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ABSTRACT
Microbial fuel cell (MFC) is an alternative way for household organic waste
treatment as it produces sustainable clean energy. Chemical parameters
of the cauliflower leaf waste before treatment were 143.5 mg/g COD,
0.90 mg/g ammoniacal nitrogen, 67.8 mg/g phosphorous, 214.8 mg/g
total reducing sugar and 0.53 mg/g soluble reducing sugar. After eight
days of treatment in MFC at the optimised condition of multiwalled
carbon nanotubules (MWCNT)’ coated graphite as anode and potassium
ferricyanide added phosphate buffer as catholyte with an external
resistance of 1000 Ω showed a reduction in COD, ammoniacal nitrogen,
phosphorous and total reducing sugar by 24.7, 76.9, 22.5 and 53.4%,
respectively, along with a maximum power density of 10.1 W/m3.
Scanning electron microscopy (SEM) showed bacterial adherence in the
graphite electrode and its molecular characterisation using 16S rRNA
sequencing confirmed as Bacillus sps.
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1. Introduction

Kitchen waste is the major household organic waste that causes serious environmental deterio-
ration. This waste can be used as a valuable feedstock in biological and thermochemical conversion
processes to produce bioenergy (Soltanian et al. 2022). For the proper management of household
organic waste, it needs to be characterised properly so that it can be easily degraded and hence
can be applied as raw material to produce various types of value-added products (Dhungana
et al. 2022). Waste composition influences the overall yield and kinetics of the biological reaction
during digestion (Afifi 2011). The conventional disposal of the waste includes landfill, incineration,
composting, anaerobic digestion, etc. (Savini 2021). These disposal processes produce leachate that
contaminate the groundwater leaving solid residue with toxic gaseous products in the environment
(Nabavi-Pelesaraei et al. 2017) (Figure 1 and Table 1).

Recovery and recycling of waste is a great deal in today’s scenario. The discarded items are pro-
cessed to extract or recover materials and resources or convert them to energy usable heat, electri-
city or fuel (Santagata et al. 2021). Recycling is the third component of reduce, reuse and recycle
waste hierarchy (de Sadeleer et al. 2020). In a recent scenario, the food and energy markets are
facing an imbalance of supply and demand (Esfandabadi, Ranjbari, and Scagnelli 2022) resulting
in the need to search for alternative carbon-neutral energy sources. Energy waste is one of the
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good recycling processes which involves converting non-recyclable waste items into usable heat,
electricity or fuel through a variety of processes (Ng et al. 2019). This type of energy source is renew-
able because non-recyclable waste can be used to create energy. It can also help to reduce carbon
emissions by offsetting the need for energy from fossil sources (Du and Li 2017).

The microbial fuel cell is one of the techniques to be used for the degradation of waste and the
generation of electricity (Joshi et al. 2019). In MFC, electrons are typically transferred by electrogens

Figure 1. Logical diagram of the research.

Table 1. List of abbreviations and symbols used in this manuscript.

Abbreviations and symbols Meaning

MFC Microbial fuel cell
COD Chemical oxygen demand
SEM Scanning electron microscopy
MWCNT Multiwalled carbon nanotubules
PANI/MWCNT Polyaniline multiwalled carbon nanotubules
LB Lysogeny broth
CMC Carboxymethyl cellulose
OCV Open circuit voltage
PCR Polymerase chain reaction
rRNA Ribosomal ribonucleic acid
DNA Deoxyribonucleic acid
BLAST Basic Local Alignment Search Tool
NCBI National Center for Biotechnology Information
g Gram
mL Millilitre
Mm Millimetre
cm Centimetre
mg/g Milligram per gram
w/w Weight by weight
w/v Weight by volume
mW/m3 Milliwatt per cubic metre
mg/L Milligram per litre
v/v Volume by volume
M Molar
mV Millivolt
H2SO4 Sulphuric acid
HNO3 Nitric acid
HCl Hydrochloric acid
h Hour
d Day
°C Degree celsius
H2O2 Hydrogen peroxide
Ω Ohm
µL Microlitre
µm2 Square micrometre
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directly or indirectly with an exogenous, redox-active mediator. This mediator serves as an electron
transporter and delivers the microbes a platform to yield reduced products that are electrochemi-
cally active (Adebule, Aderiye, and Adebayo 2018). The use of a microbial fuel cell to treat organic
waste and obtain additional electrical capability is possible due to microorganisms and enzymes
(Wang et al. 2013). However, the high cost of components for large-scale implementation, limited
power generation and lower efficiency are the main challenges to their commercialisation (Ahanchi
et al. 2022). Thus, recent advances in MFC technology for simultaneous bioelectricity generation
and bioremediation emphasise the types of electrode materials, substrates and different MFC
designs (Kumar et al. 2017).

Nanoparticles based on carbon and conductive polymers can promote biofilm formation and
enhance electron transfer between the electrodes and the biofilm (Mashkour et al. 2021). In this
study, polyaniline multiwalled carbon nanotubule (PANI/MWCNT)-coated graphite electrode is
used to study its effect on the performance of the MFC system to generate electricity from cau-
liflower waste. As cauliflower leaf is the most abundantly found household organic waste in
Nepal, it is used in the study. This work is intended to perform as cauliflower leaf waste is generated
in a huge amount and this technique has shown efficient degradation of cauliflower leaf waste with
less effort and alternately generates electricity.

2. Materials and methodology

All the reagents were of analytical grade. The reagents and media were purchased from Himedia,
India Pvt. Ltd. unless stated. Multiwalled carbon nanotubules (MWCNT), aniline, silver sulphate,
potassium hexacyanoferrate (II) and mercuric sulphate were purchased from Sigma Co. Cauliflower
leaf waste used as the substrate for the study was collected from the central vegetable market, Bal-
khu, Kathmandu, Nepal. The cauliflower leaf waste (biomass) was air-dried for 24 h and was
grounded with a grinding machine to make a fine paste and was used for analysis.

2.1. Physiochemical analysis of biomass

Physical parameters such as pH and moisture content and chemical parameters such as chemical
oxygen demand, ammoniacal nitrogen, reducing sugar and phosphorus of the biomass were ana-
lysed before and after the treatment in MFC. Moisture content (% w/w) was determined by over-
night drying the biomass in a hot air oven at 105°C and ash content (% w/w) was determined by
burning the leaf waste in a muffle furnace at 550°C for 2 h. Ammoniacal nitrogen content was deter-
mined using the Nessler reagent method as described by Demutskaya and Kalinichenko (2010).
Chemical oxygen demand was determined by the spectrophotometric method (Ying et al., 2006)
and reducing sugar was determined using the dinitro salicylic acid method (Joshi, Bhattarai, and
Sreerama 2018). Similarly, the amount of phosphorus was analysed using the acidified ammonium
molybdate method (Ganesh et al. 2012).

2.2. Microbial inoculum preparation

For the growth of the mixed culture of microorganisms, about 10 g of sample (biomass paste) was
taken and cultured in 100 mL lysogeny broth (LB). The culture was incubated for acclimatisation at
37°C for 14 d. It was primarily used in MFC for waste degradation.

2.3. MFC construction and operation

A two-chambered MFC was fabricated with a wide-necked plastic bottle each of capacity 600 mL
and was separated by Nafion membrane. A platinum wire coil of 0.2 mm diameter and 0.5 m length
was used as the anode and 1 cm × 3 cm × 11 cm graphite fibre (Nippon, Japan) was used as the
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cathode. The anolyte was 10% w/v of finely pasted waste sample in distilled water with 1%microbial
inoculum and the catholyte was 0.1 M phosphate buffer, pH 7.6. The wires arising from the anode
and the cathode compartment were connected to the multimeter and open circuit voltage (OCV),
respectively. However, the closed circuit voltage was obtained by connecting the external resistance
of 1000 and 100 Ω.

The MFC was operated for about 7 d. The open circuit voltage reading was taken for the optim-
isation of MFC performance. Power, voltage and current were obtained from the closed circuit pos-
sessing 1000 and 100 Ω resistance. The anodic sample was taken for the determination of reducing
sugar, COD, phosphorous and nitrogen. Further improvements in MFC performance were done
using the graphite felt coated with PANI/MWCNT as an anode and 1.0% potassium ferricyanide
in phosphate buffer at the cathodic compartment. Pieces of normal graphite electrode, modified
MWCNT-treated graphite electrode and modified MWCNT-treated graphite electrode after
MFC operation were sent to Jawaharlal Nehru University, New Delhi, India to study the surface
morphology and adherence of microbial load during MFC operation.

2.4. Electrode modification

In-situ oxidative polymerisation method was adopted for the synthesis of PANI/MWCNT nano-
composites (Abdulla, Mathew, and Pullithadathil 2015). MWCNT (1 mg) was mixed in an ani-
line-HCl solution (1:1) at 0°C which leads to the adsorption of monomer on the MWCNT
surface. The optimised reaction time was 12 h. A solution of ammonium persulphate (0.1 M) in
1 M HCl was added dropwise into the mixture. The polymerisation process was carried out at 0°
C for 6 h. The PANI/MWCNT nanocomposite was obtained by washing the material several
times by repeated centrifugation with deionised water and methanol to obtain a greenish-black
powder. The material was further vacuum-dried at 60°C for 24 h.

Then, the graphite felt was coated with PANI/MWCNT nanocomposite for electrode modifi-
cation. For this, PANI/MWCNT nanocomposite was mixed with N-methyl-2 pyrrolidone. A
clean graphite electrode was dipped in the mixture and sonicated for about 15 min. The graphite
electrode then was oven-dried for about 12 h at 60°C.

2.5. Electrode and membrane treatment

The graphite electrode and proton exchange membrane (Nafion) were treated before use. For the
electrode treatment, the graphite felt was ultrasonicated with the H2SO4 and HNO3 (3:1, v/v) sol-
ution for 6 h. After ultrasonication, it was washed with distilled water until the pH of the washing
solution reached 7 and then air-dried (Vaghela and Nath 2020). Similarly, for the treatment of the
Nafion membrane successive sonication with 3% H2O2 solution, deionised water, 0.5 M H2SO4 and
finally with deionised water for 1 h each was done. The membrane was then stored in deionised
water for short-term preservation to maintain the membrane for good conductivity.

2.6. Statistical analysis

Statistical analysis was done using MS excel and graph pad prism . Cauliflower leaf waste was col-
lected from a local vegetable market where cauliflower arrives from different places in Nepal and
India. So data were presented mean of three replicates with standard deviations.

2.7. Isolation and screening of bacteria present in MFC

The acclimatised mixed culture (inoculum) in MFC was serial diluted and cultured on LB agar
media plates and incubated at 37°C for 24 h. Different isolated colonies of bacteria on the plate
were tested for cellulase production. The inoculum of each isolated colony was made in LB
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media and about 500 µL of inoculum was inoculated onto a bore made at the centre of the carbox-
ymethyl cellulose (CMC) agar plate. The plate was then incubated at 37°C for 24 h. After incu-
bation, the plate was flooded with 0.1% congo red followed by 1 M NaCl. The observation was
done for the clear zone of hydrolysis (Dhungana et al. 2023).

2.8. Molecular characterisation of the isolates

Extraction of DNA from liquid culture was done as described by Nishiguchi et al. (2002). The
obtained genomic DNA was verified by running in 1% gel electrophoresis. The gDNA was then
amplified using the 16S rRNA universal primer (New England Biolabs). PCR product after amplifi-
cation was sent to Xceleris Laboratory, Ahmedabad, India for sequencing. The sequences obtained
were identified through NCBI BLAST search and sequences were aligned with the help of Bioedit
software. The phylogenetic tree was constructed by the neighbour-joining method using MEGA
software.

3. Results and discussion

Several physiochemical parameters of the cauliflower leaf waste were determined to see the waste
characteristics. The waste was used in MFC for analysing the degradation pattern.

3.1. Physiochemical parameters of biomass

Different types of waste contained variable amounts of chemical parameters. The amount of ammo-
niacal nitrogen, chemical oxygen demand, reducing sugar and phosphorus present in cauliflower
leaf waste was analysed for a feasibility study. The physiochemical parameters of cauliflower leaf
waste are given in Table 2. The cauliflower leaf sample had a COD of 143.5 ± 5.60 mg/g, phosphor-
ous of 67.8 mg/g, ammoniacal nitrogen of 0.90 ± 0.4 mg/g and total reducing sugar of 214.8 mg/g.
According to Bux et al. (2015), the phosphorous content in cauliflower was 0.61 mg/g; however, the
sample was the edible portion of cauliflower. The cauliflower waste contained less amount of total
reducing sugar 92 mg/gm of dry sample (Dorge 2018).

3.2. Operation of MFC

The 10% dilution (w/v) of waste biomass as substrate was taken for all MFC operations as a higher
concentration of substrate adversely affects MFC operation (Gurung et al. 2012), and also in lower
substrate concentration, limitation of the substrate occurs resulting in less OCV. The OCV obtained
in MFC at different operating conditions is given in Figure 2. It showed that the maximum OCV of
681 mV was observed when MFC was operated with the PANI/MWCNT-coated anode with pot-
assium ferricyanide added to the catholyte.

Table 2. Physiochemical parameters of cauliflower waste sample.

Analytical parameters of cauliflower waste Concentration

pH 7.0 ± 0.2
Ash content 9.51 ± 0.61%
Moisture 60.9%
Total reducing sugar (mg/g) 214.8
Soluble reducing sugar (mg/g) 0.53
Chemical oxygen demand (mg/g) 143.5 ± 5.60
Phosphorous (mg/g) 67.8
Ammoniacal nitrogen (mg/g) 0.90 ± 0.4
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From the experiment, it is found that the use of PANI/MWCNT-coated graphite fibre showed an
improvement in OCV reading, i.e. 426 mV compared with the normal graphite fibre, i.e. 200 mV.
This increase in OCV might be due to changes in the physical and chemical properties of graphite
after modification of the electrode that might have enhanced the surface area for the microbial
attachments and electron transfer (Scott et al. 2007). Thus, modification of the anode materials
to increase the affinity of the bio-films proved to be an efficient way to enhance the performance
of the MFC as stated by (Yang et al. 2016). Carbon nanotubules are promising alternative materials
for MFC electrode performance because of their electrical conductivity, chemical stability, biocom-
patibility and high specific area (Mustakeem 2015).

Furthermore, the addition of potassium ferricyanide in the catholyte enhanced the exchange of
electrons in the cathodic compartment with 681 mV OCV (Table 3) enhancing MFC performance.
In one instance, using ferricyanide in the cathode generated 1.5-1.8 fold greater power than using a
standard buffer in the cathode because ferricyanide has an excellent electron-accepting capacity and
increases power density (Bose et al. 2018). The performance of the mediator (ferricyanide) was
probably because ferrocyanide [Fe(CN)6

3-] is highly diffusible and can be easily reduced to its ferrous
counterpart by the well-defined reversible reaction to increasing the redox potential of the solution
(Parkash et al. 2015).

3.3. Power generation in MFC using different resistors

The power generation in MFC during the operation is given in Figure 3. It was operated with 1000
and 100 Ω external resistances when the PANI/MWCNT-coated graphite electrode was used as the
anode and potassium ferricyanide was added in the catholyte. Power density with external resistance
of 100 and 1000Ω applied to the system was 0.55 and 10.1 W/m3, respectively (Table 3). This exper-
iment was done to observe the effect of external resistance on the overall performance of microbial
fuel cells using cauliflower leaf as the substrate. Adebule, Aderiye, and Adebayo (2018), also
observed the enhanced bioelectricity generation by MFC using kitchen waste as the substrate.

External resistance acts as an integral part of an electrical grid that controls the output of fuel
cells (Rismani-Yazdi et al. 2011). The data of two external resistance, viz. 100 and 1000 Ω, were

Figure 2. Open circuit voltage (OCV) observed during microbial fuel cell (MFC) operation at different time intervals. MFC was
operated with normal graphite and polyaniline multiwalled carbon nanotubule (PANI/MWCNT)-coated graphite for analysis.
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compared to study optimal conditions for power production. A 1000 Ω external resistance per-
formed better for power generation. This might be because an increase in external resistance
might have lowered internal resistance, thus enhancing the overall rate of reaction. The optimal
external resistance is usually correlated with the internal resistance of MFC. Internal resistance is
not a system constant and depends on the external load applied to the MFC (Manohar et al.
2008). A slight increase in internal resistance can dramatically decrease MFC performance (He
et al. 2005). External resistance could also relate to anode potential. Du and Li (2017) studied vari-
ations of the anode potential with external resistances and reported that the change in external
resistance showed the highest anode potential. When the anode potential is higher, more free
energy can be obtained, which could enhance the start-up of electricity generation (Goud and
Mohan 2011).

A steady-state power of 7.2 W/m3 was observed when MFC was operated after 48 h with 1000 Ω
external resistance and the PANI/ MWCNT-coated graphite fiber anode, whereas 10.1 W/ m3 was
observed with further addition of potassium ferricyanide in the catholyte. The power density was
calculated based on the anodic volume of liquid to better reflect three-dimensional properties of
both electrodes and MFC reactors (W/m3) (Rabaey et al. 2005). Generally, the power density
increases with an increase in external resistors from 15 Ω to 2k Ω whereas if the resistance load
was too high that limited the flow of electrons through the circuit causing a lower response in

Table 3. OCV developed and power density during the MFC operation.

Substrate (anode/cathode)
Electrode (anode/

cathode)
Open circuit
voltage (mV)

Resistor
(Ω)

Power density
(W/m3) References

Cauliflower leaf waste/50 mM
phosphate buffer

Graphite felt/ Graphite
felt

200 – This study

Cauliflower leaf waste/50 mM
phosphate buffer

MWCNT-PANI-coated
graphite/graphite

426 - This study

Cauliflower leaf waste/50 mM
phosphate buffer with K3[Fe(CN)6]

MWCNT-PANI-coated
graphite/graphite

681 - This study

Cauliflower leaf waste/50 mM
phosphate buffer with K3[Fe(CN)6]

MWCNT-PANI-coated
graphite/graphite

- 100 0.55 This study

Cauliflower leaf waste/50 mM
phosphate buffer with K3[Fe(CN)6]

MWCNT-PANI- coated
graphite/graphite

- 1000 10.1 This study

S. putrefacien- inoculated medium/
0.05 M K3[Fe(CN)6]

MWCNT-PANI-coated
graphite/graphite

342 1900 - (Cui et al.
2015)

Note: K3[Fe(CN)6]: Potassium ferrocyanide.

Figure 3. Power generation in a microbial fuel cell using polyaniline multiwalled carbon nanotubule (PANI/MWCNT)-coated
graphite fibre with the addition of potassium ferricyanide in catholyte and external resistance of 1000 and 100 Ω.
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the current output. For the scenario with water as an electrolyte and graphite electrode, the maxi-
mum power density was 13.09 mW/m3 using 2kΩ, whereas the power density was less than 1 mW/
m3 using 15 Ω (Lopez Zavala and Gutiérrez 2022).

3.4. Change in chemical parameters of the substrate by MFC performance

The degradation of waste biomass and reduction in COD, ammoniacal nitrogen, phosphorous
and reducing sugar values after MFC operation at optimised conditions after eight days of oper-
ation are given in Table 4. The maximum COD reduction was 24.7% because the raw fresh
sample was used in the study. MFCs could achieve up to 69 ± 18% COD removal (Asefi et al.
2019), for which the samples need to be pretreated. There was a huge reduction in ammoniacal
nitrogen by 76.9% using coated graphite electrodes than using normal graphite electrodes. The
activated carbon sample produced a larger removal potential than any other anode material
during the process (Alabiad et al. 2017). Similarly, phosphorus was removed by 22.5% and
total reducing sugar by 53.4%.

The graphite felt was a better electrode material to generate a high-voltage output (Cai et al.
2014) and the carbon polymer-based nanoparticle improves biofilm formation. Thus the
PANI/MWCNT-coated graphite felt was used for the study, by monitoring the COD removal
efficiency as COD is highly proportional to voltage and power density (Abbasi et al. 2016). How-
ever, various renewability and cleanness bioenergy technologies still require to analyse the
exergo-environmental indices to derive the detailed information regarding the environmental
consequences of bioenergy production plants (Aghbashlo et al. 2021). The analysis of energy
and exergy within the bioenergy system for optimisation could aid in the system’s sustainability
(Aghbashlo et al. 2022).

3.5. Scanning electron microscopy of the graphite fibre anode

Scanning electron microscopy (SEM) was used to observe the electrode surface, morphological
information and behaviour of the microbial community that adheres to the graphite electrode sur-
face. The pictures were observed, as shown in Figure 4. There was the adherence of a huge amount
of microbes in the electrode which could enhance MFC efficiency. SEM images of graphite fibre
showed a uniform surface (Figure 4(A)), whereas, after PANI/MWCNT coating (Figure 4(B))
and MFC operation (Figure 4(C)), thick layer bacterial adhesion of approximately 261 µm2 was
observed. SEM images of the PANI/MWCNT-coated graphite electrode after MFC operation
showed efficient bacterial adhesion so they showed good MFC operation with lower resistance.
The nanofibres of polyaniline are well interconnected with each other forming a highly porous
matrix that provides a large surface area for biofilm formation. Also, the long and thin fibre-like
structure of MWCNT attachment further increases the surface area for enhanced biofilm formation
(Kashyap et al. 2015). The formation of biofilm in the electrode enhances electron transport (Moha-
moud 2014).

Table 4. Change in different chemical parameters of the substrate after MFC operation.

Electrode Buffer

COD
reduction

(%)

Ammoniacal
nitrogen reduction

(%)
Phosphorus
reduction (%)

Total reducing
sugar reduction

(%)

Normal graphite
electrode

Phosphate buffer 10.75 50.5 10.4 36.5

PANI/MWCNT-coated
graphite electrode with
a resistor (1000 Ω)

Phosphate buffer
with potassium
ferricyanide

24.7 76.9 22.5 53.4

Note: COD: chemical oxygen demand; PANI/MWCNT: polyaniline multiwalled carbon nanotubules; MFC: microbial fuel cell.
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3.6. Isolation and characterisation of microbes

The isolated bacterial colonieswere observed for theirmorphological characteristics such as their shape,
size, colour, consistency, margin and elevation. All the observed bacteria were circular, small, creamy
white, sticky and uniformly margined with convex elevation. Isolated bacteria were Gram-positive.

3.6.1. Screening for cellulase-degrading bacteria
Seven different colonies were isolated from the leaf waste and screened for cellulase production.
Among them the colonies labelled R2, R3 and R4 showed clear holozone on the CMC agar plate.
The figure of holozone formation for screening of cellulase production for three different isolates
R2, R3 and R4 is given in Figure 5.

The pPresence of holozone indicates that potent isolates can produce cellulase enzymes with cel-
lulolytic activities. Bacterial isolates R2, R3 and R4 from the cauliflower waste broth in MFC have
great efficiency to convert organic waste into simple molecules due to the presence of cellulase
enzyme. (Lu et al. 2006) reported that the mesophilic cellulose-degrading bacteria obtained from veg-
etable waste showed hydrolytic capacity. Cellulose-degrading organisms help in bioelectricity pro-
duction by using cellulose as the substrate. Cauliflower contains 16.6% cellulose (Khedkar et al. 2017).

3.6.2. Molecular characterisation of microbes in MFC
The three putative bacterial strains having cellulolytic activity were molecularly characterised. For
this, the genomic DNA was extracted and visualised under a UV transilluminator. The concentration
of genomic DNA was approximately 100 ng by the nanometre reader and was used as the template
for PCR. The strains of bacteria were characterised by the 16S rRNA gene sequence analysis. PCR
products showed a visible distinct band of size 1500 bp in the UV transilluminator (Figure 6) and

Figure 4. Scanning electron microscopy (SEM) images of the graphite electrode. A: Normal graphite electrode; B: polyaniline
multiwalled carbon nanotubule (PANI/ MWCNT)-coated graphite electrode and; C: PANI/MWCNT-coated graphite electrode
after microbial fuel cell operation.

Figure 5. Holozone test for cellulolytic bacteria in carboxymethyl cellulose (CMC) agar plate by isolates R2, R3 and R4 (left to
right) showing cellulolytic activity.
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then products were subjected to sequencing. After sequencing, chromatogram files were obtained
through Chromas software.

The identity of the bacterial species was determined by comparing the sequences obtained with
the gene sequences available in the Genbank database using Basic Local Alignment Search Tool
(BLAST) software at the NCBI site. BLAST analysis of R2 and R3 bacterial DNA sequences showed
similarity with the Bacillus genus of a different strain. However, isolate R4 showed similarity with
Bacillus subtilis with the gene bank accession number MT040749. This showed there might be the
presence of different Bacillus species in the waste for the degradation. The phylogenetic tree of the
R4 was constructed using the neighbour-joining method (Figure 7) to elucidate the evolutionary
relationship of bacteria. Bacillus subtilis is highly enriched in various environments having degra-
dation capabilities of different waste- producing enzymes such as protease, lipase, amylase, catalase,
etc. (Priest 1977).

For better MFC performance, the strain should be an electro-active microorganism and able to
convert chemical energy into electrical energy and transfer electrons by the intermediate of direct,
indirect or mediated electron transfer pathways. In this MFC set-up, the community of bacteria was
sampled from a real environment of cauliflower waste. Logan et al. (2019) proposed that Bacillus
spp. are classified as weak exoelectrogens and typically produce quite low current densities in
pure cultures. The production of low current densities is associated with unique roles in biofilm
microbial ecology (Doyle and Marsili 2018).

Jothinathan and Wilson (2017) studied Bacillus thuringiensis DRR-1 from cow rumen, which
produced a potential and current when cultivated in an MFC. Bacillus cereus was also cultivated
on an MFC anode and produced a high current output (Islam et al. 2017). Bacillus subtilis in
MFC with glucose as a carbon and energy source and 2, 4-dichlorophenol as a pollutant produced

Figure 6. Gel electrophoresis of molecular amplification of 16S rRNA gene of bacterial DNA using a universal primer (1500 bp) in
1% agarose gel. L1: R2 bacteria, L2: R3 bacteria, L3: R4 bacteria and L4: ladder 100 bp.
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a significant current output (Hassan et al. 2016). Such studies demonstrate that Bacillus spp. can
perform extracellular electron transfer in an MFC. Also, Bacillus spp. can produce cell-free bioactive
compounds that make them capable of complete invitro cellulose hydrolysis (Li et al. 2009).

4. Conclusion and prospects

The microbial fuel cell can be applied effectively for electricity generation through organic waste
degradation. In this study, cauliflower leaf waste was used as organic waste, and MFC was operated
with varied electrode conditions such as normal graphite and nanotubule-coated graphite electro-
des. Parameters such as COD, ammoniacal nitrogen, phosphorus and reducing sugar monitored for
the analysis showed reduction due to the treatment in MFC-generating electricity which is moni-
tored by measuring open circuit voltage. Open circuit voltage data showed that coating graphite
fibre by PANI/MWCNT as the anode and the addition of ferricyanide in phosphate buffer solution
at the cathodic chamber enhanced electricity generation. Scanning electron microscopy showed
microbial load in the graphite electrode and molecular characterisation showed Bacillus sps.
involved in the degradation process. Hence, the chemical energy in cauliflower leaf waste can be
converted into electrical energy using MFC as an alternative technology. Kitchen wastes can be
degraded easily by the technique to convert into alternative energy, ie, an efficient waste valorisation
technique. However, further research should be carried out for the mixed substrate as the vegetable
wastes and kitchen wastes contain mixed varieties with different degradation efficiency. Also, inten-
sive research should be carried out regarding enhancement in electricity generation. Even though
this technology aids in managing waste to worth to some extent it will be fruitful for countries not
having their own fossil reserves.
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