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Microbial fuel cell (MFC) employing low-cost materials 
(non-coated plain graphite electrodes) without any 
toxic mediators (aerated cathode and mediatorless anode) 
was evaluated under acidophilic (anode pH of 5.5) 
conditions using anaerobic mixed consortia to enumerate 
the influence of substrate loading rate on bioelectricity 
generation from anaerobic wastewater treatment at 
ambient temperature (28 ± 2°C). Experimental data 
showed the feasibility of power generation from waste-
water treatment. However, the overall voltage genera-
tion, power yield and substrate degradation was found 
to depend on the substrate/organic loading rate (OLR). 
Maximum potential difference of 423 mV (1.66 mA) 
was recorded at stable operating conditions. Apart 
from power generation, the fuel cell also demonstrated 
substrate removal (62.5%). Applied OLR documented 
marked influence on both power yield and substrate 
degradation rate. Maximum power yield (274 mW/g 
CODR; 50 Ω), was observed at operation OLR of 
0.574 kg COD/m3-day. Voltage and current started 
decreasing due to substrate exhaustion (COD reduc-
tion) in the anode chamber. It is evident from the ex-
perimental data that the anodic chamber of MFC 
mimicked anaerobic suspended growth reactor nor-
mally used for wastewater treatment with respect to 
COD removal. The study documented the advantage 
of both wastewater treatment and electricity produc-
tion in a single system. 
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IT is evident that humankind is increasingly dependent on 
energy with the advancement of science and technology. 
The present-day energy scenario in India and around the 
globe is precarious, thus driving to the search of alternative 
to fossil fuels. Increasing energy consumption creates un-
balanced energy management and requires power sources 
that are able to sustain for longer periods1. Trapping re-
newable energy from waste organic sources is the present 

trend of active research2–7. In this direction, bioelectricity 
generation through microbial fuel cells (MFCs) using a 
variety of substrates, including wastewater is being studied 
extensively2,5–17. 
 It is well known that microorganisms can produce fuels 
such as ethanol, methane and hydrogen from organic matter. 
More recently, it has been reported that microorganisms 
can also convert organic matter into electricity using MFCs2–7. 
MFC is a biochemically catalysed system, which generates 
electricity by oxidizing biodegradable organic matter in the 
presence of either fermentative bacteria or enzymes2–7,18–20. 
The biocatalyst present in the anode chamber of MFC 
generates electrons (e–) and protons (H+) through anaerobic 
respiration of organic substrates. Electron transfer occurs 
through the electrode (anode) integrated with an external 
circuit to the cathode. Protons diffuse through the proton 
exchange membrane (which separates the cathode and anode 
chamber) into the cathode chamber, where they combine 
with the electron acceptor. The potential difference between 
the respiratory system and electron acceptor generates the 
current and voltage needed to generate electricity2. Har-
vesting electricity from organic wastes through MFC is an 
attractive source of energy as organic waste is ‘carbon-
neutral’ and oxidation of organic matter only releases re-
cently fixed carbon back into the atmosphere4. According 
to Lovley4, MFC could fill a niche that is significantly 
different from that of the better known abiotic hydrogen- 
and methanol-driven fuel cells. Abiotic fuel cells require 
high temperatures and expensive catalysts which are toxic, 
to promote oxidation of the electron donors21. Naturally 
occurring microorganisms catalyse the oxidation of fuels 
in MFC at room temperature and could potentially be de-
signed to function at any temperature at which microbial 
life is possible4,6. MFC can be considered as a promising 
alternative for the harnessing of electrical energy from 
various substrates using different cell configurations, and 
electron transfer mechanisms9,17,20,22–25. 
 Presently, research on MFCs using wastewater as sub-
strate is in the initial stages of laboratory evaluation around 
the world. The reported work so far is mainly based on using 
the monoculture at laboratory level12,20,21,26. A few studies 
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were reported on using wastewater as substrate for pro-
duction of electricity2–17,25. Substantial technical and en-
gineering challenges still remain to achieve sustainable 
electricity production at full scale. The function and effi-
ciency of MFCs with respect to power generation are 
generally dependent on factors such as nature of carbon 
source used7,20, fuel-cell configuration (single/multiple 
chamber), dimensions and volume26,27, nature and type of 
electrode15,19, electron acceptors (mediators) present in the 
cathode chamber15,28, electrolytes used22, operating tem-
perature24, nature of inoculum (biocatalyst) used in the anode 
chamber15,28, and nature of the proton exchange mem-
brane25. 
 The basic aim of the present study is to design MFCs 
employing low-cost materials without using toxic media-
tors, which will have the possibility to be implemented in 
the wastewater treatment plants in the economical perspec-
tive. The designed MFC (graphite electrode without any 
coating) employing aerated cathode and mediatorless an-
ode was evaluated at acidophilic conditions using anaero-
bic mixed consortia to enumerate the influence of 
substrate/organic loading rate (OLR) on the performance 
of the MFC in terms of bioelectricity generation from an-
aerobic wastewater treatment. 

Experimental 

Anaerobic mixed inoculum  

Anaerobic mixed consortia taken from laboratory-scale 
UASB reactor was used to inoculate the anode chamber 
of the MFC. Inoculum after sampling was centrifuged 
(5000 rpm, 20°C) and washed with saline buffer (three 
times) and the resultant pellet was enriched in the de-
signed synthetic wastewater (glucose, 3 g/l; NH4Cl, 0.5 g/l; 
H2PO4, 0.20 g/l; K2HPO4, 0.20 g/l; MgCl2, 0.25 g/l; CoCl2, 
20 mg/l; ZnCl2, 10 mg/l; CuCl2, 10 mg/l; CaCl2, 4 mg/l; 
MnCl2, 10 mg/l) keeping the bottle closed with a rubber 
septum (100 rpm; room temperature) under aseptic anaerobic 
microenvironment. After harvesting three times under 
aseptic anaerobic microenvironment, the mixed consor-
tium was inoculated to start up the anode chamber of the 
MFC. 

MFC configuration and operation 

The dual-chambered MFC was designed and fabricated in the 
laboratory using perplex material (Figure 1; Table 1). Total 
volume of both anode and cathode compartment was the 
same (0.75 l) and each chamber was provided with sample 
port, wire point inputs (top), inlet and outlet ports. Proton 
exchange membrane (PEM; NAFION 117, Sigma–
Aldrich) was used to separate the two chambers after boiling 
sequentially in 30% H2O2, deionized water, 0.5 M H2SO4 
and deionized water each for 1 h. After pretreatment, the 

PEM was fixed using washers and clamps between the two 
chambers. Both anode and cathode electrodes were made 
of graphite plates (5 × 5 cm; 1 cm thickness) and were 
positioned at a distance of 6 cm on either side of the PEM. 
The anode was perforated by providing nine uniform-size 
holes of 0.7 cm diameter to increase the surface area. The 
electrodes had a surface area of 83.56 sq. cm (anode) and 
70 sq. cm (cathode). Prior to use, the electrodes were 
soaked in deionized water for a period of 24 h. Contact 
 
 
Table 1. Design criteria of dual chambered mediatorless microbial  
 fuel cell 

Reactor configuration Dual chamber 
 

Anode chamber  Suspended growth 
Anode inoculum Mixed anaerobic consortia 
Mediator-anode Nil 
Mediator-cathode Air 
Volume of anode and cathode (l) 0.7  
Anode and cathode material Graphite plate 
Surface area of electrodes 83.56 (anode), 70 (cathode) 
 (sq. cm) 
Membrane Proton exchange membrane  
Feeding nature (l/cycle) Batch (0.65 l/feeding cycle) 
Organic loading rate 0.517, 0.574, 0.646 and  
 (kg COD/m3-day)   1.033 
Operating temperature (°C) 28 ± 2 
Operating pH 5.5 (anode), 7.5 (cathode) 

 
 

 
 

Figure 1. Photograph of dual-chambered aerated microbial fuel cell 
along with schematic details. 
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between electrodes and copper wires was sealed with epoxy 
material. 
 The cathode chamber of the MFC was filled with aerated 
phosphate buffer (50 mM K2HPO4; pH 7.5) as catholyte. 
Air was continuously sparged employing an air pump at-
tached with a sparger and dissolved oxygen (DO) concen-
tration was maintained between 4 and 5 mg/l. The anodic 
chamber prior to startup was inoculated with anaerobic 
mixed microflora dissolved in 700 ml of designed syn-
thetic feed. No mediator was used in the anodic chamber 
of the MFC. During operation, the anode chamber was 
maintained at acidophilic pH condition (5.5) to sustain 
the growth of acidophilic culture. Anolyte (synthetic feed 
and mixed microflora) was recirculated continuously at a 
rate 100 ml/min using a peristaltic pump in order to provide 
effective contact between the substrate and mixed consor-
tia. Constant removal of chemical oxygen demand (COD) 
and voltage output were considered as indicators for sat-
isfactory formation of the biofilm and stable operating 
conditions. Before changing the feed, the inoculum was 
allowed to settle down (30 min) and exhausted feed 
(650 ml) was pumped out under anaerobic conditions. The 
settled mixed inoculum (50 ml by volume) was used for 
subsequent experiments to sustain microflora. Fresh syn-
thetic feed (650 ml) was loaded once the voltage started 
decreasing. After every feeding event, the anode chamber 
was sparged with N2 for 2 min to maintain anaerobic micro-
environment. Feeding, decanting and recirculation opera-
tions were carried out using peristaltic pumps (Micllins, 
India) controlled by electronic timer (ETTS, Germany). 
Performance of the MFC was evaluated at three sub-
strates/OLRs (0.517 kg COD/m3-day, 0.574 kg COD/m3-
day, 0.646 kg COD/m3-day and 1.033 kg COD/m3-day). 
MFC was operated in batch mode at constant operating 
temperature (28 ± 2°C). 

Analytical methods 

Current (I) and potential (V) measurements were recorded 
every 3 h using digital multimeter (Metravi 901) by con-
necting 50 Ω as external circuit. For polarization, current 
generation was monitored at various external resistances 
(500 to 50 Ω) connected for a few minutes and readings 
were noted after stabilization of voltage. Power (W) was 
calculated using the equation P = IV, where I is in amperes 
and V is in mV. Power density (mW/sq. m) and current 
density (mA/sq. m) were calculated by dividing the ob-
tained power and current with the surface area (sq. m) of 
the anode. Power yield (W/kg of COD removed) was ob-
tained by dividing power with the amount of COD re-
moved. Volumetric power (mW/cubic m) and current 
(mA/cubic m) were calculated based on the anode liquid 
volume. pH, COD and volatile fatty acids were monitored 
in the anodic chamber of MFC during operation, according 
to standard methods29. The mixed consortium formed on 

anode was subjected to scanning electron microscopy 
(SEM). Prior to SEM imaging samples were washed with 
saline water followed by 0.05 M phosphate buffer (pH 
7.2) and fixed in glutaraldehyde (2.5%; 24 h). Fixed sam-
ples were dehydrated in a series of graded alcohol (10–
90%) and scanned in SEM (Hitach S-3000N) after drying. 
The performance of MFC was evaluated by estimating 
the substrate (COD) removal efficiency (ξ) during the cy-
cle operation using eq. (1). CSO represents the initial COD 
concentration (mg/l) in the feed and CS denotes COD 
concentration (mg/l) in the reactor outlet. 
 
 ξ = (CSO í CS)/CSO. (1) 
 
OLR (kg COD/m3-day) was calculated using eq. (2): 
 
 OLR = {[COD0 × feed rate]/reactor volume}. (2) 
 
Substrate degradation rate (SDR, kg COD/m3-day) was 
calculated to study the rate and pattern of COD removal 
during the cycle operation according to eq. (3): 
 
 SDR = {[(COD0 – CODT) × feed rate]/reactor volume}, 
 (3) 

where COD0 and CODT represent COD (mg/l) at times 
‘0’ and ‘T’ respectively. 

Results and discussion 

After the anode chamber of the MFC was inoculated with 
adopted anaerobic mixed consortia, the fuel cell was operated 
with designed synthetic wastewater as feed to support the 
formation of biomass and subsequent adaptation to the 
new microenvironment. Constant substrate (COD) removal 
efficiency and voltage output were considered as indicators 
to assess the stable performance of the MFC. Fuel cell 
was operated continuously for 35 days. Experimental data 
showed the feasibility of electricity generation from 
wastewater treatment (Figures 2–3; Table 2). However, 
the performance and stabilization tendency with respect to 
power generation was found to be dependent on the sub-
strate loading rate. The performance of MFC with respect 
to voltage and current output during operation is depicted 
in Figure 2. During the initial stage after inoculation, a 
gradual rise in the voltage was observed, which ap-
proached a maximum of 423 mV on the 33rd day (Figure 2). 
During first feeding cycle, a drop in potential difference 
was observed after the fifth day of the operation, which 
could be due to the exhaustion of carbon in the feed. 
Fresh feed was supplemented after a drop in potential dif-
ference was observed. A steady increase in potential dif-
ference was observed with every additional feed and this 
might be attributed to the adaptation, phenomenon and 
development of the biofilm on the graphite surface of the 
anode. The fuel cell showed a retention time ranging be-
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tween 6 and 9 days with respect to potential drop. Maxi-
mum power output of 1.66 mA was observed during the 
fourth cycle on the 33rd day after feeding, when measured 
at 50 Ω (Figure 2). Current generation also showed a 
gradual increase with each additional feed cycle. 
 During operation, the anodic chamber was continu-
ously monitored for substrate (COD) removal efficiency 
(Figure 3; Table 2). It is evident from the experimental data 
that the substrate loading rate (OLR) documented its 
marked influence on power yield and substrate degradation. 
However, it was observed that power yield and substrate 
degradation did not show any compatibility. At operated 
lower OLR (0.517 kg COD/m3-day), the fuel cell registered 
a SDR of 0.323 kg COD/m3-day along with a power yield 
of 168 mW/g CODR (50 Ω). Maximum substrate (COD)  
 
 

 
 
Figure 2. Variation in voltage and current generation during opera-
tion of MFC (arrow indicates shift in feed). 
 

 
 
Figure 3. Variation of substrate degradation rate and power yield as a 
function of organic loading rate. 

removal efficiency (62.5%) was observed during this phase 
of MFC operation. With increase in substrate loading 
(0.574 kg COD/m3-day), increased yield in both power 
(274 mW/g CODR; 50 Ω) and substrate degradation (0.366 kg 
COD/m3-day) was observed. Subsequent increase in OLR 
(0.646 kg COD/m3-day) documented an increase in SDR 
(0.384 kg COD/m3-day), but a decrease in power yield 
(167 mW/g CODR; 50 Ω). Subsequent increase in OLR 
also registered higher degradation rate of substrate with 
stabilized power yield. Decrease in COD concentration 
indicated effective functioning of the selectively enriched 
mixed microflora in metabolizing the carbon source present 
in wastewater as electron donors. It is evident from the 
experimental data that the anodic chamber of MFC acted 
as anaerobic suspended growth reactor normally used for 
wastewater treatment with respect to COD removal effi-
ciency along with power generation. It could be presumed that 
the MFC studied with the specified operating conditions 
could be operated with higher power yield, i.e. up to OLR 
of 0.574 kg COD/m3-day. Reduced power yield even at 
higher SDR observed in this study might be attributed to 
the effective mobility of electrons generated during meta-
bolism towards the electrode because of using plain 
graphite electrode as anode material. 
 Figure 4 shows the polarization curve as a function of 
current density, potential and power density measured at 
variable resistances (50–500 Ω) and at operating OLR of 
0.646 kg COD/m3-day. Current generation in different re-
sistors was observed once the maximum voltage was at-
tained. The curve depicted a maximum power density of 
66.21 mW/sq. m (216.01 mA/sq. m) at lower resistances 
(50 Ω) studied. Current generation showed decreasing 
trend with increase in resistance and is consistent with the 
reported literature10,15, which indicated a typical fuel cell 
behaviour. At higher resistance used (500 Ω), relatively 
less power density of 19.74 mW/sq. m (46.67 mA/sq. m) was 
observed. Relatively less drop in voltage was observed at 
lower resistance indicating less potential drop. Voltage 
stabilization was comparatively rapid at higher resistances 
studied. Effective electron discharge observed at lower 
resistances might be the probable reason for further  
potential drop and slow stabilization of the voltage at 
lower resistances. Oxidation of substrates by microbes 
was observed to be more at lower resistance than at 
higher resistance, where microbes donated electrons to the 
anode as the electrons were discharged in a closed cir-
cuit8,11. Rozendal and co-workers30 reported power den-
sity of 563 mA/sq. m (10 Ω) using MFC fabricated with 
platinum-coated titanium graphite felt anode and aerated 
cathode. Relatively lower power (216.01 mA/sq. m; 50 Ω) 
observed in this study might be because of using graphite 
electrode without any coating. 
 Each of the microbial groups involved in anaerobic 
degradation had a specific pH optimum and could grow in 
a specific pH range. The optimum range for all methano-
genic bacteria (MB) was between 6.0 and 8 with an opti-
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Table 2. Details of MFC operation with respect to output parameters 

OLR pH  VFA buildup  Voltage  Current  COD reduction  SDR 
(kg COD/m3-day) variation (mg/l) (mV) (mA) (%) (kg COD/m3-day) 
 

0.517 5.5–4.6 +546 350 1.44 62.5 0.323 
0.574 5.5–6.8 –10 423 1.66 53.3 0.306 
0.646 5.5–6.8 +106 339 1.41 59.5 0.384 
1.033 5.5–6.8 –70 332 1.38 60.0 0.419 

OLR, Organic loading rate; VFA, Total volatile fatty acids (+ indicates VFA generation; – indicates VFA con-
sumption); SDR, Substrate degradation rate. 

 
 

 
 
Figure 4. Polarization curve generated during stable performance at 
operating OLR of 0.646 kg COD/m3-day. 

 
 

 
 
Figure 5. SEM images of bioelectricity-producing mixed consortia 
(× 2.5 K). 

 
 
mum near pH 7.0, while acetogenic bacteria (AB) had 
lower pH optimum around 6.0. AB are notably less sensi-
tive to pH variations30. The designed synthetic feed prior to 
feeding was adjusted to pH 5.5, which facilitated growth 
of AB and at the same time inhibit the functioning of 
MB. This susceptible environment created facilitates the 
generation of molecular H2 as a metabolic intermediate in 
the anaerobic environment. During fuel cell operation, 
VFA was also analysed in the outlet of the anode  
compartment after the completion of every cycle (Table 

2). Higher concentration and accumulation of VFA 
(+546 mg/l) was observed at the end of first cycle, which 
was reduced to +106 mg/l after the completion of the 
second cycle. After the second cycle, a gradual reduction 
in VFA was observed throughout the run, which might be 
due to low acetate and propionate concentrations. Accu-
mulation of high concentration of VFA lowers the voltage 
generation. Increased potential difference was observed 
at lower VFA concentrations which could be visualized 
in the fourth cycle (–10 mg VFA/l; 1.66 mA). However, 
VFA concentration alone may not influence the potential 
difference created in the given system, as voltage genera-
tion depends on a number of other factors such as mass 
transfer, temperature and internal resistance. The de-
crease and increase in pH was consistent with the corre-
sponding VFA data. VFA and pH were integral expressions 
of the acid-base conditions of anaerobic process, as well 
as intrinsic index of the balance between microbial 
groups in the anaerobic system11,31,32. VFA formation and 
persistent acidogenic metabolism encountered in the anode 
chamber presumably indicated a micro-environment con-
genial to the proliferation of H2-producing AB and inhibi-
tory for MB. Due to usage of acidophilic conditions, AB 
outbeats MB resulting in VFA accumulation in the system, 
thus leading to a drop in system pH. Also due to adopted 
batch mode operation of the MFC, VFA accumulation in 
the system was not observed after replacement of feed. 
VFA composition revealed the presence of formic acid, 
butyric acid and acetic acid along with propionic acid. 
However, formic acid concentration was comparatively 
on the higher side and susceptibility to formic acid in the 
anaerobic process suggested that mixed acid fermentation 
condition persisted in the anodic chamber. Propionate 
concentration was comparatively low, and negligible 
ethanol and lactic acid production was detected. This pheno-
menon suggests the survival of H2-producing species, 
rather than H2-consuming species. 
 Figure 5 shows SEM (× 2.5 K magnification) image of 
adopted anaerobic mixed consortia formed on the anode 
surface. The image shows morphologically similar bacte-
rial groups with short-chain rods (~20 µm approximate 
length) present in clusters. Throughout the experiments, 
analyte pH was maintained at acidophilic conditions (5.5) to 
sustain the AB growth and to suppress methanogenic  
activity, which facilitated congenial environment for H2 
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production through anaerobic fermentation. This is an essen-
tial intermediate for electricity generation in MFC operation. 
Experimental data revealed the effectiveness of acido-
philic conditions maintained for power generation within 
a short period of adaptation time. Moreover, using mixed 
microbial culture could be considered as a practical, cost-
effective and promising approach to achieve bioelectricity 
generation at large scale. Typically, the mixed consortia 
employed do not require soluble mediators, but can do-
nate electrons directly to the electrode surface by attach-
ment6,33,34. The mixed acidogenic inoculum not only 
produced power in association with COD reduction, but 
also facilitated transfer of electrons to the anode without 
an exogenous mediator. Phenazines produced by bacteria 
were recently shown to enhance electron transfer in 
MFCs7,32. Utilizing mixed anaerobic cultures for produc-
tion of electricity is a more useful phenomenon and has 
practical advantages. 
 During MFC operation, relatively lower concentration 
of H2 (0.1 mmol) and negligible amount of methane was 
observed in the anode chamber. This observation confirms  
the capability of mixed consortia for generation of H2 as 
intermediate. Reduced concentration further enumerates 
its role in the power generation. During the metabolic 
process6, reduced energy substrates (NADH/FADH2) pro-
duced in the microbes reoxidize to release H+. The pro-
tons flow back into the cell through the ATPase enzyme 
creating one ATP molecule from one ADP molecule for 
every 3–4 protons. Finally, the electrons are released to a 
soluble terminal electron acceptor such as nitrite or sul-
phate or oxygen. When the electron exits the respiratory 
chain at a reduction potential less than that of the terminal 
electron acceptor, the bacteria obtain less ATP and a potential 
relative to the remaining oxygen is used for electricity 
generation in the MFC. For each electron that is pro-
duced, a proton must be conducted to the cathode through 
the electrolyte to sustain current generation and the elec-
trons and protons react with oxygen at the cathode. 

Conclusion 

This study documented the feasibility of bioelectricity 
generation from anaerobic wastewater treatment using a 
MFC fabricated with low-cost anode materials (non-coated  
plain graphite electrodes), without any toxic mediators  
(aerated cathode and mediatorless anode). Acidophilic  
(anode pH of 5.5) conditions maintained during the ex-
periments using anaerobic mixed consortia also helped in  
bioelectricity generation along with effective substrate  
removal. The substrate loading rate showed significant  
influence on the overall performance of MFC with respect  
to power generation and substrate removal. COD removal  
efficiency observed in the anode chamber enumerated the  
functioning of MFC as alternative wastewater treatment  
unit in addition to renewable energy generation. The proce-

dure was cost-effective and environmentally sound and 
sustainable due to utilization of wastewater as substrate. 
Further, power was generated in situ along with waste-
water treatment, utilizing low-cost and non-coated elec-
trodes and mediatorless anode. This process could be 
effectively integrated to wastewater treatment plant, 
wherein renewable energy could be generated from 
wastewater in addition to treatment. The dual activity 
could significantly reduce the cost associated with the 
current wastewater treatment methods. 
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