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Chapter 10
Rumen Fluid Microbes for Bioelectricity 
Production: A Novel Approach

Deepika Jothinathan, Prabhakaran Mylsamy, and L. Benedict Bruno

10.1  Introduction

Microbial fuel cell (MFC) is a promising technology for the production of sustain-
able energy. Almost all wastewater and waste have been tried out as the raw material 
for the energy production under mesophilic conditions. In this chapter, power pro-
duction of rumen microbes is being discussed. The utilization of slaughterhouse 
waste is compared to the other wastewater collected from industries. Slaughterhouse 
waste comprises of blood, skin, digestive contents, etc. Ruminants such as cow, 
sheep, camel, etc. have a four compartmental stomach comprising of rumen, oma-
sum, abomasum, and reticulum. While slaughtering the ruminants, the rumen fluid 
is thrown away as a waste. Million tonnes of rumen fluid gets wasted in slaughter 
houses. The wastewater from slaughterhouse is heavy in pollution, and, therefore, it 
should not be allowed to mix with the municipal drain system without pretreatment 
meeting sewage standards as per the Bureau of Indian Standards (BIS).

In a large slaughterhouse per day, more than 200 large animals are slaughtered, 
and annually 40,000 animals are slaughtered approximately, which create a waste of 
6–7 tonnes/day. To efficiently convert this waste into energy, microbial fuel cell can 
be employed.

One milliliter of rumen contains roughly 10–50 billion bacteria and 1 million proto-
zoa, and certain yeast and anaerobic fungi also comprise the group. Fibrobacter 
(Bacteroides) succinogenes, Ruminococcus albus, Ruminococcus flavefaciens, 
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Butyrivibrio fibrisolvens, Streptococcus bovis, Succinimonas amylolytica, Selenomonas 
ruminantium, Succinivibrio dextrinosolvens, Lactobacillus sp., Anaerovibrio lipolytica, 
Eubacterium ruminantium, Oxalobacter formigenes, Methanosarcina barkeri, Wolinella 
succinogenes, Megasphaera elsdenii, etc. are the common bacteria found in the rumen. 
These bacteria are anaerobic and carbohydrate fermenters.

Microbes in rumen exist either to the rumen epithelium or feed and free floating 
cells in rumen fluid portion (Chen et al. 2008). These microorganisms help in the 
degradation of ingested plant material. As per Cheng and Costerton (1980), rumen 
was considered as an ecosystem for studying the microbial behavior that is adhered 
to the biological surfaces. In 2007, Rismani-yazdi et al demonstrated that rumen 
microbes in MFC depend on the inoculum source and size and substrate composi-
tion. Cellulolytic bacterium is the most active species involved in the digestion of 
plant cell walls due to its high cellulase and hemicellulase activity. It produces 
hydrogen acetate and succinate as end products. Electrochemically active microor-
ganisms are also present in the rumen. Similarly in other MFC reports, the physical 
and chemical parameters affected the performance of the microbes in the system 
(Reimers et al. 2007). Chen (2010) observed that, in the presence of protozoa, rumi-
nal redox potential was more negative and produced a higher maximal voltage out-
put of 595 mV (Chen 2010).

This chapter gives an insight of the power production by rumen microbes in 
MFC.  The parameters that are favorable for the biofilm formation and electron 
transfer are tested. The bacterial strains isolated were checked for their efficiency in 
bioelectricity generation, and also their electrochemical activity was tested using 
cyclic voltammetry (CV) and electron impedance spectroscopy (EIS) techniques.

10.1.1  Optimization of Parameters for the Increased Electricity 
Production by the Microbial Fuel Cell Using Rumen 
Fluid

 (a) The first parameter was electrodes where copper and zinc electrodes gave a 
maximum of 840 mV and 0.820 mA. However, the voltage dropped after the 
4th day drastically and reached 100 mV. Carbon electrodes produced a stable 
voltage and current of 540 mV and 0.510 mA, respectively. Graphite and stain-
less steel produced 300 mV and 0.420 mA and 90 mV and 0.320 mA, respec-
tively. Aluminum produced a negligible amount of voltage and current. Since 
carbon electrodes produced a considerable power, it was used for the further 
experiments. In an earlier report, carbon paper used as anode produced 
14.92  mA with sugar industry wastewater as the anolyte (Mathuriya and 
Sharma 2009). MFC with carbon cloth utilizing beer brewery wastewater pro-
duced 63 mW/cm2 as reported by Feng et al. (2008). In another report, plain 
graphite plates which were used as anode in a dual-chambered MFC produced 
271.5 mV which has confirmed that carbon is the best electrode material in 
MFC (Venkatamohan et al. 2008).
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 (b) The second parameter being the pH which plays a vital role in many biological 
experiments was selected ranging from 5.0 to 9.0 in the anode chamber, and the 
results showed that pH  7.0 gave a maximum voltage of 590  mV and 
0.420 mA. When the rumen fluid pH is changed to acidic, the voltage and cur-
rent production is increased. When it is alkaline, the voltage production was 
stable. Various studies have focused mainly on the pH of the medium in anode 
chamber. For instance, the anodic sludge of pH 6.0–6.8 gave a power density of 
10.4 W/cm3, and when the pH was increased to 7.55, the power output increased 
to 11.8 W/m3 (Jiang et al. 2009). Beer brewery wastewater produced 10.92 mA 
of current at pH – 6.4; municipal wastewater produced 9.01 mA of current at 
pH – 7.6 ( Mathuriya and Sharma 2009).

 (c) Substrates are the source of the bacteria during the process of bioelectricity 
generation and hence were selected as the third parameter. A variety of sub-
strates in the final concentration of 2 g which contributed for the oxidation pro-
cess were used in anode chamber. Among them, spinach gave the maximum 
voltage and current production of 600 mV and 0.300 mA, respectively. Cabbage 
peel produced 410 mV and 0.20 mA, respectively. All other substrates except 
paddy straw gave less amount of electricity. These results show that cheap sub-
strates or agro-waste material can be used for the current production. In an 
earlier study, monosodium glutamate wastewater was used as a substrate in 
MFC inoculated with Rhodoferax ferrireducens, and it produced 0.18 V (Liu 
and Li (2007)). In another study, cheese whey was found to produce 29.1 W/m2 
(Kassongo and Togo 2011). Abattoir wastewater being an exceptional substrate 
used in a MFC produced 12.26 mW/cm2 (Momoh and Neayor 2010). These 
reports support the finding implying that when an appropriate substrate is used 
based on the waste, a maximum power production can be achieved.

 (d) Among the catholytes tested, acetic acid gave the maximum electricity produc-
tion. Hydrogen peroxide produced the least current. Acetic acid gave the maxi-
mum voltage of 0.47 V and current of 0.05 mA. In the earlier reports, oxidizing 
agents like hexacyanoferrate (Rabaey et  al. 2005) and acidic permanganate 
(You et al. 2006) have been used as catholytes in MFCs. The maximum power 
density of using a single-brush anode in a double-air cathode MFC was 
154 ± 1 W/m3, which is 108% more than the single-cathode MFC (Xiaoyuan 
Zhang et al. 2011). When calcium hypochlorite powder (Ca(OCl)2) was used as 
a catholyte, it produced 12.26 and 20.71  mW/cm2 for single- and dual- 
chambered MFC, respectively (Momoh and Neayor 2010). From our experi-
mental results, the catholyte acetic acid produced 470 mV and 0.05 mA.

 (e) Among the buffers ranging from pH 5 to 9 tested, acetate gave a maximum of 
1.4 V and 0.140 mA. Phosphate buffer produced a maximum of 720 mV and 
0.100 mA. Citrate phosphate buffer produced very less voltage among the buf-
fers. From the previous literature, it is understood that phosphate-buffered 
saline of concentration 50/50  v/v was used for the efficiency (Cheng et  al. 
2009). A maximum power density of 1550 W/m3 (2770 mW/m2) was obtained 
and a current density of 0.99 mA/cm2 using a pH 9 bicarbonate system. The 
power density was 38.6% higher when compared to the system using pH  7 
phosphate buffer at the same concentration of 0.2 M (Fan et al. 2007).
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10.1.1.1  Scale-Up of MFC with Rumen Fluid

Upon analyzing the individual parameters in small MFC, scale-up of rumen fluid 
MFC has been demonstrated with 3  L plastic bottles. The working volume was 
2.5 L in each MFC. When three individual MFCs, namely, MFC 1, MFC II, and 
MFC III, were connected in series, it produced 2.05 V and 20 mA. When connected 
in parallel, they produced 0.73 V and 62 mA to the maximum. Figure 10.1 (a) gives 
the voltage and (b) current production of MFC connected in series. This denoted 
that to achieve a long-term voltage and current, parallel connection is favorable, 

Fig. 10.1 (a) Voltage production of MFC connected in series. (b) Current production of MFC 
connected in series
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and, for high voltage, series connection of MFCs is favorable. Similarly in a report, 
two individual MFCs were stacked together either in series or in parallel. The MFCs 
stacked in series produced a working voltage of 1.22  V (Gurung et al. 2012). 
Likewise, Aelterman et  al. (2006), connected six individual MFCs in series and 
parallel which enabled an increase of the voltage by 2.02 V and current 255 mA 
while retaining high power output. The OCV of 0.67 and 4.16 V was obtained when 
they were connected in parallel and series, respectively (Aelterman et al. 2006).

The individual microbial fuel cell in the stacked series was observed for the 
potential and current readings separately, and the results were interpreted. Here 
among the three MFCs, MFC I gave a maximum production of 0.86 V. Though 
MFC III gave an initial peak in voltage of 0.85 V, it gradually decreased to 0.6 V in 
the course of time period. On the other side, MFC I also gave a stable current of 
0.24 V. However, MFC II had the maximum production of 0.32 mA on the 10th day. 
The same observation was observed by Aelterman et  al. (2006) where he has 
reported that during the connection of the individual MFCs together, the voltage 
diverged due to the microbial limitations at increasing currents. It is well known that 
a series connection could improve the voltage while maintaining the current 
(Aelterman et  al. 2006). In a recent article, four membrane-electrode assembly 
MFCs were checked both individually and in series connection. Individually they 
showed 0.68 ± 0.05 V which sharply increased to 2.06 ± 0.03 V when connected in 
series (Kim et al. 2013). MFC stacked with bipolar plates made up of carbon blocks 
has been tested for their performance. Five single cells connected in series produced 
a maximum voltage of 2.5 V indicating that the individual cells generated 0.5 V 
(Shin et al. 2006). Figure 10.2 (a) gives the voltage and (b) current generation con-
nected in series and parallel.

10.1.2  Comparative Analysis of Power Production of Pure, 
Co-culture, and Mixed Culture in Microbial Fuel Cell

10.1.2.1  Bacterial Strains

Bacterial strains which were isolated from the biofilm were streaked by quadrant 
plate method to obtain pure cultures. The isolated strains were named as Strain 1, 
Strain 2, Strain 3, Strain 4, and Strain 5. After the colony morphology observation, 
the strains were screened for various biochemical tests to infer the genus of the 
organism. Based on the gram staining, it was identified that Strains 1 and 3 are 
gram-positive rods, Strain 2 is a gram-negative coccobacillus, Strain 4 is a gram- 
negative rod, and Strain 5 is a gram-negative rod to ovoid. Based on the hanging 
drop technique, it was found that all the bacterial strains except the Strain 1 were 
motile confirming the presence of flagella or pili. This kind of projections is helpful 
for the electron transfer to the anode surface (Gorby et al. 2006). Based on the bio-
chemical tests and 16s rRNA sequencing, the strains were identified as Pseudomonas 
aeruginosa DMR-3, Bacillus tequilensis DMR-5, Bacillus thuringiensis DRR-1, 
Pseudomonas fragi DRR-2, and Paracoccus homiensis DRR-3.
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10.1.2.2  Brief Pure Culture Study in Terms of Voltage Production 
and Cyclic Voltammogram

In this experiment, five cultures were inoculated as pure cultures in five separate 
MFCs. The readings were taken in multimeter for 12 days. Among the five cultures, 
Paracoccus homiensis and Pseudomonas aeruginosa produced the maximum volt-
age of 320 mV and 300 mV, respectively. Bacillus thuringiensis produced the least 
voltage of 150 mV. Likewise, Paracoccus sp. and Pseudomonas sp. gave the maxi-
mum current of 0.01  mA and 0.02  mA, respectively. Henceforth, Paracoccus 
homiensis was chosen for proton-exchange membrane study as a pure culture. 
Figure 10.3 (a) shows the potential and (b) current comparison between the five 
pure cultures.

Microbial fuel cell performance differs for each and every bacterium. 
Saccharomyces cerevisae and Clostridium acetobutylicum generated 10.89 mA and 

Fig. 10.2 (a) Voltage of MFC connected in series and parallel. (b) Current of MFC connected in 
series and parallel
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10.45 mA, respectively, after 10 days of operation (Mathuriya and Sharma 2009). 
On the other side, an aircathode MFC with Enterobacter aerogenes produced a 
maximum power density of 2.51  W/m3 where no mediators were used (Zhuang 
et  al. 2011). Geobacter sulfurreducens and Geobacter metallireducens exhibited 
lower current densities of 110 ± 7 A/m3 (Call et al. 2009). Shewanella oneidensis 
DSP10 grown in medium with lactate exhibited 24 mW/m2 for reticulated vitreous 
carbon, and once external mediators were used, the current and power increased by 
30–100% (Ringeisen et  al. 2006). Hansenula anomala yielded 2.34  W/m3 with 
graphite felt as the anode material in a deaerated suspension of nutrient broth in 
anodic chamber (Prasad et al. 2007).

The cyclic voltammogram is a characteristic feature which confirms the electro-
chemical activity of the biofilm or individual bacteria. Hence, this technique has 
been widely used for the studies involving microbial fuel cell. The redox potential 
in the anode compartment and also information about the direct electron transfer 

Fig. 10.3 (a) Potential of five pure bacterial strains. (b) Current of five pure bacterial strains
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can be studied with the technique. For instance, the electrochemical activity of two 
enzymes has been demonstrated in a study where Hansenula anomala produced 
less peak currents when lactate has been added (Prasad et al. 2007). Figure 10.4a–c 
represents the cyclic voltammogram of Pseudomonas aeruginosa, P. fragi, and 
Paracoccus homiensis, respectively, showing prominent redox peaks which confirm 

Fig. 10.4 (a) Cyclic voltammogram of Pseudomonas aeruginosa DMR-3. (b) Cyclic voltammo-
gram of Pseudomonas fragi DRR-2. (c) Cyclic voltammogram of Paracoccus homiensis DRR-3
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the electricity production in the voltage–current experiments (V × I). P. aeruginosa 
showed an oxidation peak at −0.398 V and reduction peak at 0.587 V. Pseudomonas 
fragi showed a mild oxidation peak at −0.71 V and a reduction peak at 0.20 V. 
Paracoccus homiensis showed a reduction peak at high voltage of 0.77 V. Bacillus 
thuringiensis and Bacillus tequilensis did not show peaks in the voltammogram. 
These two bacteria produced less voltage in the previous experiment in MFC.

10.1.2.3  Co-culture and Mixed Culture Studies

The anodic chamber of MFC was inoculated with 110 × 105 CFU/mL of Bacillus 
tequilensis, 70  ×  105  CFU/mL of Pseudomonas aeruginosa, and co-culture of 
Bacillus tequilensis and Pseudomonas aeruginosa (110  ×  105  CFU/mL and 
70 × 105 CFU/mL, respectively) in three separate MFCs on the same day. When 
inoculated as pure culture, Pseudomonas aeruginosa showed a maximum of 
310 mV and 0.020 mA. Bacillus tequilensis produced a maximum of 250 mV and 
0.010 mA. The co-culture of Bacillus tequilensis and Pseudomonas aeruginosa has 
shown a maximum of 450 mV and 0.040 mA. From the above results, it is evident 
that the co-culture produced high power density than the pure cultures.

In addition to microorganisms that can transfer electrons to the anode, the pres-
ence of other organisms appears to benefit MFC performance. It is reported that a 
mixed culture generates a current that was sixfold higher than a pure culture (Park 
and Zeikus (2002)). The anodic chamber was inoculated with 120 × 105 CFU/mL of 
Paracoccus homiensis and 100 × 105 CFU/mL of Bacillus thuringiensis and a co- 
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culture of these bacteria in three separate MFCs. When Bacillus thuringiensis was 
tested as pure culture, it produced a maximum of 180  mV with no current, and 
Paracoccus homiensis produced a maximum of 300 mV and 0.010 mA. However, 
when the two bacteria were inoculated in the MFC, it produced 300  mV and 
0.100 mA. Comparatively, the combination of the two cultures gave the maximum 
voltage and current. However, there is noticeable change in the current from 0.010 
to 0.100 mA in co-culture. This shows that the pure cultures react on their own way, 
and when combined there might be some mechanism existing between the cultures 
which is the reason for the increase in current.

This experiment reveals the potential comparison between co-culture and mixed 
culture. The first co-culture is a combination of Pseudomonas aeruginosa and 
Bacillus tequilensis. The second co-culture is a combination of Paracoccus homien-
sis and Bacillus thuringiensis. Mixed culture is a combination of all the five bacte-
rial strains used in this study. Figure 10.5 shows the comparison of potential between 
the cultures. Among the two different sets of co-culture, the first co-culture pro-
duced the maximum voltage of 450 mV. The second set of co-culture produced a 
maximum voltage of 300 mV. But compared to this, the mixed culture with five 
bacterial strains produced a maximum of 500 mV. Thus it is evident from the experi-
ments that bacterial cultures in mixed form produce maximum power.

10.1.2.4  SEM Analysis

The anode subjected to scanning electron microscope analysis shows the biofilm 
formation attached on the surface of the electrode. Figure 10.6a shows the plain 
carbon sheet (control), and Fig.  10.6b shows bacteria (Paracoccus homiensis) 

Fig. 10.5 Potential comparison of co-culture and mixed culture
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adhering to the surface of the carbon sheet. From this image, it was found that bio-
film was spreaded on the carbon sheet which facilitates bioelectricity production. A 
thick biofilm of Aeromonas hydrophila PA3 on the anode surface with uniform cells 
was observed through SEM. It has been reported that the biofilm has contributed to 
the maximum current (Pham et al. 2003).

10.1.2.5  Production of Bioelectricity in MFC by Pseudomonas fragi 
DRR-2 (Psychrophilic) Isolated from Goat Rumen Fluid

Over the period of time, MFC has been examined at ambient temperature with dif-
ferent microbes. There are many bacteria isolated from different places other than 
rumen such as Rhodoferax ferrireducens (Chaudhuri and Lovley 2003), Shewanella 
putrefaciens (Kim et al. 2002), Geobacter sulfurreducens (Bond and Lovley 2003), 
and Desulfobulbus propionicus (Holmes et al. 2004) which have been reported for 
power production in MFC. A recent study has focused on bioelectricity production 
from Geopsychrobacter electrodiphilus gen. nov., sp. nov., a psychrotolerant bacte-
ria which can grow between 4 and 30 °C with an optimum temperature of 22 °C 
(Holmes et al. 2004). Rhodoferax ferrireducens is capable of transferring electrons 
to electrodes at 4 °C in a mediatorless microbial fuel cell (Chaudhuri and Lovley 
2003). Previous studies show that mesophilic bacteria show higher growth rate, 
higher electron transfer, shorter lag phase, and lower respiration which are not 
found in low-temperature-adapted microbes (Hall et al. 2010). There are many cold- 
adapted microorganisms (psychrophilic) present in our environment which need to 
be explored for MFC research. The purpose of this study was to investigate bioelec-
tricity generation by Pseudomonas fragi, psychrophilic bacterium growing in low 
temperature, so that they can be used in places of cold region. Based on the experi-
mental results, it can be concluded that the bacteria showed higher growth rate, 

Fig. 10.6 (a) Scanning electron micrograph of the carbon sheet (control) (b) Paracoccus homien-
sis growth
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higher electron transfer, and shorter lag phase when subjected to low temperature. 
This is the first report on Pseudomonas fragi for the production of bioelectricity at 
low temperature.

10.1.2.6  Growth Curve and Protein Content of Pseudomonas fragi DRR-2 
at Different Temperatures

The bacterial growth was measured every 24 h for a period of 15 days at different 
temperatures. The maximum growth was observed on the 6th day at 20 °C. The 
protein content was maximum on the 6th day at 10 °C, whereas for other tempera-
ture bacteria showed less content. This confirms that the optimum temperature for 
growth is 20 °C and the bacteria has the ability to grow in low temperatures (>4 °C). 
At all the temperatures, the total protein was observed to be highest between the 6th 
day and 10th day.

Under high-nutrient conditions, bacteria tend to alter their membrane lipid com-
position to adapt to the changing temperatures (van de Vossenberg et al. 1999), by 
the method known as homeoviscous adaptation (Sinensky 1974). According to 
Hall et al. (2010) report, at low temperatures, membranes can be highly firm and 
prevent the efficient function of transmembrane proteins, important for resource 
utilization. This is due to the membrane fluidity which plays a main role in the 
proton-motive force. However, in bacteria the cellular membrane is also used to cre-
ate an electrochemical gradient, which makes the synthesis of ATP as protons move 
down the proton gradient into the cell. As membrane lipids play a main role in 
maintaining the membrane fluidity, it has been observed that the organisms domi-
nated in cold environments are rich in MUFA or branched-chain fatty acids, while 
organisms in warmer environments have saturated fatty acids (SAFA) (Kaneda 
1991). Mesophilic bacteria show higher growth rate, higher electron transfer, shorter 
lag phase, and lower respiration which are not found in low-temperature-adapted 
microbes (Hall et  al. 2010). Our experimental results confirm that Pseudomonas 
fragi (psychrophilic) shows higher activity at low temperature (10 °C) where the 
protein concentration was found to be maximum.

Power Production of the Bacterium Under Different Temperatures Using Salt 
Bridge and Nafion 117

The bacterium produced a maximum voltage of 540 mV on the 10th day at 20 °C 
indicating that the favorable temperature for the growth gave the maximum electric-
ity production. The maximum current was only 0.020 mA since salt bridge was used 
as the proton exchanger due to higher internal resistance. Compared to the room 
temperature, the bacteria produced more voltage in low temperatures.

A maximum voltage of 380 mV on the 10th day at 20 °C and a maximum current 
of 0.070 mA on the 7th day at 4 °C confirm that the bacteria are active at low tem-
peratures between 4 and 20 °C. When compared to the salt bridge, Nafion 117 mem-
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brane gave a maximum current, indicating that the internal resistance of the fuel cell 
is decreased thereby improving the cell performance. Geopsychrobacter electro-
diphilus produced a maximum current of 3.73 mA/cm2 when acetate was provided 
as the electron donor (Holmes et al. 2004). Rumen microbes when they grow in low 
temperatures tend to produce less methane comparatively to the mesophilic condi-
tions (Graham et al. 1959; Kennedy and Milligan 1978). Based on the above infor-
mation, we prove that the isolated strain might have produced less methane and 
more hydrogen for the electron and proton transfer. This may be the reason for the 
increased bioelectricity production of P. fragi at low temperatures. Figure 10.7a and 
b represents the potential and current production of P. fragi at low temperatures with 
Nafion membrane.

Cyclic Voltammogram of the Strain in Low Temperatures

The cyclic voltammograms of the anodic biofilm clearly give an anodic potential 
and cathodic potential. This confirms that the bacteria grown in low temperatures 
exhibit a sigmoidal curve indicating that they are electrochemically active in nature. 
Figure  10.8 shows the voltammogram of the anodic biofilm at 20  °C.  From the 
voltammograms, it has been observed that at 4 °C, a sharp oxidation peak at 0.04 V 
was found indicating the maximum substrate utilization of the microbe has taken 
place at low temperature. At the same time, a reduction peak at −0.2 V reveals that 
there the electron transfer has taken place. However, the electron transfer was found 
to be maximum at 20 °C, and the corresponding voltammogram confirms it with 
three reduction peaks in the reverse scan at −0.14, −0.8, and −0.6 V.

10.1.3  Performance of Paracoccus homiensis DRR-3 
in Microbial Fuel Cell with Membranes

10.1.3.1  Power Production of Paracoccus homiensis DRR-3 with Nafion 
117 in MFC

This research also focuses on to find an alternative membrane to the commercially 
available Nafion 117. Henceforth, Nafion 117 was tested for its efficiency in the 
300  mL acrylic chamber which has a membrane holder. The other membranes 
which were tested are polyvinylidene difluoride (PVDF) and polycarbazole (PCZ) 
which are conductive in nature. This was the reason to choose them for the 
experiments.

Initially Nafion 117 was tested with three types of electrodes, namely, carbon 
cloth, carbon sheet, and graphite plate. The carbon paper produced the maximum 
potential and current with 0.8 V and 0.13 mA. The carbon cloth produced a maxi-
mum of 0.54  V and 0.7  mA, whereas graphite plate showed the least output of 
0.24 V and 0.1 mA. This is due to the smooth surface of the graphite plate which did 
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not help the bacterium to colonize the surface which is contradicting to the observa-
tion carried out by Junqiu Jiang where he observed the MFC yielding a maximum 
voltage of 0.687 V with a graphite fiber brush anode (Jiang et al. 2009). In a previ-
ous report, a modified CNT/PANI (carbon nanotube/polyaniline) increased the 
MFC performance with 1.18 V and current of 12.8 mA (Wang et al. 2013). In a 
MFC utilizing corn stover biomass, plain carbon paper was used as anode, and the 
cathode was made up of carbon cloth containing Pt catalyst. Reactors fed with the 
sample produced 437 mV (390 mW/m2) (Wang et al. 2009). Carbon cloth of pro-

Fig. 10.7 (a) Potential curve of P. fragi at low temperatures using Nafion membrane. (b) Current 
curve of P. fragi at low temperatures using Nafion membrane
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jected surface area 7 cm2 used in a MFC employing biodiesel waste as the organic 
matter produced a maximum of 450–500 mV (Yujie et al. 2011). These results con-
firm that carbon paper and modified carbon electrodes strongly play a main role in 
electron transfer when compared to other electrode materials.

10.1.3.2  Power Production of Paracoccus homiensis DRR-3 with PVDF 
and PCZ in MFC

Since carbon paper showed a maximum power production, it was used for the fur-
ther experiments. Paracoccus homiensis produced a maximum of 0.64 V on the 8th 
day with the PVDF membrane as a proton exchanger. The voltage then gradually 
decreased to 0.37 V on the 17th day. Though PVDF could not achieve a high voltage 
as Nafion membrane (0.80 V), it produced a significant amount of power. However, 
PVDF produced a maximum of 0.16 A which is higher than that of Nafion mem-
brane. Similarly, in a report polyether ether ketone was sulfonated and used as a 
proton-exchange membrane in a single-chamber MFC. Escherichia coli produced a 
maximum of 670 mW/cm2 with SPEEK membrane, whereas Nafion 117 produced 
300 ± 7 mW/cm2 (Ayyaru and Dharmalingam 2011). This experiment has given us 
a hint that PVDF membrane might be a good alternative for Nafion in future in the 
field of microbial fuel cell.

Paracoccus homiensis gave a maximum voltage of 0.46 V on the 4th day which 
gradually decreased to 0.15 V on the 15th day. The maximum current production 
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Fig. 10.8 Cyclic voltammogram  Cyclic Voltammogram analyses of MFC inoculated with of P. 
fragi at 20°C with scan rates 1mV/s, 5mV/s & 10mV/s
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was 0.10  mA on the 9th day which gradually declined to zero. This membrane 
seems to produce less voltage when compared to the commercial Nafion and 
PVDF. However, it was taken into account for the further experiments to check the 
efficacy in terms of power production.

10.1.4  Membranes, Their Performance, Electrochemical 
Analysis in MFC

10.1.4.1  Cyclic Voltammogram of P. homiensis Using Membranes

Paracoccus homiensis in the presence of Nafion membrane has given the cyclic 
voltammogram with two oxidations peaks at −0.57 V and 0.37 V, respectively, and 
one reduction peak at 0.07 V. Similar kind of results were observed in Shewanella 
oneidensis MR-1 in the presence of buffer and lactate as anolyte showing a reduc-
tion peak at −500 mV (−0.5 V) with Nafion 424, DuPont membrane. An oxidation 
peak was observed at the potential of 200 mV (0.2 V) which is comparable to the 
present study (Manohar et al. 2008).

Paracoccus homiensis in the presence of PVDF membrane showed two reduc-
tion peaks at −0.59 V and 0.49 V, respectively, and an oxidation peak at 0.42 V 
which indicates the transfer of electrons at the anode chamber has taken place. 
Likewise, Shewanella putrefaciens used as an EAB (electrochemically active bacte-
ria) showed a characteristic reduction peak at – 250 mV (i.e., −0.25 V), and in the 
anodic scan, it showed an oxidation peak at 0.09 V (Khilari et al. 2015).

The reduction peaks observed in the voltammogram in the presence of PCZ 
membrane signify the reducing activity of Paracoccus homiensis. Two oxidation 
peaks at 0.127 and 0.36 V were found in the anodic scan which indicates the oxida-
tion of substrate by the bacterium. A reduction peak was observed at −0.37 V which 
confirms that the bacterium is electrochemically active and the membrane which 
has been used in the MFC is transferring electrons at a good rate. To summarize the 
membrane study, all the three membranes were working quite efficient in terms of 
electron transfer. However, to further elucidate a better performance, the internal 
resistance and conductivity should be taken into account.

10.1.4.2  Impedance Spectra of P. homiensis Using Membranes

EIS was used to measure the internal resistance in the MFC before and during the 
course of reaction. The results were plotted as Nyquist curves and further fitted with 
an equivalent circuit. EIS curves usually consist of well-defined semicircle followed 
by a straight line. The intercept of semicircle with the real impedance axis presents 
the total ohmic resistance (Rohm) of the electrochemical cell including the solution 
resistance (Rs) and charge transfer resistance (Rct) at the electrode-electrode inter-
face (Dominguez-Benetton et  al. 2012). The internal resistance had two major 
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components, namely, the ohmic and non-ohmic resistance (Logan et al. 2006). The 
resistance produced by electrolyte and electrode material during electron transfer is 
known as ohmic resistance, and this is caused due to faradic reactions (He et al. 
2006). The non-ohmic resistance due to the electrochemical reaction which happens 
on the surface of the electrode mainly because of the microbial metabolism is called 
as charge transfer resistance (Khan and Iqbal 2005). The present experimental study 
of the impedance spectra of P. homiensis with Nafion membrane MFC gave a solu-
tion resistance of 9.202 Ω. The polarization resistance is 70.34 Ω, and the charge 
transfer resistance is found to be 61.138 Ω.

The impedance spectrum obtained for PVDF membrane has given the possible 
circuit which depicts that a layer of biofilm has formed over the surface of the elec-
trode. The solution resistance contributed by this MFC is 23.61 Ω, and the polariza-
tion resistance is 68.66 Ω. Figure 10.9 represents the Nyquist plot and the circuit of 
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MFC with P. homiensis employing PVDF membrane. Equivalent circuit modelling 
(ECM) was utilized to further explore the EIS results, specifically to determine the 
distribution of resistive and capacitive features in the operating MFC.

The solution resistance contributed in the MFC with the PCZ membrane is 
23.45 Ω. The polarization resistance is 533.8 Ω. The charge transfer resistance is 
510.35 Ω. The MFC performance using dairy waste with pure culture E. coli for 
4 days operation was found to be maximum at low resistance (31.14 kΩ) with high 
conductivity as described by Patil et al. (2013). The measured ohmic resistance Rs 
for the SSFF-MFC, PANIche/SSFF-MFC, and PANIele/SSFF-MFC is 36.1  Ω, 
36.5 Ω, and 32.7 Ω, respectively. The polarization resistance for the MFCs was 
938.4 Ω, 279.1 Ω, and 215.6 Ω, respectively (Hou et al. 2015). From our EIS results, 
the PVDF membrane showed a better performance when compared to the others 
with a low resistance of 68.66 Ω.

10.1.5  Applications of Rumen Fluid MFC

Scale-up microbial fuel cell of four cells has been tested for various applications 
like glowing an 1.5 V LED, running a small fan, powering pocket calculator, power-
ing digital wristwatch, and finally charging a mobile phone. The MFCs connected 
in series gave an output of 3.57 V and 60 mA. Figure 10.10 shows MFC powering 

Fig. 10.10 Rumen fluid MFC glows a 1.5 V white LED
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a 1.5 V white LED. Figure 10.11 shows MFC powering a calculator. In future, MFC 
can be used for various applications if they are worked in large scale.

10.2  Summary and Conclusion

MFC performance was primarly based on the reactor model, electrodes, organic 
matter, etc. Hence, various parameters such as electrodes, pH, substrates, catho-
lytes, and buffers were tested to study the favorable conditions for the rumen 
MFC.  The optimized parameters like carbon electrodes, pH  7.0, spinach, acetic 

Fig. 10.11 MFC powering a pocket calculator. (a) Calculator soldered with the positive and nega-
tive ends of MFC. (b) Calculator getting powered by MFC
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acid, and acetate buffer used in a single MFC gave better efficiency. The cyclic 
voltammogram of the anodic biofilm confirmed the electrochemical activity of the 
biofilm. Scale-up of rumen MFC was done both in series and parallel connection 
where series connection gave 2.05 V and 20 mA.  In parallel it gave 0.73 V and 
62 mA. Totally five bacterial strains isolated from the biofilm were identified by 
biochemical tests and 16srRNA sequencing. The phylogenetic tree was constructed 
to study the family structure. Among the bacterial strains, Pseudomonas aerugi-
nosa, Pseudomonas fragi, and Paracoccus homiensis produced consistent power 
and showed electrochemical activity. From the co-culture study, it was understood 
that a bacterium with high electricity production and a bacterium with low produc-
tion when combined together give a much higher amount of bioelectricity, thus 
enabling a weaker bacterium to work better. The cyclic voltammograms support the 
I–V graphs. A special bacterium Pseudomonas fragi was also tested under different 
temperatures. Only at 20 °C, the bacteria produced higher bioelectricity production. 
A mixed culture of all the five bacterial strains was also carried out to check the 
efficiency. Though mixed cultures give a large amount of power, study of the indi-
vidual bacterium might help us in carrying out this research to the next step such as 
genetic modification, identifying the functional gene, etc. Among the membranes 
tested, PVDF produced a significant power and less internal resistance in par with 
the commercial Nafion membrane: Rin of PVDF −68.66  Ω and Rin of Nafion 
−70.34 Ω.
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