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Abstract: A manganese oxide-coated cylindrical graphite cathode with a zinc anode was devel-
oped to treat wastewater containing selenite in a dual-chambered microbial fuel cell. COD and
selenite removal in the anodic chamber by Bacillus cereus with energy generation were evaluated in
batch mode. A manganese dioxide-coated graphite cathode was tested for its surface morphology
and chemical composition using scanning electron microscopy and dispersive energy analysis of
X-rays. Compared to the non-coated graphite electrode, up to 69% enhancement was observed in
the manganese dioxide-coated electrode voltage generation with 150 ppm selenite concentration.
The fuel cell achieved a maximum power density of 1.29 W/m? with 91% selenite reduction and
up to 74% COD (initial COD of 120 mg/L) removal for an initial selenite concentration from 100 to
150 ppm. The current study demonstrated the possibility of a modified cathode in enhancing energy
generation and the use of microbial fuel cell technology to treat wastewater containing selenite.

Keywords: manganese dioxide; graphite cathode; microbial fuel cell; selenite; wastewater treatment;
COD

1. Introduction

Selenium (Se) is necessary for human and animal metabolism at trace levels. Var-
ious inorganic forms of selenium, such as selenide, selenate, and selenite, are found in
nature. The accumulation rate of selenium in the environment increases due to industrial
and agricultural operations [1]. Numerous industries, such as the glass production and
electronic sectors, use selenium and its compounds extensively, and waste streams from
these sectors will release significant amounts of selenium. Additionally, when agricultural
run-off travels across the dry terrain, water systems might be contaminated with soluble
selenium compounds (selenate and selenite), and when the water evaporates, they concen-
trate in wetlands. Selenium leaches from coal fly ash, mining, metal smelting, processing
crude oil, and landfills, contaminating rivers and other water bodies. Wetland birds, fish,
and other oviparous species were reported to develop congenital abnormalities due to
high selenium levels in rivers [2]. Elevated dietary methylmercury concentrations can
aggravate selenium toxicity’s negative effects in oviparous animals [3]. The mining of
phosphates and metal ores, sewage sludge, fly ash from coal-fired power stations, oil
refineries, and agricultural drainage are also the causes of the toxic contamination of Se in
the aquatic environment [1,2,4].

Microbes transform water-soluble forms of Se into insoluble elemental Se [2,5]. Com-
pared to other Se species, elemental Se is less toxic, as well as its bioavailability. Removing
Se from industrial wastewater was difficult and not cost effective due to the combination
of high volume and low concentration of Se [6]. The Se from the waste stream could be
removed by various technologies, such as adsorptive, physical, oxidative, or reductive
biological techniques. Bioreactors can convert soluble Se to its elemental form [4,7]. High
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Se removal was achieved using anaerobic granular sludge in an up-flow anaerobic sludge
blanket reactor [8,9]. Domestic and industrial wastewater is subject to conventional aerobic
treatment, which involves substantial capital costs as well as high operational and energy
costs. Microbial fuel as an alternative technique for traditional wastewater treatment can
aid in the recovery of energy from wastewater and reduce the amount of energy input and
excessive sludge formation [10].

Microbial fuel cells (MFCs) may employ bacteria to oxidize organic and inorganic
substrates and produce power. This approach significantly produced power from wastewa-
ter’s common organic materials, such as proteins and carbohydrates, while also cleaning
up harmful substances such as phenols and petroleum compounds [11]. According to
the previous research studies carried out by Thiviraj Chellamuthu et al., 2011 [12] and
Catal et al., 2008 [13], on the possible removal of Se using MFCs. Single-chambered MFCs
were developed for the removal of selenite from wastewater treatment. However, there
is still no research on the reduction of selenite from domestic wastewater and electricity
production by a dual-chambered microbial fuel cell [14]. Single-chamber fuel cells are
less effective compared to dual-chambered fuel cells in electricity generation. The main
advantage of dual chambers over single chambers is the ability to improve performance
through pH adjustment, organic load enhancement, oxygen purging, and enhancement of
electron mediators in the cathode, which results in improved MFC performance. Due to a
higher rate of oxygen diffusion and substrate crossing, the single-chamber structure has
the disadvantage of having poor Coulombic efficiency. High power densities cannot be
achieved with single MFCs because the anode and cathode must be closed. Short retention
times with a single MFC might decrease the COD removal efficiency; hence, with higher
volumes, the treatment is not as effective as other biological treatments since the retention
times do not permit the removal of high COD concentrations [14,15].

The performance of MFC could be achieved by several means, such as the cathode
material used, the pH maintained in the chamber, flow rate enhancement, oxygen purging,
and the use of electron mediators in the cathode [16]. The bacteria interact with the electrode
and oxide of the organic substrate and produce electrons and protons through glycolysis,
the Krebs cycle, and the electron transport chain [17]. Because of the slow reaction kinetics,
electron uptake in the anode [11] and cathode [14,15] is regarded as a key factor in limiting
the amount of power produced by MFCs.

The cathode material of the microbial fuel cell plays an important role in capturing
protons among all components in MFCs. Cathode performance has an effect on oxygen
reduction kinetics [18]. Various modifications were made to the electrode material to
improve electricity generation. The most common and economical electrode materials in
MECs for producing biocompatible electrodes are carbon-based (cloth, felt, and paper)
and non-inert metallic materials. The hydrophobic properties of the electrode materials
frequently enhance the interfacial resistance as a result of microorganisms’ ineffective
adherence to the electrode surface [16,17,19]. The use of quinones [18,20], Mn?** [21], and
neutral red [21,22] as electroactive mediator species to promote quicker electron transport
is among them. Other techniques used for electrode modification include conducting
polymers [20], carbon nanotubes (CNTs) [23,24], and metal particles [16,25]. According
to earlier studies, coating carbonaceous electrode material with metal and metal oxides
enhances the electroactive microbial population, improving the performance of fuel cells.
When compared to an uncoated electrode, electrodes modified with Au [24], Pd, manganese
dioxide (MnOy,), iron oxides [16,25], ruthenium oxide [26], and electrodeposition of nickel-
iron (NiFe) and nickel-iron—phosphorous (NiFeP) nanostructures [27] performed better.

Various physical and chemical modifications to carbon materials have been docu-
mented in the past in order to increase conductivity, surface area, and biocompatibility
for microbial growth [26]. Compared to bare (unmodified) carbon electrodes, the oxygen
reduction reaction (ORR) has a large over-potential barrier, which necessitates the addition
of a catalyst such as Pt [8]. Although Pt is a common ORR catalyst in MFCs [28], due
to its expensive cost and activity loss from extra reactions [29-31], researchers have been
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looking for non-Pt catalysts that can be utilized in place of Pt without significantly affecting
MEC performance. Cobalt tetramethyl phenyl porphyrin (CoTMPP) [32,33], iron cobalt
tetramethyl phenyl porphyrin (FeCoTMPP) [34], cobalt tetramethyl phenyl porphyrin
(FeCoTMPP), MnO; [8], Fe;O3 [29], and activated carbon fabric (ACF) [35] have all been
proven to contribute to power generation in MFCs. Manganese, a less costly catalyst than
platinum, has proven to be efficient at facilitating power outputs in MFCs and catalyzing
oxygen reduction reactions [24]. Because of their availability, low cost, environmental
friendliness, and significant catalytic activity towards the electrochemical ORR, Mn oxides
have received great interest as cathode catalysts in MFC. So, this research addressed the
feasibility of using MnQO, as a low-cost alternative cathode catalyst to platinum. According
to the previous literature support, there are only a few studies focused on the development
of MnO;,-based cathode electrodes for simultaneous selenite reduction, COD removal,
and bioelectricity production. Additionally, the development of dual-chambered fuel for
domestic wastewater treatment with a zinc anode and MnO, coated cathode electrodes for
fuel cells is needed.

The aim of this study was to investigate the ability of Bacillus cereus to produce
bioelectricity and to effectively reduce the selenite in a dual-chamber MFC with an MnO,-
coated graphite cathode. Selenite reduction conditions and bioelectricity production by
Bacillus cereus were studied in comparison with MnO, coated and uncoated graphite
cathodes. The capability of MFC technology to significantly remove Selenite was found,
and the possibility of employing it to treat wastewaters that include Selenite was examined.
This study could result in the generation of less sludge, which can be converted into biochar
and used as an adsorbent, catalyst carrier, soil conditioner, and cement paste [36].

2. Material and Method

All the chemicals and media (Luria Bertani broth, agarose, potassium chloride, potas-
sium permanganate, polyethylene glycol, sodium selenite, potassium dichromate, mercuric
sulfate, sulphuric acid, ferrous ammonium sulfate, and ferroin indicator) were procured
from Himedia Chemicals Limited, India. Graphite and zinc electrodes were purchased from
Agilent graphite furnace AAS electrodes, Agilent Technologies India Pvt. Ltd. (Chennai).
The Bacillus cereus was isolated from seawater in the coastal region of Mumbai, Maharashtra
(Accession Number-KR611712).

2.1. Design of the Microbial Fuel Cell Setup

The experimental design of the constructed dual-chamber MFC is clearly shown in
Figure 1. The MFC was designed using 2 borosilicate glass chambers with an effective
volume of 1000 mL, each connected using a (proton exchange membrane) salt bridge
made of 2% agarose with 10% potassium chloride (KCl) [24,25]. The proton exchange
membrane acts as a semi-permeable membrane and a reactant barrier prevents the transfer
of substrate, minerals, and oxygen from the anodic chamber to the cathodic chamber. The
agarose and potassium chloride in the salt bridge facilitates the significant transfer of the
proton to the cathode in turn increases the rate of electricity generation. The concentration
of salt will increase the conductivity of the salt agar bridge system; thereby, it controls
internal resistance [25]. Graphite (MnO, coated and uncoated) with a surface area of
0.35 square meters was used as the cathode and zinc was used as the anode (surface area
of 0.35 square meters).



Energies 2023, 16, 2880

40f 15

Organic
compounds

Oxidation
products

Anodic Chamber

Bacteria

e’ »
Manganese
\ dioxide coated
\ A 4
clectrode
‘\\ —
NER
\
) L
— s W ~——
§ . " = Camm
o 2 = B
i3 3 | = 1]
B F
E H 5 6500 5550 5568 BEB BEER \ o
g2 sm bridge = m
gs E § e A @
//

4‘ Multimeter

| Data Acquisition system |

| Cathodic Chamber |

Figure 1. Experimental design of dual-chamber MFC.

Non-inert metallic electrode-based MFC was developed in recent years to obtain a
better performance in the electricity generation. According to earlier research, oxidation
always takes place at the anode and involves electron loss. Due to the oxidation of Zn
atoms on the electrode give up two electrons and become Zn?* when they enter the solution
(Zn?* (aq)/Zn(s) half-cell). Electrons always go from the anode to the cathode in a voltaic
cell. The common carbon electrodes are replaced with the metal electrode in the anodic
chamber [19]. For example, the Zinc electrode was used as an anode since it has good
reduction potential (Zn?" +2e — Zn (E° = —0.763 V)) [20,26]. Zinc (amphoteric metal)
can react with both acid and alkali. It has the potency to work in all ambient conditions
in the microbial fuel cell. In 2015, Das used zinc mesh as an anode electrode in algal MFC
and he achieved good performance compared to the use of other carbon derived electrodes.
Additionally, in 2016, Cek reported in his work that moss MFC used a Zn anode electrode
and obtained good performance [18,26]. Due to all these properties, the zinc electrode was
used as an anode in this study.

The MFC with the zinc anode and the graphite cathode, along with LB broth (anolyte)
and distilled water (catholyte), serves as the control. With the help of LabVIEW (2015), the
voltage output and the potential of the cathode and/or anode were measured. The voltage
was recorded through a data acquisition unit (DAQ USB-6221, National Instruments Co.,
Ltd., Guangdong, China) [6,37]. There was no additional oxygen supply provided to the
system, and the cathodic chamber was left open to absorb oxygen from the atmosphere.

2.2. Preparation of Cathodic Material

The deposition of MnO; crystals onto the cylindrical graphite electrode was carried
out by immersion technique. Initially, 4.16 g of potassium permanganate was dissolved in
500 mL of double-distilled water and stirred continuously to facilitate uniform mixing. The
electrode was immersed in this solution, and 45.83 g of polyethylene glycol (reducing agent)
was added slowly. Then, the flask was stirred for 90 min. The redox reactions between
potassium permanganate and polyethylene glycol (PEG) resulted in the formation of a
brown color precipitate and was observed on the electrode. The electrode was then dried
at 100 °C for 90-120 min [24,25].
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2.3. Preparation of Anodic and Cathodic Chamber

The constructed laboratory-scale MFC was operated in batch mode with secondary
treated wastewater spiked with different concentrations of selenite (100 and 150 ppm).
Secondary treated domestic wastewater was collected from the sewage treatment plant
of the Vellore Institute of Technology, Vellore, Tamil Nadu, India, and the chemical com-
position is shown in Table 1. The distilled water was used as a catholyte in the cathodic
chamber. The analyte for the anodic chamber was prepared with an equal volume of the
above-mentioned wastewater and the Luria Bertani broth containing yeast extract, NaCl,
and tryptone as an added nutrient and spiked with varying concentrations of sodium
selenite (100 and 150 ppm) [6,16]. The collected wastewater was initially characterized by
the Tamil Nadu pollution control board in Gandhi Nagar, Vellore (Table 1).

Table 1. Chemical components of the wastewater.

Content Values and Units
pH 6.8

Suspended solids 100 to 150 mg/L
Total dissolved solids 16 mg/L

BOD 100-180 mg/L
COD 250 mg/L

Oil and grease 10-100 mg/L

An actively growing Bacillus cereus was grown in LB broth for 12-15 h in a shake
flask at 121 rpm in an orbital shake. Then the culture was centrifuged, and the pellet was
used as inoculum to start the experiment. The MFC was operated at pH 6.8 and at room
temperature for 72 hrs. The samples were analyzed for COD and selenite removal after 24,
48, and 72 h [27,28,37]. The bacteria in the anodic chamber act on the biodegradable organic
matter to release protons and electrons. The electrons are transported to the cathodic
chamber via the external circuit, and the protons, on the other hand, are transported
through the proton exchange membrane. This flow of ions generates electricity in the
microbial fuel cell.

2.4. Electrochemical Measurement and Analysis

The voltage generated in the microbial fuel cell was recorded regularly using a data
acquisition system. The circuit current was calculated using Ohm’s law (V = IR). The
current and power density values were assessed by the formula given below:

Voltage = IR M
V2
P = — 2
ower R &
Power
P ity =
ower density Surface area of clecirode (3)
P
Volumetric power = oo @

Volume (1000 mL)

where
I—Current in Ampere
R—Resistance
V2—A voltage applied across the two ends
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The COD of the samples at 24, 48, and 72 h were determined using potassium dichro-
mate as the reducing agent and titrated against ferrous ammonium sulfate. The COD
removal was measured using the given formula:

8 x 1000 x D.F x M x (Vg — Vs)

COD = 5
VSample ©)
D.F—Dilution Factor
M—Molarity of Ferrous ammonium sulphate
Vp—Volume of Ferrous ammonium sulphate used by blank (mL)
Vs—Volume of Ferrous ammonium sulphate used by Sample at time, t (mL)
COD Removal percentage = CODin — CODout 4y, (6)

CODy,

CODj,—Initial concentration of COD (g L1

COD,yt—Final concentration of COD at time, t (g L1

By integrating the current (I) observed over time (t) and comparing it with the theo-
retical current based on the change in chemical oxygen demand (COD) removed from the
following equation, Coulombic efficiency (CE) was determined:

t
CE — 8 [oId(t) )
F V4040 ACOD
where 8 is a constant used for COD, based on MO, 32 g mol !, 4 electrons exchanged per
mole of oxygen, F is the Faraday’s constant (96,485 C mol~-electrons), V04 is the volume
of the anode chamber, and ACOD is the change the COD over time (f) [29].

The bacteria in the anodic chamber reduced the soluble selenite to insoluble selenium,
and the red precipitate forms and the soluble selenite were measured using the ICP-
AES (SPECTRO Analytical Instruments, ARCOS, Simultaneous ICP Spectrometer). The
samples were withdrawn after 24, 48, and 72 h and centrifuged at 8000 rpm for 15 min.
The supernatant was collected and filtered with a 0.45 pm syringe filter, and the selenite
concentration was measured. The given formula measured the selenite removal percentage

as follows:
A—B

% Selenite removal = % 100 (8)

A—Initial soluble selenite concentration
B—Soluble selenite concentration at time, t

2.5. Morphological Analysis

The MnO,; graphite electrode was investigated using the SEM imaging technique with
a magnification of 7000x at 2 pum, EHT of 10 kV, and a WD of 11 mm. The images of
coated and uncoated electrodes were compared to study the presence of coating and its
uniform distribution. Energy dispersive X-ray (EDAX) analysis was performed to confirm
the chemical composition of the electrode.

3. Results and Discussion
3.1. Morphological Characterization of Manganese Dioxide (MnO,) Electrode

The cathode of the microbial fuel cell plays a crucial role in proton capture among all
components in MFCs. The graphite cathode was coated with MnO, to improve proton
capture and electricity production. The scanning electron microscopy (SEM) technique was
used to study the surface and morphological characteristics of the MnO,-coated and un-
coated graphite cathodes. The electrode was cut into 1 cm size for SEM analysis. Figure 2A
shows the outer surface of the electrode, and Figure 2B shows the surface characteristics
of the graphite cathode coated with MnO, used in MFC. Figure 2B showed the presence
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EHT = 10.00 kv Signal A = SE1 Date :1 Nov 2017

WD = 1.0 mm Mag= 7.00 KX Time :14:39:15 = |Full Scale 994 cts Cursor: 15.195 (0 cts) keV]

of a uniform distribution of small manganese particles, an additional layer on the coated
electrode that was absent on the uncoated electrode. To confirm the chemical composition
of the MnQO;, layer, an EDAX analysis was performed. The absence of manganese particles
was observed on the uncoated electrode. The primary component, carbon, constitutes 85%
of the total composition and 10% oxygen in the uncoated electrode. On the other hand,
the coated electrode had 30% carbon, 23% manganese, and 27% oxygen, confirming the
presence of a MnO; layer on the surface of the electrode (Figure 2B) [24].

(A)

Element | Weight% Atomic%

CK
OK
Na K
Totals

EHT = 10.00 kv Date :1 Nov2017  fka) | 0 1
WD =11.0 mm Time :14:27:52 - =

Full Scale 1378 cts Cursor: 7.991 (2 cts)

Element Weight% Atomic%

CK 31 48

CaK 4 2
MnL 23 8

Totals 100.00

Figure 2. SEM image of (A) graphite electrode and (B) graphite electrode coated with manganese dioxide.

3.2. Effect of Selenite Concentration on Bioelectricity Generation

The laboratory-scale microbial fuel cell was constructed with Bacillus cereus to treat sec-
ondary treated wastewater containing varying concentrations of selenite (100 and 150 ppm)
at neutral pH [5]. Parameters such as pH, substrate concentration, and the biological
organic matter of the wastewater residue will affect MFC’s electricity generation. A set
of controls were performed to validate the microbe’s contribution to energy production.
The MFC with a zinc anode and graphite cathode (MnO, coated and uncoated) with the
Luria Bertani broth containing selenite (100 and 150 ppm) without wastewater (control)
was also studied and compared with wastewater containing selenite (100 and 150 ppm) for
energy production. It was evident from Table 2 and Figure 3 that there was higher voltage
production in the presence of wastewater with a higher concentration of selenite than in
the control run. Overall, there was a 16.3% increase in the voltage of the MFC setup with
the uncoated graphite electrode and a 31% increase with the coated graphite electrode.
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Table 2. Other reported surface modified cathode material on microbial fuel cell.

S No. Cathode Material Type of Cathode Power Density (Wm~2) Reference

1. NaCo,0y carbon cathode Air-cathode 0.6 [38]
Manganese dioxide/titanium
dioxide/graphitic carbon nitride

2 coated granular activated carbon i 117 (39
cathode
MnO; nanotubes/graphene oxide . .

3. nanocomposite modified cathode Alr-breathing cathode 3.359 [40]
Fe-Ag-N multi-doped graphene .

4. Cathade Air-cathode 1.96 [41]

5. o-MnO, Nanosheet Air-cathode 1.671 [42]
Graphene oxide-supported zinc cobalt

6 oxide cathode . 0.773 [43]

7. MnO,@rGO Cathode - 0.008 [44]

8. BGQDs/MOF-15 cathode - 0.703 [45]

9 Manganese dioxide coated graphite ) 1.29 W /m2 This study

cathode

In the MFC operation, Dhiraj et al. [35] reported using a graphite electrode and a
PbO, graphite electrode with river water as the electrolyte; a maximum voltage of 937 mV,
a maximum current density of 382 A cm~2, and a maximum power density of 86 W
cm ™2 were achieved. Additionally, Venkatamohan et al. [32] obtained a maximum current
density of 62.23 mA m~2 and a maximum power density of 15.56 mW m~2 using the
hybrid electrode with Musi River water as the electrolyte. A near-neutral pH was said to be
advantageous for electricity generation and COD elimination. In contrast, operational pH
values greater than 10 have been observed to be less suited for collecting bioelectricity [33].
As a result, the pH was kept neutral throughout the investigation.

There was an increase in the current production in the fuel cell setup with MnO,-
coated graphite cathode because of the pseudo-capacitive character of the MnO;. According
to Ma et al., 2008, MnO; in an aqueous neutral electrolyte follows the redox reaction
(MnO, + 8X* + 8e~ «+» MnOOXs ) where X* stands for the H*. The hypothetical specific
capacitance of the conversion of Mn (IV)O; to Mn (III)OOX leads to an increase in voltage
production. The continual rise in current during cyclic voltammetry charging of the
electrodes may also be attributed to the creation of free protonic or cationic species (X+),
which improve the ionic conductivity of the electrolyte [21,22]. The surface modification
of a cathode with a catalyst will improve power generation. Some of the examples of
the power production improvement by surface coating of cathode materials are listed
in Table 2.

The redox reaction of the MnO; coating on the surface of the graphite electrode
may be the cause of this current rise. Table 3 supports the hypothesis that coating the
electrode with the conductive MnO, particles caused an increase in the voltage and power
density obtained by the cell. In the control setup with 100 ppm of selenite and without
wastewater, there was a 19.6% increase in power production compared to the uncoated
cathode. However, the control with 150 ppm of selenite resulted in a 21% selenite reduction.
In the experimental setup, there was a 43% and 27% increase in the voltage recorded for
an initial concentration of 100 ppm and 150 ppm selenite, respectively. The power density
of the setup with the coated electrode increased by 46% for an initial concentration of
100 ppm and by 69% for an initial concentration of 150 ppm. This proves the additive
effect that coating has on the functioning of the microbial fuel cell. A maximum voltage of
1.22 V and 1.29 V was recorded for initial concentrations of 100 ppm/L selenite and
150 ppm, respectively.
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Figure 3. Time vs. voltage, current, volumetric power, and power density curves of coated (1a—4a) and uncoated manganese cathode electrodes (1b—4b). (1a) Time
vs. voltage curve for an uncoated manganese cathode electrode; (1b) time vs. voltage curve for a coated manganese cathode electrode; (2a) time vs. current curve
for an uncoated manganese cathode electrode; (2b) time vs. current curve for a coated manganese cathode electrode; (3a) time vs. volumetric power curve for an
uncoated manganese cathode electrode; (3b) time vs. volumetric power curve for a coated manganese cathode electrode; (4a) time vs. power density for an uncoated
manganese cathode electrode; and (4b) time vs. power density for a coated manganese cathode electrode.
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Table 3. Voltage and power densities obtained in the control setup and MFC with varying selenite

concentration.
o Tus .
% Difference in If)o]v?rlefrfg:?l;ietm
S. No Overating Conditions Coating on Maximum Maximum Power Voltage Production Compared to y
’ P & Electrode Voltage (V) Density (W/m?) Compared to Coated p
Coated and
and Uncoated
Uncoated
1 Without wastewater-100 Uncoated 0.874 0.55 ) B
ppm (Control)
2 Without wastewater-100 04 1070 082 196 27
ppm (Control)
3 Without wastewater-150 Uncoated 0.67 0.32 )
ppm (Control)
4 Without wastewater-150 Coated 0.88 0.56 2 o4
ppm (Control)
5 With wastewater-100 ppm  Uncoated 0.95 0.64 -
6 With wastewater-100 ppm  Coated 1.22 1.1 27 46
7 With wastewater-150 ppm  Uncoated 0.92 0.60 -
8 With wastewater-150 ppm  Coated 1.35 1.29 43 69

3.3. Selenite and Chemical Oxygen Demand Removal Efficiency

The COD and selenite reduction were studied to understand the treatment efficiency
and energy production. The effective removal of selenite by bacteria requires carbon,
energy, and electron donors. The energy harvested through the oxidation of organic waste
(wastewater) at the anode of MFCs drives the reduction of selenite in the anodic chamber.
Thus, the reduction and removal rates depend on the anodic chamber’s bacterial and
organic load [46]. In the MFC setup, there was a 91% reduction of selenite for an initial
concentration of 100 ppm/L within 48-72 h and a 93% reduction for an initial concentration
of 150 ppm (Figure 4). A significant reduction in the chemical oxygen demand was observed,
i.e., a 74% reduction for 100 ppm/L and a 73% reduction for 150 ppm selenite concentration
(Figure 4). Table 4 shows the selenite and COD removal at various operation conditions.
With the rise in selenite concentration, a red deposit was seen on the MFC electrodes
and in the solution. According to Narasingarao and Haggblom (2007) [47], the sediment
is most likely composed of elemental selenium, produced when microorganisms in the
solution and on the electrode surface reduce selenite. Tunc Catal et al., 2009, developed
single-chambered fuel with mixed culture to simultaneously remove selenite and COD. In
the presence of 75 ppm of selenite, 99% removal was reported in less than 48 h with 0.41 V
power production with acetate as substrate and 0.07 V at 100 ppm of selenite in less than
72 h when glucose was used as substrate [16].

According to Lee et al., 2007 [30], facultative anaerobic Shewanella species, well known
for their ability to produce electricity in MFCs, were able to use selenite as the only electron
acceptor for respiration in anaerobic conditions. This resulted in selenite reduction and the
precipitation of elemental Se nano-sized spherical particles. Sukkasem et al., 2008 [31], stud-
ied that denitrifying bacteria could also reduce selenite or selenate to elemental selenium,
which might be crucial for electron transfer in MFCs [48]. Bacteria using organic substrates
primarily for their growth and not for the creation of electrons may have contributed to the
Coulombic efficiency (CE) value decreasing at high COD concentrations. Table 5 for the
current study shows that the higher the organic pollutant, the lower the CE. The cathode
kinetics, which were greatly enhanced by coating the cathode with MnO,, were responsible
for the maximum power output [49].
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Figure 4. Percentage selenite and COD removal at 100 and 150 ppm.

Table 4. Selenite and COD removal after 72 h at varying operation conditions.

Operating Iég::;:;;iir:;e ?:;lesnetlreartlil(:i % Selenite Initial COD Final COD % COD
Condition Removal (mg/L) (mg/L) Removal

(ppm) (ppm)

Without
wastewater 100 14 86 - - _
(Control)

Without

wastewater 150 9 91 - - -
(Control)

With

wastewater and 100 9 91 120 31 74
selenite

With

wastewater and 150 7 93 120 33 73
selenite

Table 5. Removal of organics and substrate consumption in terms of Coulombic efficiency.

Final COD (mg/L) for Coulombic Efficiency Final COD (mg/L) for Coulombic Efficiency
Time (h) Coated Electrode with Coated Electrode with Coated Electrode with Coated Electrode with
100 ppm of Selenite 100 ppm of Selenite (%) 150 ppm of Selenite 150 ppm of Selenite (%)
24 80 49.29 101 20.7
48 32 44.61 31 59.16
72 31 64.71 33 704

This finding shows that the bacteria enriched for electricity generation in the dual
chamber MFC system can also use selenite as an electron acceptor [47]. As mentioned
earlier, the wastewater stream polluted with Se will have different concentrations and
loads. Therefore, a further enrichment step was required when the influence of MFC shifted
between selenite-free and selenite-rich waste streams. These electrogens (bacteria) allow
for the simultaneous generation of energy and the elimination of COD/Se, demonstrating
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the enormous potential of MFC technology for wastewater treatment [16]. Residual sludge
management is a critical issue since the produced sludge requires dewatering. After
dewatering, the sludge was converted into biochar with selenium and used as an adsorbent
for the removal of heavy metals in the wastewater (chromium, cadmium, lead, and arsenic),
a catalyst carrier (MFC), and a soil conditioner (maintenance of soil pH) [36].

4. Conclusions

The research demonstrated using a MnO,-coated graphite cathode in MFC with zinc as
the anode for producing bioelectricity. MnO;-coated graphite cathode MFC cells with a high
selenite concentration exhibited enhanced energy production. Additionally, Bacillus cereus
exhibited the reduction property by converting selenite to elemental selenium, thus playing
an important role in electron transfer in MFCs. The developed technology also displayed
potential for wastewater treatment by producing energy while removing COD/Se. The
effect of energy generation with the variation of catholyte media, temperature, and pH,
and the impact of zinc electrode erosion and biofilm formation on electrode surface, could
be discussed in future studies.
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