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ABSTRACT: Modern bio-electrochemical technologies can convert the energy stored in the chemical
bonds of biodegradable organic materials into renewable electrical bioenergy through the catalytic
reactions of the microorganisms while treating the wastewaters. The present research has been conducted
to study the efficiency of the single-chamber bioelectrochemical system with carbon aerogel catalyst
as a new, simple, and inexpensive approach to remove and recover the valuable but polluting nutrients
(nitrogen and phosphorus) from municipal wastewaters and also determine the optimal conditions
to scale up the system in countries with hot, dry climates. In the present study, the bacterial
consortium was isolated from the sediments of local lagoons, and municipal wastewater was used
as the substrate. During the six months of cell operation, the effluent of BES showed a 54.9% decrease
in nitrate concentration and a 59.8% decrease in total N and 90% of phosphate removed
from wastewater, the total nitrogen and total phosphate concentration in effluent were 28.9 ± 24.3
mg/L. and 13 ± 46.8 mg/L, respectively. The maximum removal of COD was 80%, and the maximum
power density was 1.82mW/m2. Carbon aerogel, as a novel material with suitable absorbance
and resistance to oxidation by urban wastewater pH can be coated on electrodes to facilitate
the Oxidation Reduction reactions and electricity transmission.

KEYWORDS: Nitrogen removal, Bioelectrochemical system, Bioenergy, Carbon aerogel, Resource
recovery.
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INTRODUCTION
With increasing population and demand for resources,
the use of sustainable and low consumption technologies
in wastewater treatment and the possibility of recovering
valuable resources, such as energy, water, and nutrients, is
much studied [1]. Current wastewater treatment
technologies are based on the activated sludge method,
which is quick, but more energy consuming, through a
high-cost chemical process [2].
BioElectrochemical Systems (BESs) such as Microbial
Fuel Cells( MFCs) and Microbial Electrolysis Cells
(MECs), represent novel technologies that can convert
the chemical energy in biodegradable organic materials
into renewable electrical energy by using anaerobic
microorganisms called exoelectrogens as catalysts [3–7]
The basis of these technologies is forcing the bacteria
to degrade organic matters on the anode surface, and redox
enzymes, such as cytochrome, located on the external
membrane of bacteria, which can transfer electrons
directly to an electrode [8–11]. As seen in Table 1, the
aerobic cathode reduction reaction occurred and oxygen
played the role of electron acceptor [11–13] (Table 1,
Eqs.1-13). When the redox potential of the cathode side
reduction becomes higher than the oxidation half’s
reaction at the anode (Ecell= Ecat-Eanod), electricity
will be generated; otherwise, power will be needed to drive
redox reactions[14,15].
With BESs, the primary purpose is removing organic
carbon, although a substrate of a mixture such as sewage
contains other compounds, for example, nitrogen and
sulfur [16]. Phosphorus and nitrogen are considered
pollutants in urban wastewater, which causes
eutrophication in water supplies and reduces water quality
[5,17]. Furthermore, a nitrogen-removing process needs
more energy than does a carbon-removing process [18].
In the wastewater, nitrogen is most present in the form
of ammonium, and the main typical process of its removal
is the high energy-consuming nitrification (ammonia
oxidation to nitrate) / denitrification (reduction of nitrate
to N2 gas) process because of aeration, but it can remove
nitrogen at low concentrations [19,20]. Anaerobic process
anammox (the anaerobic process of ammonia oxidation, in
which nitrate is the electron acceptor) has been proposed
as an energy-efficient alternative. This process relies on
the biological conversion of ammonium and nitrate to N 2
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gas [21]. Anammox is combined with another biological
process such as the SHARON® process (Single reactor
system for high activity ammonia removal over nitrite),
oxidizing ammonium to nitrite in the presence of nitriteoxidizing bacteria and ammonium-oxidizing bacteria.
The CANON process (Completely Autotrophic Nitrogen
removal Over Nitrite) is another approach, through which
the aerobic and anaerobic ammonium oxidizers coexist
symbiotically [22]. Another process has been reported [23]
for wastewater nitrogen removal named CANDO
(Coupled Anaerobic-anoxic Nitrous Decomposition
Operation), which happens in three steps: partial
nitrification of N-NH4+ to N-NO2- (SHARON process),
the partially anoxic reduction on N-NO2- to N2O and at last
decomposition or combustion of N2O to nitrogen, oxygen,
and energy [23].
P and N can be recovered from wastewater as
magnesium ammonium phosphate (struvite, or MAP
(MgNH4PO4.6H2O), based on the following reaction [5]:
Mg

2



3

 NH 4  PO 4

 6H 2O  M gN H 4PO 4  6H 2O

(14)

Nitrogen is eliminated by electrochemical denitrification
or the transferring of ammonium during electricity production
in BES [24]. Removal and recovery of phosphorus in BES
depend on high pH conditions due to cathodic reduction
reactions [25]. Anammox is the process that theoretically
can occur in BESs, even though thermodynamically it is slow
and invisible in BESs [26].
The use of a substrate such as wastewater as an electron
source is attractive because of the demand for low-carbon
water and wastewater treatment technologies [6,27].
Because of their potential for considerable removal of COD
and simultaneous production of bioenergy, BESs been used
for issues such as water resource recovery [28,29], acid
mine drainage treatment [30], and landfill leaches [14].
Several challenges are facing the operational scale-up of
BESs, which are required more in situ studies. The
significant challenges include low power density,
expensive materials (especially the membranes and
separators), operating expenses, and the most critical
limiting factor, poor kinetic Oxidation-Reduction Reactions
(ORR) at the neutral pH required for single-chamber
air-cathode cells [31,32]. Enhancing catalyst efficiency
can contribute to better system performance. Many studies
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Table 1: Oxidation and reduction reaction may occur in bio electrochemical system cathode and anode [15].
Oxidation reactions ( anode )
𝐂𝟔 𝐇𝟏𝟐 𝐎𝟔 + 𝟏𝟐𝐇𝟐 𝐎 ͢ 𝟔𝐇𝐂𝐎−𝟑 + 𝟑𝟎 𝐇+ + 𝟐𝟒 𝐞 (𝐄˚ = − . 𝟒𝟐𝟗 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(1)

𝐂𝟑 𝐇𝟖 𝐎𝟑 + 𝟔𝐇𝟐 𝐎͢ 𝟑𝐇𝐂𝐎−𝟑 + 𝟏𝟕𝐇+ + 𝟏𝟒 𝐞 (𝐄˚ = −. 𝟐𝟖𝟗 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(2)

𝐂𝟒 𝐇𝟓 𝐎𝟓 + 𝟕𝐇𝟐 𝐎͢͢ 𝟒𝐇𝟐 𝐂𝐎−𝟑 + 𝟏𝟏𝐇+ + 𝟏𝟐 𝐞 (𝐄˚ = − . 𝟐𝟖𝟗 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(3)

𝐇𝐒 − ͢ 𝐒˚ + 𝐇 + + 𝟐𝐞 (𝐄˚ = − . 𝟐𝟑𝟎 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(4)

Reduction reactions (cathode)
𝐎 𝟐 + 𝟒𝐇+ + 𝟒𝐞 ͢ 𝟐𝐇𝟐 𝐎 (𝐄˚ = + 𝟏. 𝟐𝟑𝟎 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(5)

𝐎𝟐 + 𝟐𝐇+ + 𝟐𝐞 ͢ 𝐇𝟐 𝐎𝟐 (𝐄˚ = + 𝟎. 𝟐𝟔𝟗 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(6)

𝐍𝐎−𝟑 + 𝟐𝐇+ + 𝟐𝐞 ͢ 𝐍𝐎𝟐 + 𝐇𝟐 𝐎 (𝐄˚ = + 𝟎. 𝟒𝟑𝟑 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(7)

𝐍𝐎−𝟐 + 𝟐𝐇+ + 𝐞 ͢ 𝐍𝐎 + 𝐇𝟐 𝐎 (𝐄˚ = + 𝟎. 𝟑𝟓𝟎 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(8)

𝟏
𝟏
𝐍 𝐎 + 𝐇𝟐 𝐎 (𝐄˚ = + 𝟎. 𝟏𝟕𝟓𝐕 𝐯𝐬. 𝐒𝐇𝐄)
𝟐 𝟐
𝟐

(9)

𝐍𝐎 + 𝐇+ + 𝐞 ͢

𝟏
𝐍 𝐎 + 𝟐𝐇+ + 𝟐𝐞 ͢ 𝐍𝐎𝟐 + 𝐇𝟐 𝐎 (𝐄˚ = + 𝟎. 𝟑𝟓𝟓 𝐕 𝐯𝐬. 𝐒𝐇𝐄)
𝟐 𝟐

(10)

𝟐𝐍𝐎𝟑 + 𝟏𝟐𝐇+ + 𝟏𝟎𝐞 ͢ 𝐍𝟐 + 𝟔𝐇𝟐 𝐎 (𝐄˚ = + 𝟎. 𝟕𝟑𝟒 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(11)

𝐅𝐞+𝟑 + 𝐇+ + 𝐞 ͢ 𝐅𝐞𝟐+
𝟐 + 𝟏/𝟐 𝐇𝟐 𝐎 (𝐄˚ = + 𝟎. 𝟕𝟕𝟑𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(12)

𝐌𝐧𝐎𝟐 + 𝟒𝐇+ + 𝟑𝐞 ͢ 𝐌𝐧𝟐+ + 𝟐 𝐇𝟐 𝐎 (𝐄˚ = + 𝟎. 𝟔𝟎𝟐 𝐕 𝐯𝐬. 𝐒𝐇𝐄)

(13)

have been carried out on various metallic and non-metallic
catalysts in search of a biocompatible, conductive, porous,
and low cost-material [32–34]. Among these, carbon
materials are widely considered for their specific surface
area and chemical inactivity as a catalyst base [34,35].
Recently, nano and three-dimensional electrodes such as
nanographene materials, carbon nanotubes, carbon
nanofibers, and nanocomposites are widely used
[31,36,37]. The properties of carbon aerogels are high
hierarchical porosity (> 80%), high specific surface area
(400-1200 m2/g), and high Total Pore Volume (TPV),
demonstrated high electrocatalytic activity and high
selectivity, which can facilitate ORR in an air cathode
in a neutral pH electrolyte [32]. These structures have low
thermal conductivity due to their high porosity. Their
nanoparticle structure also controls their behavior as
electrodes in electrochemical double-layer capacitors
[34,37].
The reduction of nitrate in the wastewater treatment
process reduces the aeration time and energy consumption
increases the efficiency of the treatment facility and decreases
BOD and COD. The goal of the present study is to examine
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a new, simple and inexpensive approach to remove and
recover the valuable but polluting nutrients (N and P)
from municipal wastewater in countries with a hot, dry
climate, by using the native bacterial consortium in the
bio-electrochemical system with carbon aerogel coated cathode.
EXPERIMENTAL SECTION
Designing and starting up the microbial fuel cell
The designed BES consisted of two parts, an anaerobic
single-chamber MFC and an aeration chamber. Two
cylindrical glass chambers with a capacity of 1500 mL,
each one contained a cylindrical anode with 6 cm distance
around the tubular air cathode, and an independent aeration
bottle was used for each system. Since the anaerobic
bacteria grow very slowly, the pilot was designed as
a sequencing batch reactor to prevent the biofilm from being
rinsed, with an external resistance of 100 Ω. The structure of
single-chamber cell electrodes of the air-cathode was made
based on the method developed previously (Cheng et al., 2006)
The 200 g/m2 (ISO3374) double-sided carbon cloth
(Iran Composites Institute, Tehran, Iran) with a width of
0.2 mm was used as the anode electrode with 432 cm2
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projected area, and T-304 stainless steel mesh was used
as the electricity collector. The materials used as the cathode
in microbial fuel cells are similar to the materials used
in the anode, these materials differ only in that when they
are used in a cathode, usually, there is also a need for
a catalyst, to increase the cathode surface area and
facilitate the ORR [27,32]. Since the microorganisms can
act as the catalyst in the cathode and speed up the transfer
and consumption of electrons, the present study has been
conducted without a catalyst [39,40].
To increase the cathode surface area and facilitate
the ORR, a layer of carbon aerogel from a previous
study coated on the cathode as a catalyst base [34]. The
catalyst ink was prepared by adding Perfluorosulfonic
acid (Nafion) 5% suspension to carbon aerogel (with
a loading of 1 mg /cm2 of cathode surface) and brushed
onto the carbon cloth [38,41]. Polytetrafluoroethylene
(PTFE) was used as the binder in the fuel cell [42,43].
The municipal wastewater from Ekbatan wastewater
treatment plant (Tehran, Iran) with the 7.81 average
influent pH,1120 μs/cm conductivity, and 677.23
mg/L COD used as the substrate.
All cells were inoculated with the electrogenic
bacterial consortium that isolated from the anaerobic
sediments of the Anzali Lagoon in Gilan Province and
Eshgh Abad Lagoon in Varamin County, Tehran Province.
The bacterial suspension to inoculate the cell was cultured
both aerobically and anaerobically in Luria-Bertani (LB)
and BHl nutrient medium in an incubator at a temperature
of 35.5 ºC, after 48 hours for aerobic types and after
96 hours for anaerobic microorganisms [44]. To ensure
the entire biofilms formation, the two cells operated for
one month.
Analytical methods
The design of the experiment and statistical analysis
of data was carried out by the Response of Surface
Method (RSM) with Design-Expert 11 (Stat-Ease, Inc.,
Minneapolis, MN, USA). So air temperature at three
levels (15, 25, and 35 ° C), pH at three levels (6, 7.5 and
9), and hydraulic retention time (0 to 120 hours) were
selected as three independent effective variables; and
responses including concentrations of ammonium,
nitrate, and nitrite, and COD were analyzed by BoxBunken's method. P-value with a 95 % confidence level
was considered for the evaluation of the effectiveness of
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the model terms. It should be noted HRT was calculated based
on 1.5 L feed volume (the volume which was filled
and discharged).
According to the number of factors (3 independent
variables including temperature, hydraulic retention
time, and pH), the number of experiments was 20 runs.
The COD, cations, and anions concentrations were
analyzed using the standard method (APHA 2011) [45].
Each test was repeated twice. The cell voltage data were
recorded every 10 min by a multimeter (MAS830L
Digital Multimeter, MASTECH, Shenzhen, China). New
feed (wastewater) was added to the cell whenever the
voltage was below 50 mV [5]. The current (I=V/R) and
power (P=IV) were according to Ohm´s law, power
density (Pd=IV/A), where A is the area of the operational
surface, and Coulombic Efficiency (CE) drawn based on
the method proposed by Chen et al. [46], and the
polarization curve added by exerting external resistance
from 2000 Ω to 10 Ω in 10-minute intervals till reaching
a constant voltage. The internal resistance and the
maximum power density were obtained by analyzing the
polarization curve [5]. The electrochemical tests were
conducted by a potentiostat (ILIUM Technology, Inc.,
Medford, MA, USA), with the cathode in the middle of
the single-chamber BES facing the air from the inside as
working electrode, and the reference electrode Ag/AgCl
(3m KCl, + CO.21 V versus a standard hydrogen
electrode), in the potential range 4 to -4 mV with a scan
rate of 10 mV/s. Chronoamperometry tests were performed
by setting a potential in a stepwise manner after
the reactor operated in an open circuit condition for three
hours. The morphology and structure of the electrodes
before and after biofilm formation were observed
by a Scanning Electron Microscope (SEM) (Stereoscan
S-360 SEM, CAMBRIDGE, Leica Group, München,
Germany).
RESULTS AND DISCUSSION
The effects of the critical parameters and optimum
conditions for N and P removal by BES were examined
using the RSM method after the constant voltage was
observed. With multiple responses, it is possible to locate
the pre-decided criteria for different responses. The
desirability contour of pH, temperature, and HRT shows
the optimal region obtained for each response in the
specified intervals for factors and responses (Fig. 1).
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Fig. 1: Determination of optimal region for single chamber
BES with RSM method.

The suggested HRT was 40 hours at neutral pH, and
the optimal ambient temperature (25 ºC) was determined,
with 0.68 desirabilities in specified factor ranges
(Table 2).
DO´s concentration, pH, carbon/nitrogen ratio, and
electricity generation in anode are the main factors that can
affect nitrogen removal in BESs [18]. Neutral pH is
suitable for nitrification processes, while higher DO and
pH conditions can be inhibited for the denitrification
process [6].
As illustrated in the perturbation diagram, total
nitrogen concentration had a significant inverse
relationship with time, and the total nitrogen concentration
decreased with time in the effluent. The slope of the
temperature distribution diagram is shown a little
significant direct correlation, with a decrease in nitrogen
removal as the temperature increases. The pH factor had
no significant impact on nitrogen removal within the
specified range (Fig. 2-A). For TPO4 the significant effect
of time on phosphate concentration was observed. There
was a positive effect of temperature on phosphorous
removal (Fig. 2-B)
It is clear that the pH of the electrolyte in BES is a
crucial parameter because it affects the metabolism
of the microorganisms, and excess nitrogen compounds
can affect the electrolyte´s pH.
Nitrogen and phosphorus removal
In this study, nitrogen concentration was measured
in forms of N-NH4+, N-NO3- and N-NO2-. Total N was
calculated as the sum of the above quantities. The three-
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dimensional diagram shows the interaction of
temperature and HRT on the total nitrogen
concentration in the effluent of the MFC part.
According to the figure, the highest amount of total
nitrogen (ie, the lowest amount of nitrogen removal)
was in the temperature range of 30 to 35 °C, and the
least in the temperature range of 16 to 25 °C. The
optimal performances for nitrogen removal were
performed at 25 °C and 40 hour residence time (Fig. 3).
In the beginning, the concentrations of N-NH4+, NNO3- and N-NO2- were 63.8± 27.2, 6.66±4.6, and 1.4±2.46
mg/L, respectively. The measured concentrations in the
MFC chambers anolyte and the aeration chamber are
plotted in Fig. 4 as a function of time.
N-NH4+ dropped to 11.5 ± 27.2 mg/L before
aeration, while the N-NO2- concentration in anolyte
increased. Nitrates decreased after 24 h in the singlechamber MFC. The lowest nitrate concentration was
2.76±4.6 mg/L, although nitrate increased significantly
after aeration, probably because of N-NH4+ nitrification
in the presence of oxygen. A downward trend was observed
in ammonium concentration during the entire process
(from 63.8± 27.2 mg/L to 7.9 ± 27.2 mg/L); however,
there was a sharp decrease after 3 hours in anaerobic
condition. The effluent of the anaerobic single-chamber
MFC showed a 54.9% decrease in nitrate concentration,
with a 59.8% decrease in total N concentration after
anaerobic treatment in the MFC and then the aeration
process.
In evaluating the performance of the BES in nitrogen
removal, it was observed that, to an acceptable extent, BES
was capable of nitrogen removal from raw wastewater. NNO3- and N-NO2- concentrations were very insignificant in
the MFC chamber´s anolyte throughout the process,
indicating there was almost no activity of nitrifying
bacteria or anaerobic ammonia oxidation bacteria in the
anaerobic chamber. This conclusion is consistent with
the findings of Zhang et al. [32] that the microbial
community of nitrifying bacteria or anaerobic ammonia
oxidation bacteria could not be detected in the anode
chamber. As illustrated in the time-based changes diagram
(Fig. 4), as ammonium decreased, there was an increase
in nitrate concentration; meanwhile, the nitrate
concentration was reduced by nearly 50%, and after
aeration nitrification has occurred, so there was a sharp
increase in nitrate concentration.
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Table 2: The selected optimal factors for nutrient removal in BES (The Design Expert output).
temp

pH

time

N-NH4*

N-NO3*

N-NO2*

TN

tpo4*

COD *

Desirability

Desirability
(w/o Intervals)

25.213

7.489

41.654

4.136

4.219

0.157

55.625

11.148

30.776

0.685

0.833

15000

80

10000

Tpo4 (mg/L)

60

TN (mg/L)

Selected

40
20

5000
0
-5000

0

-10000

-20

-15000
-1.000

-0.500

0.000

0.500

1.000

Deviation from references point (coded units)

-1.000

-0.500

0.000

0.500

1.000

Deviation from references point (coded units)

Fig. 2: A) The perturbation diagram of temperature, pH, and HRT effect on TN. B) The perturbation diagram of
key parameters effect on TPO4.

Fig. 3: A) The three-dimensional diagram of time and temperature with TN´s concentration .B) The three-dimensional graph
of time and temperature with TPO4 concentration.

In fact, most of the N-NH4+ was converted to N-NO2and the N-NO3- concentration was deficient. The
following points may explain the above results: some
of N-NH4+ was first oxidized to N-NO2- by oxygen
from the cathode side, then to N-NO3-. Nitrite and nitrate
can serve as the energy source of chemotrophic bacteria
that have started to grow under the presence of hydrogen
carbonate in the fuel cell [47]. N-NO3- was used as
the electron acceptor in biocathode and acetate as
the electron donor in bio anode for electricity generation,
and nitrate was reduced to N-NO2- afterward (Eq. (7)).
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Denitrification was less likely to occur because the
aeration chamber´s DO was at a high level (12 mg/L).
CANDO is the most probable process which
occurred in this BES system. About 59.8% of TN was
removed in an anaerobic chamber, which may be due to
consumption of microorganisms’ growth and
reproduction,
ammonium
ion
diffusion,
or
volatilization. In the microbial fuel cell with a diverse
microbial consortium, we realize the consumption of
wastewater organic matters and electricity generation
in the early hours of operation. These reactions provide
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Fig. 4: Nitrogen and Phosphorus removal in BES anolyte and aeration chamber as a function of time (p< .05)

the nitrogen needed for the organic carbon and provide
the conditions for the conversion of nitrate to N 2 gas
(Eq. (11)). Electricity production was coupled to nitrate
reduction, which is consistent with Clauwaerts study on
MFC [48].
Finally, more ammonia removal was achieved in the
aeration chamber, and 87.6% and 77.8% of ammonia and
TN removal, respectively, were obtained after 72 hours,
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compared to previous researches with enriched pure
nitrifying bacteria and a specially prepared situation only
for nitrifying bacteria [49].
As illustrated in Fig. 4, an immediate decrease
in TP concentration was observed in the first two hours
after wastewater fed into the system (from 140 ±46.8 mg/L
to 65.5±46.8 mg/L), which can occur through struvite
crystallization being near the aerobic cathode (Eq. (14)).
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Electricity production
Fig. 5 shows the electricity generated from the time
the cell started to operate over 15 operating cycles.
The current generation was deficient during the first
three days; however, it was observed from the beginning
moments, and a constant voltage was observed for the five
times the system was rebuilt after five to seven days.
The maximum generated voltage was 304 mV,
comparable to that of previous findings [52]. The results
show that electricity was generated by the organic
compounds of the municipal wastewater as the
substrate, without using the initial starting current;
therefore, BES can enter the municipal wastewater
system without auxiliary devices.
Each time the cell was fed, there was a sudden drop
in voltage (on average from 53 mV to 11 mV), which peaked
afterward. Low pH in the anode chamber had an inhibitory
effect on exoelectrogenic bacteria activities and resulted in
decreasing the electricity production during the last days
of each batch cycle [53].
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350
350
300
300

cell voltage (mv)

Then, a steady-state and another decrease after aeration
occurred, presumably because of phosphorusaccumulating bacteria activity. Phosphorus-accumulating
bacteria can release phosphorus under anaerobic
conditions and uptake phosphorus under aerobic
conditions [5]. More than 50% of total phosphate
was removed in the anaerobic single-chamber MFC. Then
there was another sharp drop observed after aeration
to the lowest concentration (13±46.8 mg/L) of phosphate
in the aeration chamber effluent. Finally, 90% of
the phosphate was removed from the wastewater
after 48 hours’ treatment, and it stayed constant through
the next 24 hours of aeration (Fig. 4).
Struvite crystallization occurs when Mg2+, NH4+, and
PO43- concentrations exceed their solubility limits, which
are highly pH-dependent (minimum solubility at pH>8 or
near 10) [25,50]. The effluent’s average pH was near 7.5.
No needle-shaped prismatic morphology typical of struvite
described in the literature [51] was found
in cathode SEM (Fig. 7). Two possible reasons are as follows.
First, by-products of struvite crystallization such as
Mg(H2PO4)2, Mg3(PO4)2, and Mg(OH)2 may be obtained
at an importer pH. Second, aeration in the aeration
chamber may have a negative effect on struvite
crystallization.

Cell voltage (mv)
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Fig. 5: Electricity generation of the single chamber air cathode
BES, recorded for 15 days of operation

The polarization curve has been illustrated in Fig. 6A.
The maximum obtained power density, and current density
were 346.7 mW/m2 and 2.73 mA/m2, respectively
(Fig. 6B).
The relationship between pH and cell performance
has been illustrated in Figure 7. A decrease in pH at each
run was observed along with an increase in the voltage
(from 7.6 to 6.8 on average). The high voltage was observed
at lower pH (Fig. 7).
The voltage rose for 72 hours, and then a sudden
increase in voltage (probably because of consuming
acetate for generating electricity) was observed, followed
by the reduction in voltage resulting from the organic
substrate in the cell. The sudden drop in voltage curve and
then increases after each feed indicate that electricity
generation is affected by the chemical reactions. The initial
voltage drop (activation overpotential) indicates energy
consumption to activate the oxidation and reduction
reactions in cathode and anode, respectively. The less
the pH in air-cathode reactors, the more H+ is provided for
the cathodic reduction reaction. A decrease in pH at each run.
The electrochemical tests were conducted to examine
the kinetics of cathodic ORR, two peaks observed
on the LSV curve in 17 and -13 mV vs. Ag/AgCl (vs. SHE),
which presents the reduction of two elements, namely
oxygen and sulfur in the aerobic cathode as the final
acceptor, compared to the redox table [54]. The reduction
peaks were also observed on the CV curve, and the
reactions in this potential range were considered
to be completely forward and backward reactions.
The chronopotentiometry curve in the first 20 seconds
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Fig. 6: (A) Polarization curve of the single chamber air cathode BES, (B) Comparison curve of the cell voltage, obtained power
density and current density of the single chamber air cathode BES.
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Fig. 7: The relationship between pH and cell performance of
the single chamber air cathode BES

of these two reactions reveals the adjacent reduction
cathode (Fig. 8).
was observed along with the increase in the voltage.
According to Zhang, et al.[32], the decrease in the maximum
current after some system operation can be caused
by the development of biofilm on the cathode and its effect
on the catalytic activity of carbon. Bionitrification can buffer
the pH increase of catholyte by reducing oxygen[5], as seen
in this study.
The maximum generated voltage was 304 mV. The low
operating voltage (Vop) concerning the predicted
thermodynamic potential (Ethermo) may originate from
different factors such as reactions to activation-related losses
in electrodes and transfer of electrons to the anode,
metabolism of bacteria, losses of mass transfer (due to finite
flux from the reactors to electrodes), and the ohmic losses [55].
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The square shape of the CV curve indicates the
excellent catalytic activity of carbon aerogel in the aerobic
cathode, which will continue the reduction reactions [32]
and the sufficient existence of oxygen as the final receptor
of protons. Although the good selectivity of carbon aerogel
and reducing oxygen to water through a four-electron
process (O2 +4H+ +4e- 2H2O) was concluded through
cronoamprometric tests. The catalyst activity of carbon
aerogel nanocatalyst (N-CNT-TiO2 ) has been studied in
the oxidation of H2S to sulfur, which shows the highest
catalyst activity due to its higher surface area and pore
volume [56].
Electrodes were analyzed by SEM before biofilm
formation and after the operation for 60 days. The SEM
images of the cathode electrode showed biotic biofilm
formation and its proper microbial attachment to the air
cathode (Figure 9). Long rod-shaped bacteria (about 5.00 μm
in length) and other coccial bacteria could be observed
upon the close examination of the cathode.
COD removal and coulombic efficiency
The operational efficiency of the bioelectrochemical
system, which includes the potential efficiency, coulombic
efficiency, and energy conservation, and efficiency,
were calculated for the wastewater effluent with an average
580 mg/L COD and 100 Ω resistances over 120 hours.
As shown in Figure 10, a relationship has been observed
between the current generation and organic matter removal.
By numerical integration, with the surface area under
the current curve through time, the coulombic efficiency
can be calculated. Power densities are inversely proportional
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Fig. 8: Potentiometric curves of the aerobic bio-cathode with carbon aerogel at -0.4 - 0.4 mV (vs. Ag/AgCl) potential
A) CV curve B) The chronopotentiometry curve of the single chamber air cathode BES .c)LSV curve vs. Ag/Agcl (vs. SHE)
to examine the kinetics of cathodic oxygen reduction reaction (ORR).

to the logarithm of the surface area of the anode. The average
COD removal efficiency was about 85.92% in singlechamber BES. The coulombic efficiency of the
the bioelectrochemical system was 28.5%. The minimum
effluent total COD in this study was 94 ± 53.7 mg/L.
The higher the coulombic efficiency, the more
microorganisms were found in ideal conditions, and
optimal conditions and nutrition have been provided
for them. The results showed system efficiency to COD
degradation; but most of the removal was before aeration,
probably because of phosphorus-accumulating bacteria
in the anaerobic chamber, which assimilated organic
matter in their cells in polyhydroxybutyrate form and used
it as a carbon source in aeration conditions [5].
Total sediment volume after 30 min was 50 mL of cell
effluent. Compared to other biological wastewater
treatment processes, sludge production was less clear [57]
because a significant amount of organic matter was
converted into electricity and microbial population
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growth. Besides, as explained in the previous section,
the process of nitrification and conversion of ammonium
to nitrate was observed in the early hours after the new
feeding. Nitrification bacteria, unlike common
heterotrophs, use carbon dioxide and carbonate hydrogen
as carbon sources [5]. This factor, in addition to the
activity of electrogenic bacteria on the anode,
can cause a severe reduction in COD in the first 3 hours.
The maximum removal of COD was 80%. The
maximum power density was 54 mW/cm3 and the
minimum 1.82 mW/cm2, which was similar to the results
obtained by the Niyom study on MFC [58].
These results are considered acceptable considering
the use of municipal wastewater instead of the synthetic
wastewater employed in most of the previous researches
and wide-ranging microbial consortiums.
The wastewater treatment efficiency of the BES system
was presented in table3. According to the results, the final
effluent concentration of COD could meet Iran´s Environmental

Research Article

Iran. J. Chem. Chem. Eng.

Carbon Aerogel Coated Air-cathode Bioelectrochemical ...

Vol. 40, No. 5, 2021

(A)

(B)
Fig. 9: SEM images of air cathode. (A) The carbon cloth cathode before biofilm formation (B) Biofilm formation, and microbe
attachment to the carbon aerogel air cathode, the cathode compartment showing the long rod-shaped bacteria
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This correlation proves that electricity generation
in the microbial fuel cell can remove the nitrogen and phosphorus
compounds or control them in wastewater treatment.
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Fig. 10: The relationship has been observed between the
current generation and organic matter removal in 120 h of
operation of the single-chamber air cathode BES.

Protection Organization Standard for agricultural
reuse; still, the phosphate concentration is not (COD
and phosphate lower than 200 mg/L and 6 mg/L
respectively).
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CONCLUSIONS
The present study has been conducted to examine
the efficiency of electricity generation along with the
removal of nitrogen and phosphorus compounds or control
them by the bioelectrochemical system, as an energyefficient technology from municipal wastewater, while all
current treatment technologies require energy for nutrient
removal mainly through aeration. No active oxidation
is required for ammonium oxidation; instead, the
movement of electrons from the anode to the cathode
drives ammonium recovery at the cathode.
The results prove that electricity generation in a
microbial fuel cell can remove the nitrogen, and
phosphorus compounds from wastewater, the TN, and P
concentrations in effluent were 28.9 ± 24.3 mg/L, and
13 ± 46.8 mg/L, respectively. Electricity was generated
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Table 3: The average values of COD, BOD, TN, and phosphate removal efficiency of BES from wastewater.
COD mg/L

BOD mg/L

TN mg/L

PO43- mg/L

Turbidity NTU

Influent

677.23±157.998

353.12±117.734

71.86± 24.3

140 ±46.8

160 ±31.415

Anaerobic cell effluent

150±157.998

97.89 ±117.734

19± 24.3

65.5±46.8

60±31.415

Aeration chamber efflent

95 ±157.998

67.1±117.734

28.9 ± 24.3

13±46.8

14.2±31.415

by microorganisms as biocatalysts from the organic
compounds of the municipal wastewater without using
activation current. With a 304 mV Open Circulate voltage,
the maximum removal of Chemical Oxygen Demand was
80%, and the maximum power density was 1.82 mW/m2.
Such instruments can be used in municipal wastewater
systems, such as manholes, rainwater-harvesting canals,
and sewers. The next step is to scale up BESs and bring
them into a general application, the results of which will
be present in another report. The significant observations
in a tubular up-flow BES were high internal resistance,
limited conductivity of electrodes, and contact between
the electrodes; the current collector was often suboptimal.
To reduce operational expenses, we limited the separators,
which decreased the treatment and electricity production
efficiencies. More pilot studies are essential to
demonstrate the practical feasibility of BESs.
Nomenclature
AC
BHl
BES
CB
CE
COD
I
LB
MFC
ORR
OCP
Pd
P
R
SHE
SOB
SBR
SEM
TPV
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Activated Carbon
Brain Heart Infusion
Bio Electrochemical System
Carbon Black
Coloumbic Efficiency
Chemical Oxygen Demand
Current
Luria-Bertani
Microbial Fuel Cells
Oxidation-Reduction Reactions
Open Circulate Voltage
Power Density
Power
Resistance
Standard Hydrogen Electrode
Sulfur Oxidizing Bacteria
Sequencing Batch Reactor
Scanning Electron Microscope
Total Pore Volume
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