored by a 
data acquisition system connected to a computer. On the 
basis of these data, power density (P) was calculated by 
means of Equation 1: 

P
U

A xRext

=
2

	  (1)

where U is the MFC potential (Volts), A (cm2) the geomet-
ric area of the anode, and Rext (Ω) the external resistance.

The current (I) was calculated according to Ohm's 
law, expressed by Equation 2. 

I
U
Rext

= 	  (2)

Polarization curves were obtained by varying the 
external resistance (Ω 56-1000) when the voltage had 
reached a stable maximum value in the MFC. 

Coulombic efficiency (CE) was determined by cal-
culating the loading (Q) of the MFC (Equation 3), the 
mass of O2 (mO2) (Equation 4), and the variation in chem-
ical oxygen demand (DCOD) between the anode feeding 
periods (calculated from the TOC values by multiplying 
the average factor by 2.6 to transform TOC into COD). 

Q =i x t	 (3)

where i (A) is the current of the MFC and t (s) the time 
elapsed between feedings of the anode; i.e., the same 
period considered for DCOD consumption (substrate).

mO
Q x MM

nx F2 	  (4)

where Q (C) is the load of the MFC, MM (g mol−1) the 
molar mass of O2, n the number of O2 electrons, and F 
(C) Faraday's constant.

These values helped determine coulombic effi-
ciency (CE) according to Equation 5.

CE
mO= 2 100

∆DQO
* 	  (5)

	

Results and Discussion

About five days after the begining of the MFC op-
eration, the current and power densities increased. Prob-
ably, this period was required by the microorganisms 
to adapt to the culture medium, to begin to adhere to 

Figure 1 − A microbial fuel cell scheme, modified from Xiao et al. 
(2011).
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the carbon cloth, and to produce the biofilm. The initial 
volatile solids concentration (VS) in the MFC was about 
7.3 g L−1 (100 mL of inoculum containing 18.2 g L−1 VS 
and 150 mL of culture medium). This value was higher 
but in the same order of magnitude as the 4 g L−1 re-
ported by Oh and Logan (2005). 

Figure 2 shows the current and power densities 
measured in the MFC over the 48 days of operation. 

After approximately 25 days of operation, the cur-
rent and power densities reached a plateau of around 
430 μA cm−2 and 13.5 μW cm−2, respectively, and these 
values remained stable until the end of the MFC 48-day 
monitoring period. 

Table 1 compares the MFC configurations, power 
densities, substrates, and sources of inoculum described 
in this work and reported in recent studies in the litera-
ture. The single-chambered MFC configuration employed 
by Logan et al., (2007) registered the highest power den-
sity values (Table 1). This configuration reduces the in-
ternal resistance of the system and facilitates electron 

transfer between the anode and the cathode, thereby in-
creasing the power in the system (Logan, 2006). In two-
compartment MFCs, the proton-exchange membrane 
considerably increases the internal resistance to the flow 
of protons that is necessary to close the electrical circuit. 
According to Aquino Neto and Andrade (2013), Equation 
8 gives the voltage generated in the MFC. 

Ucell = ∆Ec-Ea - ∆η − ΣΩ − ∆£ 	  (8)

where the terms Ea and Ec represent the thermodynam-
ic potential of the cathode and anode in volts. Analysis 
of this equation shows that overvoltage of the electrodes 
(∆η) dissipates the total energy generated in the chemi-
cal cell by several orders of magnitude. This overvoltage 
comes from the low electron transfer rate at the cathode 
and anode, the ohmic drop (ΣΩ) associated with resis-
tance of the diffusion system in the biofilm, membrane, 
and supporting electrolyte, and the natural tear resulting 
from system operating time (∆£). 

As regards the microorganism source (inoculum), 
it is possible to employ pure or mixed cultures as bio-
catalysts in the MFC anode. Microbial consortia (sludge) 
which oxidize organic compounds in the absence of oxy-
gen consist of different groups of microorganisms (fer-
menting bacteria, acetogenic bacteria, and methanogenic 
archea). By means of sequential oxidation of organic com-
pounds, these consortia withdraw electrons and transfer 
them to electron acceptors outside the cell. As a result, 
electrons generated in the oxidation reactions may be 
transferred from one microbial species to another, a phe-
nomenon known as reducing equivalents interspecies 
transfer. If the anaerobic oxidation of organic matter is 
complete, acetate and/or CO2 serve as electron receptors, 
to produce CO2 and/or CH4 (Pham et al., 2006). Incom-
plete methanogenesis culminates in electron transfer to 
other receptors via suppression of the microorganisms 
which are responsible for this step in the mixed culture, 
a feature that is extremely desirable in an MFC catalyst 

Figure 2 − Current and power densities during MFC (Microbial Fuel 
Cell) monitoring for 48 days; Rext =1000 Ω.

Table 1 − Comparison of MFC (Microbial Fuel Cell) performances in systems that employed different inoculum, substrate, and designs.
MFC Configuration Inoculum/Pretreatment Substrate Power density Reference

µW cm−2

Two-chamber Anaerobic sludge Acetate 10 g L−1 13.5 This work

Two-chamber Anaerobic sludge Glucose 3 g L−1 1.0 Yusoff et al., (2013)

Two-chamber Anaerobic sludge
pretreated by microwave Glucose 3 g L−1 4.2 Yusoff et al., (2013)

Two-chamber Pure culture of
Shewanella oneidensis MR-1 Lactate 1.6 g L−1 1.0 Manohar et al., (2009)

Two-chamber Anaerobic sludge Pretreated activated 
sludge 5.6 Xiao et al., (2011)

Single-chamber Pre-acclimated
bacteria from MFC Acetate 1 g L−1 240 Logan et al., (2007)

Single-chamber Effluent from MFC fermented primary sludge 
with 15.5 g L−1 sCOD* 32.0 Yang et al., (2013)

Single-chamber Effluent from MFC fermented primary sludge
with 15.5 g L−1 sCOD* 103 Yang et al., (2013)

*Soluble COD (Chemical Oxygen Demand).
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(Logan, 2009). Therefore, some authors have pretreated 
the sludge by heating, microwave, or acidification, to sup-
press methanogenesis (Xiao et al., 2011). Table 1 lists a 
number of reports in the literature on MFCs that have 
used anaerobic sludge from wastewater treatment sys-
tems as the mixed culture. Mixed cultures are more resis-
tant to system oscillations, and it is not necessary to work 
with them under sterile conditions. 

Glucose (Catal et al., 2008) and organic acids and 
their salts (Logan et al., 2009; Manohar et al., 2009; Oh 
et al., 2005) are the preferred carbon sources for feeding 
MFC anodes. Some studies have demonstrated that it is 
possible to use industrial effluents with high COD in the 
anode (Liu et al., 2009; Wen et al., 2009; Wang et al., 
2009). The use of acetate to feed the anode gives high 
power values, because bacteria easily oxidize this com-
pound. By using acetate as a carbon source in a single-
chambered MFC, Logan et al., (2007) achieved the high-
est power density. However, the inoculum used by these 
authors consisted of bacteria previously acclimated in 
another MFC.

Comparing the MFC data from published reports 
is not a trivial exercise, because the experimental setup 
varies (Table 1). Most of the studies that used systems 
similar to ours employed the same external resistor (1000 
Ω) (Yang et al., 2013; Xiao et al., 2011; Wang et al., 2013; 
Silva et al., 2013). The power density of 13.5 μW cm−2 
obtained herein is very promising as compared with re-
cent results in the literature on MFC. 

It was possible to construct polarization and power 
curves by varying the external resistance (Ω 56-1000) af-
ter the voltage had reached a stable maximum value at 
day 40 (Figures 3A and B). The polarization curve helped 
to characterize the current as a function of the cell volt-
age. In the range of external resistors studied herein (be-
tween 56 and 1000 Ω), the maximum voltage (0.37 V) 
was found in the range of 370 to 1000 Ω. The total power 
generated from the cell depends on the electron flow, 
which is a function of the employed external resistance 
and the internally dissipated power in the MFC. Low 
external resistance affords high current but low useful 
power. The maximum useful power value is limited not 
by electrical factors but by the internal mass transport 
in the MFC. 

The coulombic efficiency of the MFC investigated 
here, calculated for a resistance of 1000 Ω, was only 5 
%. Hence, 95 % of the substrate was not employed to 
generate electricity. According to You et al., (2006), low 
electron recovery efficiency could be due to improper 
selection of exoeletrogenic bacteria from a microbial 
community as a result of an inadequate culture medium 
or environmental conditions. This selection could in-
volve appropriate control of the nutrients during MFC 
operation. In general, low COD content enhances cou-
lombic efficiency. The use of various types of sludge in 
MFCs like raw sludge (Xiao et al., 2011; Yusoff et al., 
2013), primary sludge (Ge et al., 2013), and anaerobic 
sludge (Yang et al., 2013) have afforded coulombic effi-

ciency that resemble the coulombic efficiency achieved 
in the present study (3-7 %). This low efficiency can 
be attributed not only to inadequate selection of non-
eletrogenic microorganisms, but also to reactor design 
(Abourached et al., 2014). For example, the energy ef-
ficiency obtained with a single-chamber MFC fed with 
acetate was 10-30 %, whereas a microbial fuel cell with 
double-cloth electrode assemblies (CEA-MFCs) achieved 
up to 70 % coulombic efficiency (Fan et al., 2007; Liu et 
al., 2009).

Conclusions

The mixed culture from a biodigester used to treat 
excess sludge from an activated sludge system served as 
a good source of microorganisms for use as a biocatalyst 
at the anode of an MFC.

The power density obtained in this study—13.5 
μW cm−2—was in the same order of magnitude of other 
power densities reported in the literature. This value 
remained constant for a long operating period, which 
attested to the robustness of the system. Optimization 
of the MFC design, anode feeding, and cathode may in-
crease this value even further.

To sum up, the system investigated herein em-
ployed excess sludge as a biocatalyst in an MFC. This 
opens the possibility of using organic acids- and/or 
carbohydrate-rich effluents to feed MFCs, and provide 
simultaneous effluent treatment and energy generation. 

Figure 3 − Performance of the investigated MFC (Microbial Fuel Cell) 
upon varying external resistance (A) and power as a function of 
the current (B).
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Abbreviations List

∆Ec-Ea - difference between the thermodynamic potential 
of cathode and anode
∆η - overvoltage 
∆£ - electrode wear out 
ΣΩ - ohmic drop
A - geometric area of the anode
CE - coulombic efficiency 
COD - chemical oxygen demand 
F - Faraday's constant
I - current 

IC - inorganic carbon 
mO2 - mass of O2

MFC - Microbial Fuel Cell 
MM - molar mass 
n - number of O2 electrons
P - power density 
Q - loading 
t - time elapsed between feedings of the anode
Rext - external resistance. 
TOC - Total Organic Carbon 
VS - Volatile Solids 
U - potential


