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bstract

Investigations are carried out with Clostridium sp. which is isolated from sugar industry effluents, as a biocatalyst for current generation in a
icrobial fuel cell. Two different configurations of the cell are evaluated. In both cells, the anode compartment consists of suspended cells of
lostridium sp. in a nutrient broth in a phosphate buffer. In the first configuration, the cathode compartment consisted of ferricyanide solution
0.05 M). In the second configuration, the cathode compartment consisted of cells of Thiobacillus ferrooxidans suspended in a nutrient broth. The
econd configuration represents a complete microbial cell with the anodic and cathodic reactions driven by micro-organisms. The performance
haracteristics of the two configurations are evaluated with two different anode materials, graphite and graphite felt.

2006 Elsevier B.V. All rights reserved.

acillu

p
w
t
a
c
e
a
a
h
t
t
t
g

t
M

eywords: Microbial fuel cell; Direct electron-transfer; Clostridium sp.; Thiob

. Introduction

A fuel cell is an electrochemical device that continuously
onverts chemical energy to electrical energy for as long as fuel
nd oxidants are supplied. Fuel cells theoretically bypass the
nefficiencies of internal combustion engine by directly oxidiz-
ng and reducing compounds at electrode surfaces. Microbial
uel cells (MFC) seek to use the microbial catalytic abilities of
rganic compounds, from simple carbohydrates to waste organic
atter, for the generation of electricity [1–3]. Abundant energy

s stored primarily in the form of carbohydrates and is found
n a variety of sources, e.g., waste biomass from the agricul-
ural sector, municipal waste, and energy crops such as corn.
he different ways of deriving useful forms of energy from car-
ohydrates include the production of ethanol and conversion to
ydrogen, but these are multi-step approaches and face techni-

al and economic hurdles. An alternative method is the direct
onversion of sugars to electrical power. Existing fuel cells cat-
lyzed by transition metals cannot be used to produce electric
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ower from carbohydrates. A viable approach is to use MFCs in
hich micro-organisms catalyse the oxidation of sugar during

heir growth processes or in fermentation processes. Bacteria
t the anode oxidize organic matter and transfer electrons to a
athode through an external circuit, producing current. Inter-
stingly, MFCs show promise as a method to treat wastewater
nd produce electricity simultaneously [4,5]. They can be used
s biosensors to detect lactate, fructose and BOD [6,7]. MFCs
ave also been demonstrated for use in remote areas, such as
he bottom of the ocean where it is difficult to replace the bat-
eries [8]. The development of intelligent machines that obtain
heir own operational power by digesting organic matter, called
astrobots has been reported [9].

MFCs are classified into two types depending on how elec-
rons are transferred from the bacteria to the electrode. Mediator

FCs are systems in which electron shuttles, or ‘mediators’,
re added to the system to transfer the electrons between micro-
rganisms and electrodes. The need for high concentrations of
ediators, many of which are toxic chemicals, is believed, how-

ver, to make electricity generation impractical on a large scale.

n the other hand, mediatorless MFCs show promise for har-
esting energy from waste organic matter. These devices rely
n the presence of metal-reducing bacteria such as Shewanella
10], Rhodoferax [11] and Geobacteraceae [12], of fermentative

mailto:sheelaberchmans@yahoo.com
dx.doi.org/10.1016/j.jpowsour.2006.02.051
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ype of bacteria like Clostridium butyricum [13]. Metal-reducing
acteria are believed to transfer electrons directly to the anode
hrough the use of electrochemically active redox enzymes in
heir outer membrane. Power generation from MFCs varies
idely as a function of the inoculum, substrate and reactor. Val-
es range from less than 1 to 3600 mW m−2 [10,14].

This study reports the isolation of the microbial species
lostridium sp. from an effluent sample collected from a sugar

ndustry. This effluent was chosen on the basis that micro-
rganisms that can assimilate sugar at a greater extent would
e present in a sugar industry effluent, because the existing
ottleneck for applications of the MFCs is not the conversion
fficiency but the conversion rate. Using this microbial species,
FCs were constructed in two different configurations, namely:

Configuration 1

Graphite or graphite felt|Clostridium sp.

+deaerated nutrient broth||ferricyanide|graphite.

Configuration 2

Graphite or graphite felt|Clostridium sp.

+deaerated nutrient broth||Thiobacillus ferrooxidans

+nutrient broth|graphite.

In configuration 1, the ferricyanide in the cathode com-
artment becomes depleted with time and in due course the
ompartment becomes dirty greenish-blue, which indicates the
ormation of pigments like Prussian blue. It has to be replaced
ften during the course of the experiments. On the other hand, in
he configuration 2, the ferric sulfate present in the nutrient broth
f the microbial cathode compartment acts as the electron accep-
or and is continuously regenerated by the micro-organisms and
ence the solution in the compartment remains clear, unlike the
ase of ferricyanide. An important objective of the present inves-
igation is to compare the performance of a microbial cathode
ompartment versus a ferricyanide-containing cathode com-
artment. The direct electron-transfer capability of the micro-
rganism and the efficiency of current generation in the absence
f a terminal electron acceptor are also investigated. Moreover,
he study aims to understand the reactions responsible for current
eneration. The performance characteristics of both configu-
ations are evaluated with two different anode materials, viz.,
raphite and graphite felt.

. Experimental

A molasses sample, collected from a nearby sugar industry,
as used as an inoculum for growing bacterial cultures by means
f the spread-plating technique. The required quantity of inocu-
um was determined by the serial dilution method. From the

utrient agar plates, isolated organisms were inoculated into a
terile medium broth, incubated for 24 h, and then used in MFCs.
he media for the growth of these micro-organisms were pre-
ared from the following organic nutrients:

g
s
c
[

Sources 160 (2006) 991–996

peptone: 10 g;
beef extract: 10 g;
sodium acetate: 5 g;
yeast extract: 1.5 g;
starch: 1 g;
glucose: 1 g;
l-cysteine HCl: 0.5 g.

Immediately before use, sterile solutions of sodium sulfate
0.04%, w/v) and ferric citrate (0.07%, w/v) were added to the
edium. The nutrients were dissolved in a phosphate buffer

1000 ml) of composition is: KCl: 1 g; NaH2PO4: 6 g; NaCl:
.9 g; Na2CO3: 2 g.

The media for the growth of Thiobacillus ferrooxidans was:

Solution A
◦ (NH4)2SO4: 3 g;
◦ KCl: 0.1 g;
◦ K2HPO4: 0.5 g;
◦ MgSO4·7H2O: 0.5 g;
◦ Ca(NO3)2: 0.01 g;
◦ distilled water: 700 ml.
Solution B
◦ FeSO4·7H2O: 44.22 g;
◦ H2SO4 (1 M): 10 ml;
◦ distilled water: 290 ml.

Solutions A and B were sterilized separately and then mixed
sceptically.

A two-compartment cell made of Perspex with a Nafion 961
embrane as the separator was used for the construction of the
FC. Rectangular graphite electrodes (14.4 cm2) served as the

node and cathode and were suspended from the top cover,
hich was tightly sealed. Two different configurations of the
FC, as discussed earlier were constructed. In both configu-

ations, the anode compartment consisted of suspended cells
f Clostridium sp. in a nutrient broth in phosphate buffer. The
athode compartment consisted of 0.05 M ferricyanide solution
n the first configuration, while in the second configuration, it
as comprised of suspended cells of T. ferrooxidans suspended

n a nutrient broth. The second configuration thus represents a
omplete microbial fuel cell. Graphite and graphite felt were
valuated as anode materials, while graphite was used as the
athode in both the configurations. The second configuration
as slightly modified to demonstrate direct electron transfer.
he addition of sodium sulfate and ferric citrate was deliberately
voided in the nutrient broth solution constituting the anolyte.
he volumes of anolyte and catholyte were each around 150 ml.

.1. Preparation of gold substrates immobilized with
lostridium sp. for cyclic voltammetric measurements

Gold electrodes were made from a 2 mm diameter rod of

old fused to a Teflon rod. Electrical contact was made by
pot-welding a brass rod to the gold piece. The electrodes were
leaned by means of the standard procedure described elsewhere
15]. The cleaned electrode was immersed in a 1 wt.% cystamine
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Fig. 1. Open-circuit potential of cell configuration 1.
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Fig. 4. With a graphite anode, the OCP is initially around 0.1 V,
increases to 0.53 V over a period of 20 h, then to 0.6 V over a
period of 45 h, and remains nearly constant afterwards. With
a graphite felt anode, the OCP was initially around 0.48 V,
D. Prasad et al. / Journal of P

olution overnight, washed with distilled water, and then treated
ith 20 �l of 1 wt.% glutaraldehde followed by treatment with
lostridium sp. cells suspended in a broth. Next, the electrode
as washed with phosphate buffer and used for recording cyclic
oltammograms. By this procedure, the micro-organisms were
mmobilized on to the gold surface. The cyclic voltammograms
ere recorded in phosphate buffer (pH 7.0) (50 ml of 0.1 M
otassium dihydrogen phosphate and 29.1 ml of 0.1 M sodium
ydroxide were mixed and made up to 100 ml using distilled
ater). A Pt foil served as the counter electrode and a calomel

lectrode was used as the reference. A PARSTAT 2263 system
as used to obtain cyclic voltammograms.

.2. Prepartion of specimens for SEM analysis

Graphite felt anodes were removed at the end of the polar-
zation experiments, washed with phosphate buffer and cut into
ieces of size of 1 cm × 1 cm for SEM analysis.

.3. Analysis of fermentation products by HPLC

After studying the performance of the fuel cell by applying
load of 100 �, the anolyte solution was removed from the

ell and analysed by HPLC to find the end products of fermen-
ation. HPLC (Shimadzu Model LC-8A, Japan) was recorded
sing the methanol as the mobile phase and silica gel as the sta-
ionary phase. A flow rate of 1 ml min−1 was maintained. A UV
pectrophotometric detector was employed with a wavelength
f 254 nm.

. Results and discussion

.1. Isolation and Identification of micro-organisms from
ugar industry effluents

The micro-organisms were isolated from sugar industry efflu-
nts by the spread-plating technique. With the help of biochemi-
al techniques (grams staining, endospore staining) it was found
hat Clostridium sp. is the micro-organism that is primarily
rown from the effluent. From the plates, pure cultures were
repared by plating for the second time. These were then used
or the studies.

.1.1. Cell configuration 1
The variation of open-circuit potential (OCP) with time is

hown in Fig. 1. In the case of the graphite anode, the OCP values
re virtually steady from the start. The OCP varied from 0.48
o 0.51 V over a period of 20 h and continued to remain so with
ncreasing time. In the case of the graphite felt, the OCP values
re initially around 0.34 V, increase to 0.67 V over a period of
0 h, and thereafter do not increase much further. After 60 h, the
alue has reached only 0.71 V.
Polarization curves recorded for the graphite and graphite felt
node materials are shown in Fig. 2. From the curves, it is very
lear that a maximum power density of 2.965 and 5.62 W m−3

s observed for graphite and graphite felt material, respectively. F
Fig. 2. Polarization curves of cell configuration 1.

he increase in power density shows the effect of surface area
n the performance of the fuel cell.

A current density versus time curve for the MFC (configura-
ion 1, with graphite felt anode) is shown in Fig. 3. The fuel cell
as continuously discharged by applying a load of 100 � for 4
ays. The current density remains constant at about 6.8 A m−3

or 3 days and on the fourth day it decreases to 5.26 A m−3.

.1.2. Cell configuration 2
The variation of OCP with respect to time is given in
ig. 3. Current density variation of cell configuration 1 under a load of 100 �.
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Fig. 4. Open-circuit potential variation of cell configuration 2.
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Fig. 5. Polarization curves of cell configuration 2.

ncreased to 0.56 V over a period of 10 h, and then remained
teady at around 0.74 V.

The polarization behaviour of the cell configuration 2 with
ither graphite or graphite felt anodes is presented in Fig. 5. The
ower output is higher in the case of felt. The maximum value is
round 4.41 and 6.1 W m−3 for graphite and felt, respectively.

The current discharge under a load of 100 � for 3 days in the
ase of the graphite anode is given in Fig. 6. During the first day,
he initial value is 8 A m−3 and becomes steady at 3.96 A m−3. A
teady values of 3.25 and 2.64 A m−3 are obtained on the second

nd third days, respectively. With a graphite felt anode, a steady
alue of nearly 28 A m−3 was obtained (Fig. 7).

Microbial growth on the felt electrode is shown in Fig. 8.
lusters of microbial growth are observed in several places.

ig. 6. Current density variation of cell configuration 2 with graphite as the
node under a load of 100 �.
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ig. 7. Current density variation of cell configuration 2 with graphite felt as the
node under a load of 100 �.

Cyclic voltammograms for Clostridium sp. immobilized on
gold electrode in phosphate buffer are given in Fig. 9. At a

can rate of 50 mV s−1, anodic peaks at −0.16 and 0.44 V are
bserved. The response at −0.16 V looks rather like a plateau.
his probably indicates that some limitations, e.g., chemical

eactions, affect the electron-transfer kinetics. The origin of such
hemical reactions is unknown. On the other hand, the reverse
eaks at −0.28 and −0.25 V at 50 mV s−1 are well-defined. At
higher scan rate (500 mV s−1), the first set of redox peaks

isappear. This also confirms that the electron-transfer kinet-
cs are slow and hence not seen at higher scan rates. Since the
edox molecules are easily accessible (they are probably present
n the outer membrane), the electroactivity can be recorded by
yclic voltammograms. As it has been already been reported
hat Clostridium sp. have cytochromes on their outer membranes
13], the electrochemical activity is assigned to cytochrome elec-
ron transfer.

The results indicate the feasibility of converting glucose
nto electrical energy by making use of the micro-organisms,
lostridium sp. isolated from sugar industry effluents. A higher
urrent output is observed with a graphite felt anode and this is
ue to the increase in surface area. Cell configuration 2 can be

onsidered as a complete microbial fuel cell as micro-organisms
re used in the cathode as well as in the anode compartment.
he cyclic voltammogram indicates that the Clostridium sp. is

ig. 8. Scanning electron micrographs of micro-organism growth in graphites
elt.
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Table 1
Comparison of power density obtained in this study with other reported values

Sl. no. Mode of
operation

Electrode material Anolyte Catholyte Power density
(W m−3)

Reference

1 Batch Anode: felt; cathode: graphite Clostridium sp. broth Thiobacillus ferrooxidans broth 8.44 This work
2 Continuous Anode: graphite felt; cathode:

Pt coated graphite felt
Artificial wastewater Air in wastewater 102 [17]

3 Continuous Anode: graphite granules;
cathode: Woven graphite mat

Synthetic waste water Potassium ferricyanide 90 [18]
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Continuous Anode: perforated graphite
felt; cathode: Pt coated
graphite felt

Artificial w

lectroactive and can directly communicate with the electrode
urface. This is because redox active molecules are found to be
ccessible by the cyclic voltammetric technique and are probably
resent in the outer membrane. The existence of cytochromes on
he outer membrane of Clostridium sp. has already been reported
13]. The anode compartment gradually turns black as the fer-
entation proceeds. The sulfate is converted into sulfide by the
lostridium sp. and the sulfide molecules combine with iron cit-

ate present in the medium to produce a black-coloured sulfide.
There are two sources of current generation in the anode

ompartment, namely:

O4
2− + 10H+ + 8e → H2S + 4H2O (1)

lucose → oxidized products + electrons (2)
ytochrome b (Fe3+) + e → cytochrome b (Fe2+) (3)

ytochrome c (Fe3+) + e → cytochrome c (Fe2+) (4)

ig. 9. Cyclic voltammograms showing redox behaviour of micro-organism at
A) 50 mV s−1 and (B) 500 mV s−1.

f
T
O
i
c

a
e
a
t
r
c
b

i

F
s

ater Air in wastewater 7.6 [19]

The micro-organism anaerobicaly metabolises glucose. The
lucose is oxidized into simpler molecules. The electrons gen-
rated during the process are accepted by sulfate ions (terminal
lectron acceptor), which produce sulfide ions. The sulfide ion
roduction is indicated by the appearance of black-colour in
he broth. The sulfide ion reacts with ferric citrate to produce

black precipitate of ferric sulfide. The ferric ions act as an
ndicator. The sulfide ions are oxidized at the electrode surface
nd contribute to the current flow. Another route for current
eneration is that the electrons obtained during the oxidation
f glucose are directly transferred to the electrode through the
ytochromes, which act as inbuilt mediators for electron flow.

cell has been constructed to explain direct electron trans-
er, without sulfate ions and ferric citrate. In this case the
icro-organisms communicate directly with the electrode sur-

ace through redox proteins present on the outer membrane.
he results obtained using such cell are given in Fig. 10. The
CP increases to 0.83 V and the maximum power deliverable

s 4.04 W m−3. A higher voltage is found to be produced in this
ase.

In the cell configuration 1, ferricyanide acts as an electron
cceptor in the cathode compartment. In cell configuration 2, the
lectrons are accepted by ferric sulfate present in the catholyte
nd it is regenerated by the micro-organisms. Thus, the elec-
ron acceptor will not become depleted; there will be continuous
egeneration of ferric ions. The cell configuration represents a

omplete microbial cell in the sense that micro-organisms drive
oth the anodic and the cathodic reactions.

The fermentation products have been analysed by HPLC and
t is observed that products like acetate, butyrate, citrate are

ig. 10. Polarization curves for cell configuration 2 without ferric citrate and
odium sulfate.
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resent in the anode compartment. This suggests that glucose
n metabolism is oxidized into simpler organic compounds.

A comparison with power density values obtained by other
orkers is given in Table 1. The result are expressed in W m−3

n accordance with the present trend [16]. Each biocatalyst will
ave specific requirements and occupy a certain volume in the
eactor thus will decrease both the free space and pore size.
very study refers to a specific combination of reactor volume,
embrane separator, catholyte, anode surface and organic load-

ng. Compared with some of the other data, the power density
alue obtained in this study is one order less. Improvements
ill be sought in terms of new cell configurations and electrode
aterials. A better understanding of the mechanism of electrons

ransfer between micro-organisms and electrodes should also
ead to enhanced performance.

Generally, it is found that the cell with a felt anode yields the
igher current/power and this can be attributed to the enhanced
urface area of the anode material. On the other hand, it is noticed
hat the initial voltage of the cell using graphite felt anode starts
t a lower value than that with graphite but reaches a higher
teady value. Is the porous nature of felt, requiring possibly a
onger duration for flooding of the pores, responsible for this?
his will be investigated into in our future research.

. Conclusions

In this study, microbial fuel cells have been fabricated using
wo configurations. The performance of the cell is evaluated in
erms of two electrode materials, graphite and graphite felt. The
ncrease in surface area results in higher current output. The
bserved current output arises due to two components, namely,
urrent arising due to electrochemical oxidation of sulfide gener-

ted during metabolism and direct electron transfer of electrons
roduced during the metabolic oxidation of glucose. The direct
lectron-transfer component is delineated and the current char-
cteristics arising due to direct electron-transfer alone is studied.

[

[
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his work demonstrates the construction of a complete microbial
ell, wherein both anodic and cathodic reactions are controlled
y micro-organisms and also demonstrates how the current orig-
nating from direct electron transfer alone can be investigated
eparately.
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