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Microbial Fuel Cell Assisted Nitrate Nitrogen Removal Using 
Cow Manure and Soil  

 
 
 
 

Certain wastes such as those arising from nuclear fuel cycle operations as well as certain 
industrial wastes are characterized by high nitrate content with initial nitrate concentration up 
to 10g/l [Fredrickson et al., 2004]. Therefore, high removal rates are required to process gallons 
of waste. In view of increasing the process efficiency, high rate denitrifying MFC needs to be 
developed. High rate denitrification processes have been developed by previous researchers [Li 
et al., 2014]
Thus, the dual purpose of waste treatment and energy generation can be accomplished using 

 
  
Most of the studies performed in denitrifying cathodic denitrification) are based 

on autotrophic denitrification [Clauwaert et al., 2007; Ghafari et al. 2008; Puig et al. 2012; Kelly 
and He 2014]. Anodic denitrification being heterotrophic offers slightly high nitrate removal 
rates and can carry out denitrification in high strength nitrate wastes [Zhang et al., 2013c]. 
Anodic denitrification, however, leads to columbic efficiency as 
nitrate competes with the anode as an electron acceptor [Sukkasem et al., 2008; Lee et al., 2012]. 
In some studies, the synergistic effect of heterotrophic and autotrophic denitrification has been 
shown in biofilm electrode reactor leading to high nitrate removal efficiency and low nitrite and 
ammonia accumulation [Zhao et al., 2012]. Recently, it was demonstrated that combined 
heterotrophic and autotrophic denitrification is highly effective for denitrification [Xu et al., 
2015].  

 
In this study, the high rate denitrification system is developed using heterotrophic 

denitrification in MFC cathode and device performance has been accessed. The redox potential 
difference between the anode and cathode was ensured by maintaining differences in net 
COD/NO3--N ratios of anode and cathode. Cow manure was chosen as a source of organic 
carbon, organic carbon-degrading bacteria and denitrifying bacteria [Moral et al., 2005]. Farm 
soil, a rich source of denitrifying bacteria was added to enhance denitrifying bacterial diversity. 

 

 3.1 MFC OPERATION AND INOCULATION 
The schematic of the MFC system used in the study is depicted in Figure 3.1. In the 

anode chamber, pretreated cow manure was added. Preliminary screening for the possibility of 
cathodic denitrification using inoculums such as cow manure, sewage sludge, soil, and soil + 
cow manure was done in an MFC set up operated as described below. The anode in all these 
experiments was fixed. The COD/NO3--N ratio of anode and cathode in all these treatments 
was kept constant to make a comparison and identify the best source of denitrifying bacterial 
consortium usable in MFC conditions. 

Pre-treatment of cow manure was done by preparing cow manure (20% wet weight) 
slurry in 50 mM potassium dihydrogen phosphate (pH 4.5) followed by an incubation period of 
6 h under aerobic conditions. This step was performed to suppress methanogens in cow 
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manure. While this is true that aerobic sparging does not completely kill the methanogens but 
inhibit them. It has been observed that upon restoring anaerobic conditions the methane 
emission rate is lowered [Kiener and Leisinger, 1983; Fetzer et al., 1993]. This is because the 
cultures exhibit a long lag phase recovering from the inhibitory effect of oxygen.  Denitrifiers, 
on the other hand, are physiologically facultative anaerobes (Koike et al., 1988), therefore, this 
step was expected not to kill denitrifying bacteria. Moreover, several classes of bacteria that 
catalyze hydrolysis, acidogenesis and acetogenesis reactions can withstand small duration of air 
exposure. In the subsequent step, the slurry was diluted using 50mM dipotassium hydrogen 
phosphate to obtain final pH 7. Anode consisted of pre-treated cow manure 60g/l and 
homogenized fruit waste 62 g/l as a co-substrate (COD/NO3--N ratio 100).  Cathode consisted 
of a pre-treated cow manure slurry (6-60 g/l) and soil (62 g/l). Phosphate buffer (pH 7) 
concentration in both anode and cathode chambers was 50 mM. Potassium nitrate was added at 
the cathode in the concentration range of 0.5 g/l to 7 g/l (or NO3--N 0.069g/l to 0.966 g/l) at a 
fixed cow manure concentration of 30g/l. In a separate experiment, the cow manure 
concentration in the cathode was varied from 6g/l to 60g/l while keeping NO3--N concentration 
fixed at 0.345 g/l, the calculated cathode COD/ NO3--N ratios in all these experiments ranged 
from 2-40. In all the experiments, the COD/ NO3--
and cathode compartment were thoroughly flushed with oxygen free nitrogen for 30 minutes 
prior to incubation.  

 
3- -N removal efficiency, 

five different pH values were tested (2, 4, 6, 7 and 9). The phosphate buffer was used for all the 
pH values tested.  

After a start-up period (10 days), stable open-circuit potential (OCV) value was 
achieved. The resistor (100 ) was connected to achieve denitrification. Samples were 
withdrawn every 10 min to measure nitrogen (nitrate, ammonia, and nitrite) and after every 6 h 
to measure COD. When the NO3--N concentration was below 10 mg/l, additional nitrate was 
supplemented at the cathode. This led to a concomitant increase in the OCV.  

 
 

 
 
Figure 3.1: Schematic of the MFC system used in the study 
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3.2 COW MANURE, SOIL, AND FRUIT WASTE CHARACTERIZATION  

Table 3.1 shows the physicochemical characteristics of cow manure, soil and fruit pulp used in 
the study. 
 
 
            Table 3.1 Characterization of cow manure, soil, and fruit waste used in the study 
 

Parameter Cow-dung Soil Fruit waste 

pH 7.4±0.4 8±0.3 5.8±0.3 

Conductivity 14.43±1.2ms/cm 5.97±0.9ms/cm 141.8±1.6µs/cm 

COD (g/Kg) 54.36±8 20.38±4 51.51±9 

NH4
+-N (g/Kg) 1.39±0.4 0.27±0.05 0.9±0.1 

NO3
--N (g/Kg) 0.4±0.1 0.09±0.02 0.17±0.04 

NO2
--N (g/Kg) 0.20±0.05 0.04±0.01 0.003±0.0005 

Denitrifying bacterial count (CFU/ml) 2.3 × 107 2.0 × 106 9.5×103 

Total solids (mg/l) 0.40±0.03 0.80±0.04 0.15±0.04 

Total Phosphorus (g/Kg)      0.545±0.007   0.402±0.008     0.096±0.005 

 
 
3.3 RESULTS 

 3.3.1 Preliminary Screening of Inoculum Sources 
Of all the sources of denitrifying bacteria tested for cathodic denitrification in an MFC 

set up, cow manure and soil combination showed highest denitrification potential with the 
lowest start-up period (10 days) and an OCV value of (257.8±20) mV. Ninety-six percent NO3--N 
removal and sixty-seven percent COD removal was a
gave the highest start-up time and the lowest OCV (66.5±20) mV.  

 
MFC inoculated with sewage water at cathode had a long start up time and low 

denitrification.  Cow manure alone, also showed denitrification (80%) after a start-up period of 
10 days and OCV of 133.2±25mV as shown in (Table 3.2).  

 
Although the long start-up period could be attributed to low initial bacterial titers but 

keeping in view high OCV and denitrification potential, the combination of cow manure and 
soil was chosen for subsequent studies. 
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Table 3.2: Summary of the results obtained during preliminary investigation of various inoculum sources for 
effective denitrification in MFC 
 

Inoculums 
source 

Current(µA) at 
 

Open Circuit 
Voltage(mV) 

NO3
--N removal 

 

Cow manure 200± 10 133.2 ±25 80±2 

Soil extract 80±15 66.5±20 76 ±5 

Sewage water 180 ±25 182.5 ± 30 44 ±2 

Cow manure 
+ Soil 

260±15 257.8 ±20 96±2 

 

3.3.2 Effect of Initial Cow Manure Concentration on Cell Performance 
At a fixed soil concentration (6%) and NO3--N concentration (0.345 g/l), cow manure 

concentration at cathode was varied from 6g/l to 60g/l. It was found that low cow manure 
concentration (6g/l) lowered NO3--N removal rate and OCV. This could be attributed to an 
unfavorable drop in COD/NO3--N ratio. With an increase in cow manure concentration up to 
30g/l, the nitrate removal rate increased from 3.5±0.25 Kg m-3 day-1 to 7.1±0.9 Kg m-3 day-1 and 
OCV increased from 0.158±0.01 V to 0.410±0.02 V. Further increase in the cow manure 
concentration led to a drop in cell OCV to 0.322±0.02 V. However, the NO3--N removal rates 
were enhanced up to 8.2±1.1 Kg m-3 day-1, perhaps because of an abundance of organic matter 
for nitrate reduction (Table 3.3). 
 
3.3.3 Effect of Initial Nitrate Concentrations on Cell Performance 

At a fixed total solids and COD at the cathode, initial NO3--N concentration was varied. 
It was found that with increasing initial NO3--N concentrations (from 0.069 g/l to 0.345 g/l), a 
proportional increase in NO3--N removal rate from 2.5±0.5 Kg m-3 day-1 to 7.1±0.9 Kg m-3 day-1 
and OCV from 0.108±0.01 V to 0.410±0.02 V  was observed.  Upon further increase in NO3--N 
concentration (from 0.345 g/l to 0.966 g/l), drop in OCV up to 0.114±0.001 V and NO3--N 
removal rate up to 2.05±0.2 Kg m-3 day-1 was observed. Initial NO3--N concentration of 0.345 g/l, 
COD/NO3--N ratio 7.31±1.21 supported highest OCV of 0.410±0.02 V and NO3--N removal rate 
(Table 3.4). 
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Table 3.3: Summary of the results obtained for experiments involving change in initial cow manure 
concentration at cathode (the anode is fixed in all the experiments) 

 
 
 
 
Table 3.4: Summary of the results obtained for experiments involving change in initial nitrate concentration at 
cathode (the anode is fixed in all the experiments) 

 

 
 
 
 
 
 
 
 

Cow manure 
(g/l) with 

fixed  NO3--N 
(0.345 g/l) 

Cathode 
COD/ 

NO3--N 

Open Circuit 
Potential (V) 

Current 
Density at 100 

 
(mA m-2) 

Power 
Density at 

 
(mW m-2) 

NO3--N 
removal rate 

 
(kgm-3d-1) 

NO3--N 
reduction in  
open circuit 

(kg m-3d-1) 
6 
 

4.18±1.26 0.158±0.010 
 

63.22±5.9 3.99±0.25 3.5±0.25 
 

2.02±0.04 

20 7.00±1.02 0.213±0.02 86.97±7.2 7.11±0.87 4.12±0.24 2.32±0.06 

30 7.31±1.2 0.410±0.02 
 

190±9.1 31.92±4 7.1±0.9 
 

3.02±0.08 

45 9.55±1.272 0.38±0.02 
 

180.83±8.4 27.47±3.1 7.3±0.9 
 

2.84±0.06 

60 11.34±0.98 0.322 ±0.02 
 

177.43±7.2 22.85±2.5 8.2±1.1 
 

4.20±0.1 

Cathode 
NO3--
N(g/l) 

with fixed 
cow 

manure 
(30 g/l) 

Cathode 
COD/ 

NO3--N 

Open Circuit 
Potential (V) 

Current 
Density at 100 

 
(mA m-2) 

Power 
Density at 

 
(mW m-2) 

NO3--N 
removal rate 

 
(kgm-3d-1) 

NO3--N 
reduction in  
open circuit 

(kgm-3d-1) 

0.069 37±3.2 0.108±0.01 52.76±5.8 2.47±0.20 2.5±0.5 1.74±0.02 

0.138 19.34±2.1 0.128±0.015 57.57±5.5 3.19±0.21 3.6±0.7 2.08±0.04 

0.207 12.87±1.57 0.213±0.02 87.64±6.2 18.66±1.6 5.5±0.7 2.18±0.06 

0.276 9.01±1.94 0.289±0.01 153.95±7.9 19.33±2.9 6.01±0.6 2.30±0.05 

0.345 7.31±1.2 0.410±0.02 190±9.1 31.92±4 7.1±0.9 3.02±0.08 

0.414 6.06±1.22 0.166±0.01 68.12±6.3 4.89±0.6 3.60±0.3 2.56±0.04 

0.552 4.34±1.1 0.14±0.005 58.68±5.3 3.56±0.4 3.11±0.4 2±0.03 

0.690 3.98±0.35 0.121±0.01 49.11±4.9 2.58±0.31 2.68±0.3 1.86±0.01 

0.966 2.34±0.95 0.114±0.005 40.99±4.2 2.03±0.20 2.05±0.2 1.32±0.02 
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3.3.4 Effect of Cathode COD/ NO3--N on Cell Performance  
The effect of corresponding COD/ NO3--N ratio was also evident from the above studies 

(Table 3.3). It was found that the cathode COD/ NO3- -N ratios in the range of 7-12 were optimal 
for the MFC operation. In this range, high denitrification rates ranging from 7.1 to 8.2±1.1 Kg m-

3 day-1 were achieved. Any value beyond this range did not support healthy MFC operation. At  
COD/ NO3- N ratios <7 and >12 the voltage values dropped from 0.410 V to 0.114V and NO3--N 
removal rate  from 8.2±1.1  to 3.5±0.25 Kg m-3 day-1, columbic efficiency from 11.79± 0.7% to 
3.11± 0.03% and also the total COD (cathodic + anodic) removal. 

 
3.3.5 Nitrate Nitrogen Removal in Open Circuit Conditions 

Nitrate removal was inevitable under open circuit conditions because of surplus organic 
carbon and COD/ NO3--N ratio value favoring denitrification process. However, the rates of 
denitrification were 2-3 times higher under closed circuit conditions (Table 3.4, Figure 3.2). As 
the concentration of nitrate increased in the cathode, in particular when the COD/ NO3--N ratio 
was less than 7, the rates achieved in the closed circuit (2.05±0.02 Kg m-3 day-1) and open circuit 
(1.32± 0.02 Kg m-3 day-1) were not significantly different from each other (Table 3.4). 
 

 

 
Figure 3.2: Profile of nitrate concentration with time under different test conditions at an initial NO3 -N 
concentration of 345 mg/l 
 
 

3.3.6 Changes in NO3
- -N, NO2

- -N and NH4
+ -N with Time Under Closed Circuit Conditions  

Figure 3.3 and 3.4 shows the profile of NO3--N, NO2--N and NH4+-N concentration with 
time at different initial NO3--N concentrations. The NO3--N removal rates increased with 
increasing initial nitrate concentrations. Nearly complete NO3--N removal was achievable in the 
period of 2h (Figure 3.4 a and b).   

The concentration of NO2--N within the analysis period remained below 6 mg/l. Thus, 
nitrite was not accumulating in the system. NO2--N concentration increased from 1- 5.5 mg/l 
after 60 min of operation and then declined again to 1 mg/l in 90 min (Figure 3.3 c). 
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NH4+ -N remained below 15 mg/l during the analysis period but did not follow a 
specific trend. The final concentration of NH4+ -N was 5.2mg/l (at initial NO3- -N concentration 
of 345mg/l) which was less than the initial concentration (Figure 3.3 d). 
 

 

 
Figure 3.3: Variations in the concentration of NO3 -N (a, b), at MFCs initiated with different initial cathode 
nitrate concentrations during the course of MFC discharge at 100  
 
 

 

 
Figure 3.4: Variations in the concentration of NO2 -N (a) and NH4+-N (b) at MFCs initiated with different initial 
cathode nitrate concentrations during the course of MFC discharge at 100  
 

3.3.7 Effect of Initial Cathode pH On Cell Open Circuit Potential and Nitrate Removal 
pH 7  resulted in open circuit voltage of  410 mV and high NO3--N  removal at 100 . pH 

2, 4, 6 and 9 however, presented a low OCV of 150mV and relatively lower NO3--N removal 
(0.25 Kg m-3 day-1 at initial NO3--N of 138mg/l). The optimum pH was 7 (Figure 3.5). 
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Figure 3.5: Effect of cathode pH on the nitrate removal in test and control setups. The control setups involve 
abiotic cathode (without cow manure and soil) 
  

3.3.8 Performance of the MFC Set Up Initiated with Conditions Optimized above 
The set ups initiated with cow manure (30 g/l) + soil (62.5 g/l) at cathode initially began 

with negative open-circuit potential. The potential increased steadily and reached a value of 
about 400 mV after a period of 10 days. The initial COD/NO3- -N ratio at the anode was about 
100 and it increased to about 150. The nitrate losses during the start-up period were nearly 20% 
at the cathode and 25% at the anode. The COD/NO3- -N ratio of the cathode was maintained at 
7.31 by intermittent nitrate and cowmanure supplementation. The pH value at anode dropped 
gradually while at cathode a gradual rise in pH was observed during the start-up period. The 
values were maintained at near neutral by acid/base supplementation periodically. The 
denitrifying bacterial (CFU/ml) count at cathode under closed circuit conditions was 1.29×108 
CFU/ml. The denitrifying bacterial numbers were 5.46 times higher than that under the open 

was discharged at 100  
and NO3--N measurements were done to estimate removal rates. 

 
 



 
 

39 

 
 
Figure 3.6: Variation in open circuit potential (a), current at 100  (b), and nitrate removal at 100  (arrows 
indicate nitrate addition at a final NO3 -N concentration of 0.345 g/l) 

 
 

3.3.9 Profile of NO3--N Removal, Cell Open-Circuit Potential and Current during Fed-Batch 
Cycles 

After optimizing cathode pH, cow manure concentration, initial NO3--N concentration 
and optimal COD/NO3--N ratios, the nitrate removal from MFC cathode was performed at an 
external resistance value of 100 . Ninety-six percent NO3--N removal was achieved within a 
period of 2 h. This was accompanied by a corresponding drop in cell voltage and current 
(Figure 3.6a and b). When the cell voltage dropped below 50 mV, the resistors were 
disconnected. Nitrate supplementation at cathode along with COD adjustment resulted in the 
concomitant increase in the OCV. This reflected the role of nitrate ion in completing cell circuit 
and as a sole agent responsible for high cathode potential. About three cycles of NO3--N 
removal were achieved at MFC cathode. The total COD removal of the cathodic and anodic 
compartment was 69.39% and 67.62% respectively.  The NO3--N removal rate was about 7.1±0.9 
Kg NO3--N m-3 NCC day-1. This was higher than the theoretical maximum (electrochemically) as 
the heterotrophic carbon present at cathode presented a surplus source of electrons for NO3--N 
reduction. 

 
An increase in headspace nitrogen gas concentration was observed concomitant with the 

process of denitrification which also confirmed the biochemical/or electrochemical reduction of 
nitrate ions.  
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3.3.10 Effect of Cathode COD/NO3--N Ratio on Columbic Efficiency and Total COD Removal 
Rate 

At a fixed soil (62.5g/l) and NO3--N (345mg/l) concentration, when cow manure 
concentration was varied from 6 to 60g/l, an increase in columbic efficiency was observed from 
4.82% to 11.79% (Table 3.5). 

 
The anode and cathode COD removal rates also increased with increasing COD/ NO3

--
N ratio. At low COD/ NO3

--N ratio <7 the anodic and cathodic COD removal rates were 
decreased to 53.21± 2.45 % and 58.54±6.5% respectively. With an increase in COD/ NO3

--N ratio 
>7 the anodic and cathodic COD removal rates were increased to 83.06±5.24% and 84.52±5.54% 
respectively (Table 3.5). 

 
 
Table 3.5: Effect of COD/NO3--N ratio on columbic efficiency and total COD removal 
 
 

 
 
3.3.11 Polarization Results 

The polarization curve was plotted for the set up initiated with optimized conditions viz 
pH 7 and cathode COD/NO3--N ratio 7.31. The maximum power density (34.61±4.2 mW m-2) 
value was obtained at an external resistance value of 400 . This corresponded to the current 
density value of 139.56±6.2 mA m-2 and OCV of 248±25 mV. Power density (31.92±4 mW m-2) 
was obtained a  corresponding to the current density of 190±9.1 mA m-2 and a cell voltage 
of 168±15 mV (Figure 3.7).  
 

Cow manure (g/l) 
with fixed  NO3--N 

(0.345 g/l) 

Cathode COD/ 
NO3--N 

Columbic  
Efficiency (%) 

Anode COD 
removal (%) 

Cathode COD 
removal (%) 

6 4.18±1.26 4.82±0.5 36.73±1.8 61.92±2.2 
 

20 7.00±1.02 6.61±0.6 51.42±2.3 65.11±3.6 

30 7.31±1.2 9.17±0.8 67.62±4 69.39±4.4 

45 9.55±1.272 9.89±0.4 71.05±4.67 68.45±4.14 

60 11.34±0.98 11.79±0.7 83.06±5.24 84.52±5.54 

Cathode NO3--N(g/l) with  
fixed cow manure (30 g/l) 

0.069 37±3.2 3.11±0.03 54.56±3.4 59.21±4.42 

0.138 19.34±2.1 3.34±0.02 55.78±4 60.66±4.1 

0.207 12.87±1.57 6.83±0.06 56.34±3.5 63.87±5.1 

0.276 9.01±1.94 9.19±0.06 58.31±5 65.92±4.5 

0.345 7.31±1.2 9.17±0.8 67.62±4.2 69.39±5.4 

0.414 6.06±1.22 5.1±0.07 61.16±4.4 65.21±5.1 

0.552 4.34±1.1 4.95±0.04 58.21±3.39 61.92±6 

0.690 3.98±0.35 4.78±0.04 56.12±3.45 60.39±6.5 

0.966 2.34±0.95 4.32±0.0.03 53.21±2.45 58.54±6.5 
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Figure 3.7: Polarization curve for the setup at cathode COD/NO3 -N ratio 7.31 
 
3.4 DISCUSSION 

In this study, a high rate denitrifying MFC was successfully developed wherein the 
synergistic effect of heterotrophic and bioelectrochemical denitrification is operating. It was 
hypothesized that heterotrophic cathodic denitrification in MFC shall be better than autotrophic 
cathodic denitrification or heterotrophic anodic denitrification and it was proved in this study. 
Nitrate, in the present experimental set-up, was removed by both the processes namely 
heterotrophic denitrification and bioelectrochemical denitrification. In conventional high rate 
heterotrophic denitrification systems, electron donor substrates such as acetate, methanol, and 
ethanol are used that make the process costly [Onnis-Hayden and Gu, 2008]. Therefore, costlier 
substrates need to be replaced by cheap and easily available waste streams and both cow 

cathode supplemented with soil and cow manure were indeed giving high denitrification rates 
without any compromise in OCV. 

A dual chambered MFC was used in this study with two chambers connected to each 
other with a salt bridge. The anodic and cathodic solution involved rich medium containing 
both soluble and insoluble components and it was believed that proton/ion exchange 
membrane will foul sooner. Therefore, agar agar salt bridge was used to separate the two 
chambers [Logan et al., 2006]. Although, agar agar salt bridge MFC offers high internal 
resistance [Min et al., 2005] but purpose of this study was not to achieve high power output but 
high denitrification rate. Moreover, a salt bridge is a cheaper alternative and helps to keep the 
process of bioremediation overall economical. 

 
Since MFC cathode supplemented with cow manure and soil gave good denitrification 

values, subsequent studies were performed with cathode containing both cow manure and soil. 
The process had to be optimized for nitrate removal and therefore, to determine effective cow 
manure concentration, cow manure was varied from 6 g/l to 60 g/l. The addition of organic 
carbon at the cathode is expected to lower the OCV however, no significant reduction in the 
MFC performance was observed. A power density value of 31.92±4 mW m-2 was obtained which 
is higher than values recently reported for heterotrophic cathodic denitrification [Zhu et al., 
2016]. Previous studies also demonstrated that the presence of organic matter in the cathodic 
chamber does not nullify the redox potential difference between anode and cathode [Vilar-Sanz 
et al., 2013].  
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It was found that cow manure and soil at cathode promotes denitrification and acts as a 
source of electron donor substrates for nitrate reduction. As the concentration of cow manure 
increased at the cathode, NO3--N removal rates increased in both closed and open circuit 
conditions. This is attributable to the surplus electron donor substrate available for nitrate 
reduction. Although increased organics at cathode did lower the OCV and current density, NO3-

-N removal rates were not affected. This indicated that surplus organics present at cathode 
compensated well for the reduced bioelectrochemical performance in terms of denitrification 
(Table 3.3). 

 
Experiments performed at various nitrate concentrations with fixed organic matter at 

cathode indicated the influence of COD/ NO3--N ratio. COD/ NO3--N ratio turned out to be a 
critical criterion for MFC performance and denitrification. An optimal COD/ NO3--N ratio for 
cathode ranged from 7 to 12. At a value of 7.31, an OCV of 410±20 mV was achieved. Discharge 
of this potential through a 100  resistance provided the NO3--N removal rate of 7.1±0.9 Kg 
NO3--N m-3 NCC day-1. This value is much higher than the value reported by Zhang et al. 
wherein heterotrophic anodic denitrification studies have been performed. In the given 
experimental condition, this study reports the highest denitrification rate achieved in the MFC 
system [Zhang et al., 2013c].  

 
At low COD/NO3--N ratios (< 7), increased NO3- concentration in the system possibly 

leads to global inhibition causing the reduced concentration of active denitrifying bacteria 
[Akunna et al., 1992] which in turn affects the utilization rate of the electron donor substrate. 
Cathodic COD reduction rate was also reduced when COD/NO3--N ratio was less than 7. At 
high COD/NO3--N  (>12), a large fraction of electron donor substrate get channeled towards the 
accumulation of organic intermediates or methane, which lower the OCV and reduce the 
electron motive force and the current passing through the cathode thereby reducing the 
contribution of bioelectrochemical denitrification. Thus, low overall nitrate reduction rates were 
observed. It was also determined that as long as the COD/ NO3--N ratio is lower in the cathode 
(<12) and higher in the favored and high 
rates of NO3--N removal are achieved. Lower COD/NO3--N ratio tested in anaerobic digesters 
have been shown to promote denitrification activity [Akunna et al., 1992; Ruiz et al., 2006].   

The Presence of high nitrate concentration at cathode ensured high cathode potential 
and overall high OCV. Rise in water saturated soil (with fixed organic matter) redox potential 
from -300 mV to +200 mV upon nitrate addition had been observed in previous studies [Bailey 
and Beauchamp, 1971]. The potential again fell back to -300 mV as soon as the nitrate depleted 
from the soil [Bailey and Beauchamp, 1971]. A Similar trend was observed in the present study. 
There was a concomitant fall in the OCV with the drop in cathode nitrate concentration while 
the potential values increased as the nitrate was supplemented in the cathodic compartment 
(Figure 3.6 a).  

heterotrophic denitrification process. NO3--N removal rates ranged from 1 to 4 Kg NO3--N m-3 

day-1. These values are similar to the values reported in the majority of heterotrophic 
denitrification studies [Wang et al., 2009]. In bioelectrochemical denitrification, denitrification 
rate is directly proportional to the current density [Clauwaert et al., 2007] and that sets a limit to 
achievable denitrification rate. With a current density of a 3.7 A/m3, the NO3--N removal rates 
are not expected to exceed 0.0092 Kg NO3--N m-3 day-1 as per the formula given by Clauwaert et 
al. [Clauwaert et al., 2007]. This points to the fact that denitrification rate observed in this study 
is not a simple summation of bioelectrochemical and heterotrophic denitrification, but a 
synergistic effect of the two mechanisms wherein whole is greater than the sum of its parts. One 
explanation could be that the closed circuit conditions rather than contributing directly towards 
magnitude of nitrate removal contribute towards the effective microbial biofilm formation 
[Gregoire et al., 2014] or increased titers of denitrifying bacteria which are involved in 
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heterotrophic denitrification and thus, it indirectly promotes denitrification. An increased titers 
of denitrifying bacteria was also observed under closed under conditions. A similar observation 
was made by Zhu et al. where they observed 2 times more nitrogen removal under closed 
circuit than that under open circuit [Zhu et al., 2016]. Huang et al. also found that closed circuit 
conditions favored richer and more diverse microbial communities at cathode [Huang et al., 
2014]. Also, biofilm processes exhibit high denitrification rates [Oh et al., 2001]. Thus, closed 
circuit conditions indirectly augmented heterotrophic denitrification rates. This also explains 
that microbial activity prevailing in such a condition might be undergoing drastic changes. 
However, the exact mechanism needs to be elucidated.  This would encompass complete 
metabolite, proteomic and microbial analysis of the MFC cathode.   

 

Also, in heterotrophic denitrification organic matter can inhibit the activity of 
autotrophic bacteria, but the simultaneous existence of both autotrophic and heterotrophic 
processes cannot be completely ruled out in wastewater treatment systems [Zhao et al., 2012; 
Della Rocca et al., 2006; Qambrani et al., 2013]. Biofilm stratification on the electrode surface is 
inevitable in nutrient rich conditions. The microbial layer close to the electrode surface (where 
organic matter diffusion would be little) is expected to reduce nitrate with the use of electrons 
generating at the anode. The flow of current confirms the acceptance of electrons at the cathode. 

The control set ups without any soil and cow manure at cathode resulted in nil 
denitrification and power generation, which points to the fact that activation energy required to 
carry out electrochemical nitrate reduction is very high and a catalyst is required to mediate 
nitrate reduction. Microbial catalysts derived from cow manure and soil was thus quite effective 
in doing so. Also, there was no organic carbon for heterotrophic denitrification to occur in such 
a set up, which emphasize on the contribution of heterotrophic denitrification operating at test 
MFC cathodic chamber. 

The movement of nitrate ions from cathodic to the anodic chamber is ruled out by two 
important observations; one, the anodic COD/ NO3--N ratio increased gradually from 100 to 
about 150 during the course of operation which indicates a decrease in nitrate concentration. 
Migration of nitrate would have resulted in decreased COD/ NO3--N ratio.  Second, upon 
disconnecting resistors during repeated batch denitrification (Figure 3.6 a and b) nitrate did not 
reappear in the catholyte. Reappearance was expected if it was simple absorption on the agar 
agar salt bridge. These observations indicated that nitrate ions are not getting absorbed and 
migrating from one chamber to another but getting converted biochemically.  

The high COD removal achieved from cathodic and anodic chamber suggested the 
ectiveness in carbon removal. The columbic efficiency of the device also increased at 

an optimal COD/NO3--N ratio but declined at very low or high COD/NO3--N ratios at the 
cathode. The overall columbic efficiency in the present study was low which could be attributed 
to undesirable metabolic products at the anode and the presence of high organic matter at the 
cathode. A Similar phenomenon was explained by Virdis et al. wherein 40% reduction in 
coulombic efficiency was attributed merely to anodic methane emissions [Virdis et al., 2009]. 

NH4+ -N, and NO2--N nitrogen concentrations at MFC cathode were low and followed a 
specific trend at different initial NO3--N concentrations tested. A slight increase in the NO2--N 
followed by drop after some time was observed indicating the denitrification activity [Park et 
al., 2005].  

The optimum cathode pH was in the neutral to an alkaline range and this corresponds 
with an optimum pH for denitrification. At low pH values concomitant drop in OCV, the power 
density at 100  and denitrification rate was observed. The pH values tend to increase at the 
cathode and decrease at anode upon prolonged incubation periods. This warrants the 
continuous pH control for increasing the process longevity. A Similar phenomenon was 
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reported by Clauwaert et al. wherein the pH control in the system sustained high denitrification 
for a long time [Clauwaert et al., 2009]. 

In the present study, cow manure and soil was employed that gave good results in terms 
of nitrate removal. However, the composition of soil micro-flora is subject to change with 
seasonal variations, prevailing climatic conditions, water activity, chemical composition etc 
[Wolsing and Prieme, 2004]. Therefore, the experiments involving direct use of soil is expected 
to give large variations in the data. It is also impossible to maintain identical cell loading/cell 
activities in duplicate experimental set ups because of the prevailing heterogeneity in the 
samples used. Therefore, it is important to develop a microbial consortium originating from 
high performing MFC that are capable of sustaining high rate denitrification. This will help 
solve the problem of the direct use of soil for MFC operation. But in general, the soil is a rich 
s et al., 1990] and this study emphasizes that cow manure 
amended soil offer high NO3--N removal rates and this phenomenon can be exploited in MFC 
set up to treat nitrate contaminated wastewater with some energy recovery. 

3.5 CONCLUSIONS 
High rate denitrification process has been developed using cow manure and soil at MFC 

cathode. The nitrate removal rate of 7.1±0.9 Kg NO3--N m-3 NCC day-1 was obtained at 
COD/NO3--N ratio of 7.31. Heterotrophic conditions at cathode did not alter the energy 
generation from MFC. Closed circuit conditions supported high denitrifying bacterial titers at 
cathode which in turn promoted high denitrification rates. The developed process is also useful 
for the wastes characterized by high nitrate concentrations. 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


