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ARTICLE INFO ABSTRACT

Editor: Amir Razmjou The anode is a very critical element that affects the performance of microbial fuel cells(MFCs). Carbonization of
biomass has proven to be a sustainable and efficient technique for making carbonaceous 3D anodes for MFCs.
Moreover, transition metals are known for their catalytic potential in the carbonization process and electro-
chemical devices. In this study, we catalyze the carbonization of cabbage core waste using Nickel and Cobalt
through a very simple technique and use them as anodes in double-chamber MFCs. The morphology and
structure of the resulting electrodes were compared to those of the same type of biomass carbonized without
modification.

Additionally, their electrochemical performance was compared by using them in MFCs. The maximum power
density values obtained were 904.6, 170.3, 71.2, and 42 mW/m? for the CW-800, Ni-800, Co-800, and carbon
felt, respectively. The decrease in power density in MFCs assembled with the modified anodes can be attributed
to the toxicity of the metals to the microorganisms. The findings of this study highlight the importance of
balancing the concentration of doped metals in anodes used in MFCs. This work supports the advancement of the
UNSDGs by contributing to Goals 6 (wastewater reuse), 7 (renewable bioenergy), 9 (low-cost green technolo-
gies), and 12 (circular resource use). The integration of microbiological and materials analysis offers a robust
pathway for developing eco-friendly, high-performance MFC anodes.
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transferred to the cathode through the external circuit while protons
migrate inside the cell to the cathode [4]. A microbial fuel cell (MFC)

1. Introduction

Wastewater is a rich source of energy, as it contains around 4-10
times the amount of energy required to treat it conventionally, stored as
chemical energy [1]. Microbial electrochemical systems are innovative
and sustainable devices that can clean wastewater of both organic and
non-organic pollutants and extract energy from the wastewater [2].
They can harvest this energy in the form of bioelectricity energy (in a
setup called microbial fuel cells) or biogas (in a setup called microbial
electrolysis cells) without producing any toxic substances [3]. Microbial
electrochemical cells are based on using active electrogenic microor-
ganisms as a catalyst to oxidize pollutants in wastewater in an anaerobic
environment, producing protons, electrons, and carbon dioxide; elec-
trons are captured using an electrode called the anode and are
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can be configured in either a single-chamber or double-chamber design.
In a double-chamber microbial fuel cell, the anode solution (anolyte)
and cathode solution (catholyte) are separated using a proton exchange
membrane, while the single-chamber configuration doesn't need a
catholyte since it uses oxygen in the air as an electron acceptor [5].
Although the double-chamber configuration is more frequently used, the
single-chamber configuration is more favorable since it's more
economical and easier to scale up than the double-chamber configura-
tion [6].

There are so many factors that affect the performance of MFCs, such
as the morphology and chemical composition of the anode and the
cathode, the type of used anolyte substrate and its degree of
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degradability, the characteristics and conductivity of the proton ex-
change membrane, the distance between the electrodes, the cell
configuration and the internal and external resistance of the cell [7]. The
low power generation and high cost are the main drawbacks that pre-
vent the commercialization of microbial fuel cells, which require more
in-depth studies to overcome the problems that hinder power generation
in microbial fuel cells [8]. One of the most important factors affecting
the performance of microbial fuel cells is the anode. A good anode must
be highly conductive, microbe-compatible, chemically and physically
stable, and economically cheap [9]. The most widely used material for
microbial fuel cell electrodes is carbon, such as carbon felt, carbon cloth,
carbon paper, graphite rods, and carbon brushes, due to its high mi-
crobial compatibility, high surface area, good conductivity, low cost,
and relative stability under cell operation conditions [10]. However, the
microstructure of commercially available carbon anodes offers a rela-
tively small surface area for microorganism colonization and biofilm
formation, resulting in low power density output from MFCs [11]. To
mitigate this problem, researchers have studied modifying the surface of
carbon electrodes with nanomaterials such as carbon nanotubes (CNTSs),
graphene oxide (GO), and transition metal nanoparticles [12-15].
Moreover, another method to improve power generation in microbial
fuel cells is the use of 3D carbon electrodes. 3D electrodes provide a
significantly larger surface area for bacterial biofilm formation and
enhanced ion diffusion through electrode pores [16]. One of the most
common techniques for making 3D carbon electrodes is the carboniza-
tion of biomass and agricultural residues [17]. Carbonization of biomass
and natural carbon precursors is an environmentally friendly method for
making sustainable and eco-friendly 3D carbon electrodes. The direct
carbonization of natural polymers and agricultural residues yields
highly porous carbon materials with excellent electrical properties,
resulting from the evaporation of moisture during the process. Addi-
tionally, heteroatoms such as nitrogen, phosphorus, sulfur, and silicon
present in plants serve as self-dopants during the carbonization process.
Those dopants can increase biocompatibility and enhance the extracel-
lular electron transfer process during cell operation [18]. Cabbage and
other brassicas are among the most abundant vegetables grown in the
world with worldwide production estimated at 71.4 MMT in 2017 cor-
responding to 6.5% of vegetables production [19]. The waste produced
from cabbage is relatively cellulose-rich with its stalk consisting of 37%
cellulose on a dry-weight basis and has a relatively high trace minerals
concentration which are essential for heterogeneous doping [20]. The
carbonization of cellulose-rich carbon precursors yields biochar with
lower hydrogen to carbon ratio (H/C) which indicates higher stability
[21]. Moreover, cellulose is easier to carbonize than lignin which leads
to formation of carbonaceous materials with high porosity and high
surface area which are favorable in microbial electrochemical systems.
Carbon anodes that are made from precursors with high cellulose con-
tent demonstrate better extracellular electron transfer but lower specific
capacitance [22].

While numerous studies have explored biomass-derived carbon
materials for anodes in MFCs [23-30], many focus solely on electro-
chemical characterization and neglect microbial responses to surface
modifications. This study is novel in two key aspects. First, it employs
cabbage core waste, an abundant yet underutilized agricultural residue,
which is catalytically carbonized with nickel and cobalt nanoparticles to
form a carbonized cabbage structure, compared with plain carbonized
cabbage core. This approach enables the fabrication of bio-anodes using
a simple and scalable method. Cabbage stalk is a very robust agricultural
waste with no commercial applications, which makes it an excellent
carbon precursor for MFC bio-anodes. The changes in structure,
morphology, and chemical composition resulting from the addition of
metal ions to the proposed electrodes were investigated. Second, and
most distinctively, this study integrates the effect of adding metal
nanoparticles on microorganisms, as demonstrated, with microbial
community analysis to examine the biocompatibility and microbial
colonization of each modified electrode. This study combines

Journal of Water Process Engineering 82 (2026) 109482

Table 1
The measured water quality parameters and the measurement techniques.
Wastewater quality ~ Standard Method Value Unit
parameter
pH pH meter (Adwa AD 1030 pH Benchtop 5.5
Meter)
BOD 5 Days of incubation at 20 °C 22,500 mg/
Total Suspended Suspended Solids dried at 103-105 °C 56,840 1
Solids
COD Closed Reflux method (V-730 Double 72,000
Beam UV-Visible Spectrophotometer)
Total Dissolved Dissolved Solids dried at 103-105 °C 33,440

Solids

electrochemical testing with 16S rRNA gene sequencing and biochem-
ical identification to track how Citrobacter freundii and Klebsiella varii-
cola, two electrogenic strains, respond to nickel- and cobalt-doped
surfaces. While previous research has reported enhanced conductivity
via metal doping [31-36], few have investigated its trade-offs with
microbial toxicity or shifts in strain-specific colonization dynamics
under real wastewater conditions. Our microbial analysis thus provides
crucial insights into the observed decline in MFC performance despite
improved material properties, bridging the gap between materials sci-
ence and microbial ecology in MFC design and highlighting the impor-
tance of studying electrogenic extremophilic microorganisms for MFC
application.

2. Materials and methods
2.1. Materials

Plain carbon felt (CF) was purchased from Fuel Cell Store USA.
Phosphate buffer solution was purchased from Power Chemical. Egypt.
Potassium ferricyanide was bought from ADVENT Chembio. Nickel(II)
acetate tetrahydrate and Cobalt(II) acetate tetrahydrate were purchased
from Sigma-Aldrich, USA. Cabbage core waste was obtained from a local
market in Egypt and used without further treatment.

2.2. Wastewater characteristics

Wastewater that was used as anolyte was collected from a local
sugarcane juice shop during the machine-washing stage. Water char-
acteristics were measured according to standard methods for the ex-
amination of water and wastewater, as determined by the American
Public Health Association (APHA) [37], and are presented in Table 1.

2.3. Anode preparation

Cabbage core waste was collected from a local market, washed with
water to remove impurities, dried at 80 °C, and weighed. Nickel and
Cobalt solutions were prepared as follows. 1% wt of nickel acetate and
cobalt acetate were added separately into flasks containing 200 ml of
deionized water and were stirred until complete dissolution. Then, equal
parts of cabbage core were added to the flasks and left to soak for 24 h.
For comparison, a similar piece of cabbage core was carbonized without
any modifications. For the carbonization process, the tube furnace was
sealed tightly and vacuumed to create an oxygen-free environment. The
carbonization process was carried out at a heating rate of 2 °C/min and
held for 2 h at a temperature of 800 °C. The prepared carbon anode was
wrapped with a copper wire to serve as a current collector.

2.4. MFC construction and operation

The study was conducted in batch mode using a double-chamber
microbial fuel cell setup. The body of the cell was constructed by con-
necting the anode and cathode chambers (500 ml chambers with
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Table 2
The primers used in this study.
Gene Primer Primer sequence Amplified product Reference
5'-3'
16S rRNA F27 AGAGTTTGATCMTGGCTCAG 1485 bp [39]
R1492 TACGGYTACCTTGTTACGACTT

dimensions of 5 cm x 10 cm x 10 cm) with a proton exchange mem-
brane between them. Sulfonated polystyrene with a thickness of 250 pm
was prepared as described in [38] and utilized as a proton exchange
membrane. The as-prepared anode was immersed in the anolyte within
the anode's chamber. A small hose was added to the anode chamber, and
its end was immersed in a water basin to prevent gases from accumu-
lating in the anode chamber. For comparison, a piece of carbon felt with
dimensions of 4 cm x 4 cm was used as a commercially available anode.
A piece of carbon felt with dimensions of 4 cm x 4 cm was used as a
cathode in all assembled microbial fuel cells. The cathode chamber was
filled with potassium ferricyanide (K3]Fe(Cn)g[) (50 mM) in PBS solu-
tion (50 mM). The cells were operated at room temperature (27 °C) for 7
days, during which the anode chamber was kept tightly closed to
maintain an anaerobic condition. The open-circuit voltage was recorded
using an Arduino-based data logger at one-hour intervals. After the
open-circuit voltage stabilized, the cell circuit was closed by connecting
the current collectors of the anode and the cathode with a Potentiostat/
Galvanostat (AMEL Model 2550). The connection was established by
connecting the working electrode to the anode's current collector and
both the counter electrode and the reference electrode to the cathode
current collector. Linear sweep voltammetry (LSV) was performed, with
the maximum stable open-circuit voltage (OCV) measurement set as the
initial potential value and zero as the final potential value. LSV was
performed at a scan rate of 1 mV/s, and the (I-V) curve was recorded for
all assembled cells. Cyclic voltammetry was carried out with a voltage
window of 600 mV to —250 mV at a scan rate of 1 mV/s.

2.5. Characterization

The mineralogical composition and crystallographic structure of the
carbonized samples were analyzed through the X-ray diffraction tech-
nique (XRD), and it was obtained from Bruker Co. model D8 (including
reflectometry, high-resolution diffraction, in-plane grazing incidence
diffraction (IP-GID), small-angle X-ray scattering (SAXS), as well as re-
sidual stress and texture investigations).

The morphology of the prepared anodes' surface was investigated
using a scanning electron microscope (SEM) equipped with an energy
dispersive spectrometer (JSM-1T210).

Surface area, pore size, and pore volume were measured by the
Brunauer-Emmett-Teller (BET) analyzer model Nova Touch LX2, man-
ufactured by Quanta Chrome Company in the USA. The measurements
are done using the standard volumetric method by nitrogen adsorption
at K.

The functional groups of the prepared electrodes were determined
using Fourier-transformed infrared spectroscopy (FTIR) with a Perki-
nElmer 1720-X spectrometer. The spectra were scanned between 4000
and 400 cm ! with a resolution of 2.00 cm ™! on samples pelletized using
a press in potassium bromide, with a proportion of 1 mg of product per
100 mg of KBr.

2.6. Bacterial analysis

2.6.1. Isolation of bacteria from the anode

Microorganisms were isolated from the surface of the bio-anode
using a sterile swab technique followed by serial dilution and cultiva-
tion on nutrient agar. The bio-anode surface was gently swabbed using a
sterile cotton swab to collect the attached biofilm. The swab was then
immersed in a sterile test tube containing 10 ml of sterile distilled water

and vortexed for 30 s to release the microbial cells into suspension. To
reduce microbial density and facilitate the Isolation of distinct colonies,
serial dilutions were performed by transferring 1 ml of the swab sus-
pension into 9 ml of sterile distilled water, sequentially diluting the
sample up to 10~°. From each dilution, 100 pl was plated onto nutrient
agar using a sterile spreader to ensure even distribution. The plates were
incubated at 30 °C for 24 to 48 h. After incubation, colonies were
examined for morphological diversity, and representative colonies were
selected for purification. Purification was achieved by repeatedly
streaking individual colonies onto fresh nutrient agar plates until a
uniform colony morphology was observed, indicating the presence of
pure cultures. For long-term preservation, purified isolates were sus-
pended in sterile nutrient broth containing 20% glycerol and stored at
—20 °C.

2.6.2. Biochemical identification using VITEK

Microorganism identification for the selected strains (S2-S3) was
carried out using the VITEK® MS system (bioMérieux, France), which
operates on Matrix-Assisted Laser Desorption Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF MS) technology (bioMérieux, 2025).
The isolates were sub-cultured under anaerobic conditions at 37 °C.
They were initially grown in nutrient broth for general culturing. The
nutrient broth was prepared using Sigma-Aldrich Nutrient Broth (pH
7.0), and the cultures were incubated for 24 h with shaking at 200 rpm
to promote optimal growth. After incubation in nutrient broth, the
cultures were plated onto nutrient agar plates (also from Sigma-Aldrich)
to isolate individual colonies. The nutrient agar was prepared according
to the manufacturer's instructions and poured into petri dishes to a depth
of 1.5 cm. The plates were incubated at 37 °C for 24-48 h to allow
colony growth. Isolated colonies were subcultured into fresh nutrient
broth to ensure purity and were then prepared for VITEK MS analysis.

Fresh colonies were transferred onto a VITEK MS-DS target slide,
overlaid with 1 pL of a-cyano-4-hydroxycinnamic acid (CHCA) matrix
solution, and allowed to air-dry. The prepared target slide was inserted
into the VITEK® MS device, and mass spectra were acquired according
to the manufacturer's default protocol. Identification was achieved by
matching the acquired spectra to the VITEK MS database, following the
guidelines outlined in the CSEFRA-WI-29 equipment manual.

2.6.3. Molecular identification of the selected bacterial strains

2.6.3.1. DNA extraction. Genomic DNA was extracted from bacterial
samples (S2-S3) using the QIAamp DNA Mini Kit (QIAGEN, Germany),
following the manufacturer's protocol (Table 2). Briefly, 20 pL of QIA-
GEN protease was added to the bottom of a 1.5 ml microcentrifuge tube,
followed by 200 pL of the sample. Then, 200 pL of Buffer AL was added
and mixed by pulse vortexing for 15 s. The mixture was incubated at
56 °C for 10 min. After a brief centrifugation to remove droplets from the
lid, 200 pL of 96% ethanol was added, and the mixture was remixed by
vortexing. The lysate was transferred to a QIAamp Mini spin column,
placed in a 2 ml collection tube, and centrifuged at 8000 rpm for 1 min.
The column was then washed sequentially with 500 pL of Buffer AW1
and Buffer AW2, each followed by centrifugation. A final centrifugation
step was performed to remove the residual wash buffer. DNA was eluted
by adding 100 pL of Buffer AE to the column, incubating at room tem-
perature for 1 min, and centrifuging at 8000 rpm for 1 min. The eluted
DNA was stored at —20 °C until further use.
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2.6.3.2. Preparation of PCR master mix. Polymerase Chain Reaction
(PCR) amplifications were performed using the Emerald Amp GT PCR
Master Mix (2x premix) (Takara, Code No. RR310A) following the
manufacturer's protocol. For each 25 pl reaction, the PCR mixture was
prepared by combining 12.5 pl of the 2x premix with 4.5 pl of PCR-
grade water. To this, 1 pl each of forward and reverse primers (20
pmol) was added, followed by 6 pl of template DNA. The final reaction
volume was adjusted to 25 pl. The thermal cycling conditions for the
amplification of the target 16S rRNA gene were optimized based on
Emerald Amp GT PCR Master Mix manufacturer. The cycling protocol
began with an initial denaturation step at 94 °C for 5 min. This was
followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at
56 °C for 1 min, and extension at 72 °C for 1 min. A final extension step
was performed at 72 °C for 10 min to ensure complete amplification of
the target DNA fragments. A DNA molecular weight marker was pre-
pared by gently mixing the ladder through pipetting to ensure homo-
geneity. A volume of 6 pl of the marker was directly loaded onto the
agarose gel alongside the PCR product samples for molecular weight
estimation.

2.6.3.3. Agarose gel electrophoresis. Agarose gel electrophoresis was
carried out following the method described by [40] with minor modi-
fications. Briefly, 1 g of electrophoresis-grade agarose was dissolved in
100 ml of TBE buffer by heating in a microwave oven with intermittent
swirling until it was fully dissolved. The molten agarose was cooled to
approximately 70 °C, after which ethidium bromide was added at a final
concentration of 0.5 pg/ml and mixed thoroughly. The warm agarose
was then poured into a gel casting tray fitted with an appropriate comb
and allowed to solidify at room temperature.

Once the gel had been set, the comb was carefully removed, and the
electrophoresis tank was filled with TBE buffer. Twenty microliters of
each PCR product, along with the positive and negative controls, were
loaded into individual wells of the gel. Electrophoresis was conducted at
a constant voltage of 1-5 V per centimeter of the tank length for
approximately 30 min. After the run was completed, the gel was trans-
ferred to a UV transilluminator for visualization. Gel images were
captured using a gel documentation system, and the resulting data were
analyzed using computer software.

2.6.3.4. 16S rRNA sequencing and phylogenetic analysis of the selected
bacterial strains. The phylogenetic tree of S2 and S3 strains was con-
structed based on 16S rRNA gene sequences to determine their evolu-
tionary relationships. The sequences were obtained from publicly
available databases and aligned using the MUSCLE algorithm (Edgar,
2004) in Geneious Prime software (https://www.geneious.com/series/
multiple-alignments). The aligned sequences were then used to
generate a phylogenetic tree using the FastTree option in Geneious
software. FastTree computes approximately maximum-likelihood phy-
logenies with efficient heuristics [41], providing reliable branch support
values. The tree topology was assessed, and branch support values
(posterior probabilities) were indicated at the nodes, with values closer
to 1 signifying stronger statistical confidence in the branching patterns.
To enhance the visual interpretation of the phylogeny, different clades
were colour-coded to distinguish major taxonomic groupings. The scale
bar represents genetic distance (0.005), illustrating the degree of
sequence divergence among the strains. The final tree was exported and
annotated for presentation.

3. Results and discussion

The primary objective of this study is to investigate the differences in
catalytic potential between cobalt and Nickel in MFCs and their impact
on electrochemical performance. It's well known that transition metals
are used to catalyze the carbonization process, enhancing the structure
of the resulting material and imparting superior properties to it. Here,
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Fig. 1. Schematic diagram for the MFC design used.

we use Nickel and Cobalt nanoparticles as catalysts for the carbonization
of cabbage stalk and employ the resulting material as an anode in a
microbial fuel cell fed with extremely polluted industrial wastewater.
The metal concentration was kept low to prevent metal particles from
closing the pores of the carbonized material. To evaluate the effect of
incorporating Nickel and Cobalt nanoparticles, a piece of cabbage stalk
was carbonized without any modifications. Carbonized samples were
labeled as Ni-800, Co-800, and CW-800.

3.1. Characterization of obtained anodes

3.1.1. Scanning electron microscope

The formation of biofilm layers on the surface of the carbonized
samples confirms the successful bacterial colonization of the material's
surface. Additionally, the use of agricultural waste (cabbage stalk) as a
precursor for the anode aligns with the principles of sustainability and
circular economy, making it an environmentally friendly alternative to
conventional anode materials. SEM images of all carbonized samples,
both before and after use in the cells, are shown in Figs. 1(A-F).

SEM images provide critical insights into the morphology of the
proposed samples' surfaces and the interaction between the anode and
electroactive microorganisms in the anolyte. By comparing the
morphological structure of the three proposed samples, it can be
observed that the CW-800 and Ni-800 samples possessed a plain surface
with many honeycomb-like pores distributed over the whole surface of
the samples. The diameter of the pores in the CW-800 sample is slightly
bigger than the pore diameter of the Ni-800. A higher pore diameter
allows for easier diffusion of ions and microorganisms into the inner
layers of the electrode, providing an adequate environment for micro-
organism colonization and biofilm formation [42]. This maximizes the
contact between electroactive microorganisms and significantly en-
hances the performance of the microbial fuel cell. As for the Co-800
sample, SEM images reveal a more complex surface morphology with
sharp edges and a range of pore diameters. In general, smaller pore di-
ameters are unfavorable for the long-term operation of MFCs, as they
tend to become blocked entirely at the beginning of cell operation due to
biofilm formation, which prevents ion diffusion into the inner layers of
the anode [43].

On the other hand, SEM images of the electrodes after 7 days of
operation inside the cells provide crucial insights into the degree of
biocompatibility and the amount of biofilm that formed on the electrode
surface. The CW-800 sample demonstrated the highest biocompatibility
with a very thick layer of biofilm on its surface, followed by the Ni-800
sample. As for the Co-800 sample, it showed very poor biocompatibility
with a much less thick biofilm observed on its surface.

Biocompatibility is a crucial factor in the operation of microbial fuel
cells, significantly affecting the electrochemical performance of the cell.
Higher biocompatibility leads to faster colonization for electroactive
microorganisms, which substantially increases the amount of electrons
generated on the electrode's surface [42].
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Fig. 2. SEM images of the CW-800 sample before using in the cell (A) and after using in the cell (B), Ni-800 sample before using in the cell (C) and after using in the
cell (D), and the Co-800 sample before using in the cell (E) and after using in the cell (F).

3.1.2. XRD pattern

X-ray diffraction (XRD) analysis was carried out to investigate the
structural properties of the carbonized samples. The XRD pattern of the
CW-800 demonstrated two broad peaks with 26 values of approximately
22.5° (high intensity) and 42° (lower intensity). The first peak is
indicative of the (002) plane of graphitic carbon, which corresponds to
the stacking of graphene layers in a disordered or turbostratic structure.
The broad nature of the peak suggests the presence of amorphous carbon
or partially graphitized carbon, which is typical for biomass-derived

carbon materials. It can be concluded from the high intensity of this
peak that a significant degree of carbonization is achieved, where
organic materials present in the cabbage stalk (such as cellulose,
hemicellulose, and lignin) have been converted into carbon. The broad
nature of this peak indicates a low degree of crystallinity and that the
material implies defects or disordered carbon atoms. This can be
attributed to the low carbonization temperature of 800 °C, which is
sufficient to decompose most organic materials but not enough to form
highly ordered carbon structures. The second peak at 20 =~ 42°
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Fig. 3. XRD pattern of the (A) CW-800 sample, (B) Ni-800 sample, and (C) Co-800 sample.

corresponds to the (100) plane of graphitic carbon, which is associated
with the in-plane structure of graphene layers. The fact that this peak has
lower intensity than the (002) peak indicates that the sample is not
completely carbonized. However, the presence of this peak confirms the
formation of graphitic domains within the carbonaceous material's
structure [44]. The disordered structure of carbon atoms and the low
crystallinity of the graphite domains in the sample are attributed to the
low degree of carbonization, resulting in partial graphitization. How-
ever, the mixed structure of the material is favorable for microbial fuel
cell operation, as the amorphous structure provides a higher surface area
for bacterial colonization, while the crystalline structure increases
electrical conductivity and enhances the extracellular electron transfer
process [28].

The diffractogram of the Ni-800 sample demonstrates several sharp
peaks indicating the presence of several crystalline materials within the
sample. The sharp peaks at 20 = 37.2°, 42.1°, and 62.9° correspond to
Nickel Oxide (PDF#00-047-1049). The peaks at 20 = 44.5°, 51.8°, and
76.9° correspond to the presence of Nickel particles (PDF#00-004-
0850). The sample also contained crystalline Nickel Hydroxide, as evi-
denced by the presence of peaks at 20 = 32.1° and 71.9° (PDF#00-014-
0117). The presence of these crystalline materials inside the carbon
anode has a great potential to increase the conductivity of the electrode
and enhance the extracellular electron transfer process.

As for the Co-800 sample, the XRD pattern shows four main sharp
peaks at 20 = 29.4°, 36.5°, 51.5°, and 61.5°, which are expected to
correspond to Calcite (PDF#00-024-0072), Cobalt oxide (PDF#00-043-
1004), and Metallic Cobalt (PDF#00-005-0727) (Fig. 2(A-C).

These results confirm the complete decomposition of cobalt acetate

and nickel acetate during the carbonization process, as well as the re-
action of the resulting metallic atoms with the samples.

3.1.3. FTIR spectroscopy

The Fourier-transform infrared (FTIR) spectrum of the graphitized
samples provides critical information about functional groups and
chemical bonds present in the samples, which can play a significant role
in enhancing the electrochemical performance of the microbial fuel cell.
The CW-800 spectrum shows broad peaks at 3450 em ! and 3310 ecm ™!
attributed to the O—H vibrations, which may correspond to hydroxyl
groups (OH). The broadness of this peak can refer to the presence of
adsorbed water, hydrogen-bonded hydroxyl molecules, which are very
common in biomass-based materials. The presence of hydroxyl groups is
beneficial for microbial fuel cells' operation, as they increase the hy-
drophilicity of the anode and enhance microbial adhesion to its surface
[45,46]. These groups can participate in redox reactions, facilitating
electron transfer between the microbes and the anode [47]. The broad
peak at 1630 em! corresponds to C=C stretching vibrations in aro-
matic rings or conjugated systems, which is related to the graphitic
domains present in the sample.

Additionally, the peak at ~1730 cm™ corresponded to C=O
stretching vibrations of esters and carboxylic acids [48]. The significant
decrease in transmittance from 905 cm ™! to 660 cm™! is related to the
C—H out-of-plane bending vibrations in aromatic hydrocarbons [49].
The very low transmittance at 660 cm™! can be attributed to the high
concentration of aromatic compounds in the sample, which is a common
characteristic among carbon materials derived from natural biomass
[50]. The sharp peak at 470 cm ! can be associated with either C—C

1



A. Abotaleb et al.

Table 3
Pore volume and average pore diameter for the obtained anodes.

Pore volume (cm®/g) Average pore diameter (nm) Pore type

CW-800 0.21 3.5 Meso porous
Co-800 0.37 4.2 Mesoporous
Ni-800 0.41 2.8 Micro porous

bending vibrations or metal-oxygen (M-O) vibrations, depending on
whether any metal impurities are present in the sample [51].

As for the Ni-800 FTIR spectrum, it displayed similar peaks to the Co-
800 sample with distinct peaks at 3922 cm™!, 3615 cm™! and 3203
cm’l, which can be corresponding to N—H, O—H, or C—H vibrations,
along with a sharp peak at ~470 cm ™!, attributed to Ni—O stretching
vibrations, confirming the presence of nickel precursors. Moreover, the
broadening of the peak at ~1580 cm ™' suggests enhanced graphitiza-
tion, potentially due to the catalytic effect of nickel. Additionally, the
presence of a small peak at ~480 cm ! indicated the retention of Ni-
based species in the carbonized material [51].

The FTIR spectrum of the Co-800 sample resembled that of the Ni-
800 sample but included a distinct peak at ~530 cm™!, corresponding
to Co—O stretching vibrations, confirming the successful doping with
cobalt. A similar trend was observed, with the disappearance of hy-
droxyl and carbonyl peaks and the emergence of a strong band at ~1490
em ™}, indicating the formation of graphitic carbon. The Co-doped
sample also exhibited a sharp peak at ~540 cm™}, corresponding to
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residual cobalt-based species, suggesting that cobalt remained dispersed
in the structure after carbonization [52].

The FTIR spectra reveal that the carbonization process effectively
decomposed the organic functional groups of the cabbage core, leaving
behind a graphitized carbon structure. Both Ni and Co doping enhanced
the graphitization, as evidenced by the more pronounced C—C
stretching peak at ~1500 cm ™}, compared to the CW-800 sample. The
retention of metal-based peaks in the Ni- and Co-doped samples suggests
that the metals were successfully integrated into the structure, poten-
tially enhancing the electrochemical properties of the anode materials
(Figs. 3(A-C).

3.1.4. BET

The adsorption-desorption curves presented for the blank, Co-doped,
and Ni-doped samples provide insights into the porous characteristics of
these materials. These isotherms, analyzed in conjunction with the BET
(Brunauer-Emmett-Teller) theory, reveal significant changes in surface
properties resulting from carbonization and metal doping.

The adsorption-desorption curve for the CW-800 sample exhibits a
Type IV isotherm with an H3 hysteresis loop (typical for mesoporous
materials). This suggests the presence of slit-like pores formed during
the carbonization process. The curve's adsorption branch indicates
moderate uptake at low relative pressures (P/P0 < 0.1), associated with
micropore filling, followed by a sharp increase at higher relative pres-
sures due to multilayer adsorption and capillary condensation in
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Fig. 4. FTIR spectra of the (A) CW-800 sample, (B) Ni-800 sample, and (C) Co-800 sample.
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Fig. 5. Adsorption-desorption curve of the (A) CW-800 sample, (B) Co-800 sample, and (C) Ni-800 sample.

mesopores [53].

Cobalt doping facilitates the formation of a highly porous structure
through catalytic graphitization during carbonization. This enhances
the specific surface area and pore volume, which are critical for mi-
crobial biofilm formation and efficient extracellular electron transfer in
microbial fuel cells. The Co clusters observed in SEM further support the
notion that active sites are introduced, contributing to a higher
adsorption capacity.

The adsorption-desorption curve for the Ni-doped sample is expected
to exhibit higher adsorption at low relative pressures compared to the
blank and Co-doped samples, indicating a significant presence of mi-
cropores. The hysteresis loop resembles H2, indicative of more complex
pore networks and irregular shapes formed due to nickel's catalytic ef-
fect during carbonization.

Nickel doping not only enhances the microporous structure but also
increases surface roughness, as observed in SEM images. The complex
pore network improves the material's ability to adsorb and transport
molecules, making it highly favorable for microbial activity and electron
transfer. This structural enhancement aligns with reports of nickel's role
in improving the electrochemical properties of carbon materials.

The pore volume and average pore diameter values obtained from

BET align with the SEM images. Table 3 shows the pore volume and
Average pore diameter values obtained from the BET analysis.

As for the BET surface area, the Ni-800 sample had the highest sur-
face area of 342.7 m?/g, followed by the Co-800 with a BET surface area
of 289.3 m?/g. The CW-800 had the lowest BET surface area with a value
of 178.5 m?%/g. These results confirm the catalytic effect of metal
nanoparticles on the carbonization process, which enhances the struc-
ture of the resulting carbonaceous materials (Figs. 4(A-c).

3.2. Performance of the assembled MFCs and electrochemical analysis

Modifying carbon materials by doping them with transition metal
nanoparticles is a common technique because it can enhance the elec-
trochemical performance of carbon materials by increasing conductivity
and catalyzing oxidation and reduction reactions. Moreover, transition
metal salts can catalyze the carbonization of carbon precursors, which
enhances the morphology and chemical structure of the produced car-
bon material [54]. The experiment aims to study the effect of Nickel and
Cobalt nanoparticles on the carbonization process of cabbage cores, to
use them as bio-anodes in microbial fuel cells. It also investigates the
electrochemical performance of the modified anodes during microbial
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fuel cell operation and compares it with that of non-doped carbonized
cabbage cores. The cabbage core was carbonized without modification,
and the cabbage core modified with Nickel and Cobalt was named CW-
800, Ni-800, and Co-800, respectively.

To scientifically evaluate the performance of synthesized anodes,
their electrochemical performance was compared with that of carbon
felt, one of the most commonly used 3D carbon materials. One of the
most important parameters for evaluating the performance of a micro-
bial fuel cell is the open-circuit voltage (OCV). OCV can be defined as the
difference in potential between the anode and the cathode of a fuel cell
when there is no current flowing through the external circuit, and it
represents the highest voltage value the cell can deliver as electrons
accumulate on the anode, increasing its charge. In a microbial fuel cell,
the open-circuit voltage (OCV) starts with a certain value and continues
to increase until it reaches a maximum value; the period it takes to get
the maximum OCV value varies based on several factors, including the
time needed for biofilm formation and the kinetics of oxidation and
reduction reactions within the cell [2]. To record the changes in OCV
over the cell operation period, the cells were connected to data loggers,
and OCV readings were recorded every 5 min. Fig. 5 shows the OCV
values recorded from cells assembled with CW-800, Ni-800, and Co-800
anodes, as well as the control cell, which used carbon felt as the anode.
Both Ni-800 and Control anodes started with a lower OCV value of
around 150 + 6.1 mV, while Co-800 and CW-800 anodes started at 231
+ 2.6 mV and 274 + 3.1 mV, respectively. The Co-800 had a higher rate
of increase in voltage, reaching stabilization at the beginning of the
second day of operation, followed by the Ni-800 anode on the third day
of operation. In contrast, the control cell reached a state of stabilization
after 85 h of operation. However, they all stabilized at almost the same
voltage value of around 336 + 13.5 mV. On the other hand, the CW-800
anode demonstrated a very high rate of increase in OCV, increasing
dramatically compared to the other anodes used, and reached a stabi-
lized value of 823 mV on the fourth day of operation.

Polarization curves shown in Fig. 6 describe the relationship between
the cell voltage and the corresponding current density. It's evident that
the CW-800 anode had the highest value of current density of 4322 mA/
m?, followed by the Ni-800 anode with a maximum current density of
2065 mA/m?, the Co-800 anode with a value of 760 mA/m? and the
carbon felt anode with a current density value of 508 mA/m?2. Another
important insight provided by the polarization curve is the internal
resistance of the microbial fuel cell, which is equal to the slope of the
polarization curve. It's noteworthy that all polarization curves are
mostly linear with a very small deviation at the maximum current
density region. This linearity in polarization curves indicates that the
dominant type of losses in the assembled MFCs is ohmic losses. How-
ever, it's mentioned in literature that linear polarization curves are most
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Fig. 7. Polarization curves for assembled cells.

often encountered in MFCs [55]. The internal resistance of the MFC can
be concluded from the polarization curve by calculating its slope. The
lowest internal resistance was observed in the cell assembled with the
Ni-800 anode, at a value of 1108 Q, followed by the CW-800 anode, with
a resistance of 1211 Q, and the Co-800 anode, with a value of 1243 Q.
All cells had relatively lower resistance than the control cell (2200 Q).

Regarding generated power density, Fig. 7 displays power density
curves for all assembled cells, which are calculated by multiplying the
cell voltage values by their corresponding current density values on the
polarization curve. Obviously, the CW-800 anode demonstrated the
highest power density value of 904.6 mW/m? significantly out-
performing all other anodes used. The maximum power density recor-
ded for the Ni-800 anode is 170.3 mW/m? which is almost 20% of the
power density generated by the CW-800 anode. Lower than the Ni-800
anode, the Co-800 anode had a maximum power density of 71.2 mW/
m?, followed by the carbon felt anode, which had the lowest power
density of 42 mW/m?. These results are interesting because, despite the
modification of the carbonized cabbage core using metal nanoparticles
and the reduced electrode resistance of the Ni-800 and Co-800 anodes,
they were significantly outperformed by the cell assembled with the CW-
800 anode, indicating that the CW-800 anode was more favorable for
bacterial adhesion on its surface. This significant performance difference
may also be attributed to the change in the microbial consortia that can
attach to the anode surface and form a biofilm. It's widely known that
some bacterial strains cannot thrive in environments with high con-
centrations of heavy metals. In microbial fuel cells, the ability of elec-
trogenic bacteria to thrive on the anode surface and oxidize organic
pollutants is a key factor in cell performance [42]. Moreover, heavy
metals can have a profoundly negative impact on the metabolism and
cell functions of various types of microorganisms responsible for
generating the electric current in microbial fuel cells [55].

These results highlight the fact that the performance of a microbial
fuel cell depends on the combination of several critical factors that must
be considered conjointly, which means that modifying the anode
structure can have a negative effect on the microbial fuel cell's perfor-
mance. Moreover, it's recommended to create a balance between the
concentration of the heavy metals on the surface of the anode or use
electrogenic bacterial strains that can withstand high heavy metal
concentrations [56].

Cyclic voltammetry provides two important insights about the pro-
posed electrode. First, the presence of any compounds that can be
oxidized within the anode structure can be inferred from the presence of
redox peaks in the cyclic voltammogram. Second, estimating the specific
capacitance of the anode. Second, estimating the specific capacitance of
the anode. Specific capacitance can be described as the area under the
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Table 4
Comparison with recent MFC studies.
Anode Cathode Substrate Power Ref
density
Carbonized loofah Air cathode Acetate 1090 + [29]
sponge 72 mW/
m2
Carbonized cotton Air cathode Acetate 931 mW/ [571
textile m?
graphene/chitosan/ Potassium Acetate 17.823 [58]
Fe304 beads ferricyanide w/m?
(K3Fe(Cn)e)
porous carbon Phosphate buffer Sodium 1438.8 [59]
monolith derived solution + KClI acetates mW/m?
from wax gourd
3D hierarchical Air cathode Glucose 426.9 + [60]
porous Co-N-C 7.87 mW/
m2
Ni thin film on carbon ~ Oxygen in Glucose 130.72 [61]
felt phosphate buffer mW,/m?
solution
Carbon cloth modified Air cathode Manure 107.27 [62]
with Ni wastewater mW,/m?
nanoparticles
Activated carbon Air cathode Domestic 576.9 [63]
modified with wastewater mW/m?
cobalt nano flakes
spinel cobalt ferrite Potassium Glucose 1964 [64]
hierarchical flower- ferricyanide mW/m?
like microspheres (K3Fe(Cn)g)
Carbonized cocklebur Air cathode Acetate 572 + 24 [65]
fruit HW/m?
Carbonized cabbage Potassium Sugarcane 904.6 +
stalk ferricyanide wastewater 11 mW/
(K3Fe(Cn)s) m?

cyclic voltammogram curve. Materials with high specific capacitance
have a good ability to absorb ionic and partially ionic compounds.
Obviously, neither the Ni-800 nor the Co-800 anodes had any oxidizable
or reducible compounds on their surface, as indicated by the absence of
redox peaks in the cyclic voltammograms. Moreover, the Ni-800 anode
had slightly higher specific capacitance than the Co-800 anode.

Fig. 8 shows the cyclic voltammograms for the modified anodes
using a scan rate of 1 mv/s.

Table 4 shows a comparison of previous work related to 3D elec-
trodes in MFCs. It's noteworthy that using simple carbon sources, such as
glucose and acetates, is very common in MFCs; however, using real
wastewater offers a more realistic and practical insight into the perfor-
mance of the proposed MFC system, providing the opportunity to
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discover new electrogenic microorganisms.

Based on power consumption and chemical costs, the cost of pro-
ducing one cubic meter of catalyzed carbonized cabbage stalk is
approximately $ 7.90. Despite being slightly higher than the cost of
carbonizing biomass without a catalyst, it's significantly lower than the
price of commercially available carbon anodes, such as carbon cloth
($100-$ 1000 per m?) and carbon brush ($ 270 per m3). Additionally,
lowering the metal concentration has a great potential to decrease the
cost of the process.

3.3. COD removal efficiency

Another significant standard to evaluate the performance of micro-
bial fuel cells is COD removal ratio. COD removal efficiency refers to the
ability of microorganisms to degrade organic pollutants in wastewater.
After a period of 7 days, samples were taken from each cell, and after
digestion, the absorbance value was measured using a spectrophotom-
eter, and COD content was determined using the standard curve for both
influent and effluent of MFCs. COD removal ratio was calculated using
the following equation:

COD;j, — COD,yyt o

1
COD;, 00

COD removal =

The influent COD for all cells was 72,000 mg/l which is a signifi-
cantly high value compared to domestic sewage and other types of in-
dustrial wastewater. The COD value for the effluent of the cells
assembled with CW-800, Ni-800 and Co-800 was 29,640, 32531 and
38,430 corresponding to COD removal ratios of 58.8%, 54.8% and
46.6% respectively, Obviously, the Ni-800 cell demonstrated a slightly
less COD removal ratio than the CW-800 while the CO-800 cell exhibited
the lowest COD removal among all assembled cells. The difference in
COD removal ratios can be attributed to the effect metals nanoparticles
had on the microbial community on the surface of the anode which is
confirmed with the total viable count analysis.

It's noteworthy that despite removing a tremendous amount of
organic pollutants, the COD of the effluent is still significantly high
which highlights the fact that MFCs can't treat wastewaters with high
organic loading and need further treatment techniques.

3.4. Bacterial analysis

3.4.1. Bacterial analysis results

The plate count method was applied to the influent wastewater and
effluent of all assembled cells using a media of nutrient agar to deter-
mine the total viable count (TVC) and evaluate the effect of adding the
metal particles on the ecosystem in the wastewater. It was found that the
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Fig. 9. Cyclic voltammetry for MFC assembled with cabbage core anode.
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positive result, 0.0 indicates a negative result, and 0.5 denotes a variable or strain-dependent reaction. Biochemical tests include catalase, oxidase, glucose and
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TVC of the influent wastewater is 12.8 x 105 cfu/ml. The TVC of the and 4.3 x 10 "5, respectively. The decrease in the TVC of the Ni-800 and

effluent from the CW-800 slightly increased to 13 x 10 "5 cfu/ml. On the Co-800 indicates that bacterial strains present in the wastewater
other hand, the TVC of the Ni-800 and Co-800 dropped to 5.6 x 10 "5 couldn't withstand the metal concentration on the anodes.

Uncultured organism clone ELU0018-T230-S-NIPCRAMgANa_000477
Uncultured organism clone ELU0018-T230-S-NIPCRAMgANa_000522
Uncultured organism clone ELU0018-T230-S-NIPCRAMgANa_000577
= Uncultured Enterobacteriaceae bacterium clone C139500330
Uncultured Enterobacteriaceae bacterium clone C146300002

Citrobacter freundii strain JXJ4-1

Citrobacter freundii strain FJ/Tiger-1803
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Fig. 11. Phylogenetic tree of Citrobacter freundii S2 strain based on 16S rRNA gene sequences. A phylogenetic tree was constructed to analyze the evolutionary
relationships among different Citrobacter strains using 16S rRNA gene sequences. The tree includes multiple strains of Citrobacter freundii and uncultured bacterial
clones. Different clades are colour-coded to distinguish major groupings. Branch support values (posterior probabilities) are indicated at the nodes, with values closer
to 1 signifying stronger support. The scale bar represents genetic distance (0.001), illustrating sequence divergence. Our strain S2 is highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Phylogenetic tree of Klebsiella strains based on 16S rRNA gene sequences. A phylogenetic tree was constructed to analyze the evolutionary relationships
among different Klebsiella strains using 16S rRNA gene sequences. The tree includes multiple strains of Klebsiella variicola, Klebsiella pneumoniae, and Klebsiella
quasivariicola. Different clades are colour-coded to distinguish major groupings. Branch support values (posterior probabilities) are indicated at the nodes, with values
closer to 1 signifying stronger support. The scale bar represents genetic distance (0.001), illustrating sequence divergence. Our strain K. variicola strain S3 is
highlighted in red colour. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The 16S rRNA gene partial sequences obtained in this study were
deposited in the NCBI GenBank database. The accession numbers are as
follows: _Citrobacter freundii_ strain S2 (GenBank: PV809873.1) and
_Klebsiella variicola_ strain S3 (GenBank: PX136842.1).

Microorganism identification was performed using the bioMérieux
VITEK MS system. The analysis of samples (S2 and S3) yielded a confi-
dent identification of Citrobacter freundii S2 and Klebsiella variicola S3
(refer to Supplementary file S). Comparative biochemical profiling of
Citrobacter freundii and Klebsiella variicola was conducted using VITEK
predictions, and the outcomes are presented as a heatmap Fig. 9. The
results demonstrated that both isolates exhibited positive reactions
(reaction strength = 1.0) for catalase, glucose fermentation, citrate
utilization, nitrate reduction, and the Voges-Proskauer (VP) test. Both
strains tested negative (reaction strength = 0.0) for oxidase, motility,
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and indole production, with C. freundii also showing a negative result for
lactose fermentation, while K. variicola was positive. Urease activity was
displayed by C. freundii, showing a variable reaction (0.5), and
K. variicola exhibited a positive result (1.0). These findings reflect the
close but distinct biochemical profiles of the two species.

The constructed phylogenetic tree effectively illustrates the evolu-
tionary relationships among Citrobacter freundii strains, related Cit-
robacter species, and a set of uncultured Enterobacteriaceae clones.
Notably, several uncultured organism clones clustered closely with
C. freundii reference strains (JXJ4-1, FJ/Tiger-1803, ESW5), indicating a
strong genetic affiliation and suggesting their probable identity as
C. freundii-related taxa. Interestingly, a distinct subclade comprising
other uncultured clones (colored in purple) formed a separate lineage,
with relatively closer proximity to C. freundii strain LFL2 and another



A. Abotaleb et al.

Fig. 13. SEM image showing bacterial species attached to the surface of the Ni-
800 anode.

uncultured clone ELU0019-T101, potentially representing a divergent or
uncharacterized Citrobacter lineage. The tree topology reinforces the
presence of considerable genetic heterogeneity within the Citrobacter
freundii complex, highlighting the potential of environmental isolates
and uncultured clones to expand our understanding of Citrobacter phy-
logenetics. The robust clustering pattern and low evolutionary distance
(scale bar = 0.001) also suggest high sequence similarity among these
strains, particularly within the dominant C. freundii clade, as shown in
Fig. 10.

The phylogenetic tree based on 16S rRNA gene sequences reveals the
taxonomic positioning of our isolate, Klebsiella variicola strain S3
(highlighted in red). Strain S3 clustered closely with other Klebsiella
variicola strains, such as FG108, FGE3, and JM16, forming a distinct
subclade within the Klebsiella variicola lineage. This phylogenetic
arrangement supports the identification of S3 as a member of the Kleb-
siella variicola species. The close relatedness to both K. pneumoniae and
other K. variicola strains suggests potential genomic and functional
similarities, which merit further comparative genomic and phenotypic
characterization. The robustness of the tree topology and branch dis-
tances (scale bar: 0.001 substitutions per nucleotide position) provides a
reliable framework for strain classification and evolutionary inference
(Fig. 11). Interestingly, Klebsiella variicola strain S3 forms a separate
branch closely related to K. pneumoniae strain BHX and other nearby
Klebsiella variicola strains. However, it doesn't cluster within the tighter
clades of other K. variicola strains, which are shown lower in the tree due
to genetic differences (Fig. 12).
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3.4.2. Bacterial analysis discussion

In this study, biochemical tests performed by the VITEK® system
provided valuable identification for Citrobacter freundii and Klebsiella
variicola. Both isolates displayed comparable predicted patterns for
several reactions. The heatmap visualization of predicted reaction pro-
files effectively highlights these similarities and differences. Despite the
reliability of VITEK®, it should be noted that phenotypic variability,
environmental adaptation, and strain-level differences can influence test
outcomes. The phylogenetic analysis presented in this study provides
valuable insights into the genetic diversity and evolutionary relation-
ships among Citrobacter freundii S2 strain, related Citrobacter species,
and environmental Enterobacteriaceae clones. The clustering of several
uncultured organism clones alongside established C. freundii strains
(JXJ4-1, FJ/Tiger-1803, and ESW5) suggests that these environmental
isolates likely represent uncharacterized or closely related members of
the C. freundii lineage. This finding aligns with previous reports indi-
cating the ecological ubiquity and genetic plasticity of C. freundii, a
species known for its environmental adaptability and opportunistic
pathogenicity [66,67]. Fig. 13 demonstrates the accumulation of bac-
terial species on the surface of the anode, while Fig. 14 shows the TEM
images of the isolated strains from the surface of the anode.

Moreover, the formation of a distinct subclade comprising uncul-
tured clones (ELU0018-T230 series) alongside C. freundii strain LFL2 and
another uncultured isolate (ELU0019-T101) highlights the presence of
divergent Citrobacter-like taxa within environmental samples. These
sequences, while related to the C. freundii cluster, exhibit sufficient
phylogenetic separation to suggest potential novel lineages or subspe-
cies. Similar observations have been reported in environmental micro-
biome surveys, where metagenomic and molecular approaches revealed
significant cryptic diversity within Enterobacteriaceae lineages [66,67].
Such findings underscore the importance of environmental microbial
surveys and molecular phylogenetics in uncovering hidden microbial
diversity, particularly within taxa traditionally considered clinically
relevant. The overall low genetic distance within the main C. freundii
clade (indicated by the scale bar of 0.001) confirms a high degree of
sequence conservation among these strains, reinforcing their close
taxonomic relationship. However, the emergence of phylogenetically
distinct clusters may have implications for antimicrobial resistance,
environmental persistence, and pathogenic potential, warranting
further genomic and phenotypic characterization [68,69]. Collectively,
these results contribute to a growing body of evidence emphasizing the
genetic complexity within Citrobacter species and highlight the value of
phylogenetic reconstruction in delineating taxonomic boundaries and
identifying novel bacterial taxa from environmental sources [70,71].
The current study reports the Isolation and phylogenetic characteriza-
tion of a novel strain identified as Klebsiella variicola strain S3.

Fig. 14. TEM images showing the isolated bacterial species A: Citrobacter freundii, B: Klebsiella variicola.
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Phylogenetic analysis based on 16S rRNA gene sequences revealed that
strain S3 clustered closely with Klebsiella pneumoniae strain BHX and
several Klebsiella variicola strains but notably formed a separate branch
within the phylogenetic tree. This branching pattern suggests a degree of
genetic divergence from other members of the K. variicola clade, indi-
cating possible ecological, genetic, or evolutionary distinctiveness. The
genus Klebsiella is taxonomically complex, with closely related species
such as K. pneumoniae, K. variicola, and K. quasipneumoniae often dis-
playing high 16S rRNA sequence similarity, making precise identifica-
tion challenging using 16S rRNA alone [67]. However, even within
highly conserved genes like 16S rRNA, minor sequence variations can
reveal sub-lineages or ecotypes, as observed in our strain S3. Its separate
branching could be attributed to unique nucleotide substitutions in
phylogenetically informative regions of the 16S rRNA gene, which have
been reported to influence clade separation in other Klebsiella strains
[70]. Previous studies have highlighted the environmental versatility of
K. variicola, which, unlike its clinically dominant relative K. pneumoniae,
is often isolated from plant, soil, and water environments, yet has
increasingly been implicated in opportunistic human infections [72,73].
The distinct phylogenetic positioning of strain S3 may, therefore, reflect
ecological adaptation, a phenomenon described in environmental
Klebsiella isolates from various niches [74]. It is possible that strain S3
has acquired unique mutations or undergone horizontal gene transfer
events contributing to its divergence. Although 16S rRNA gene analysis
provides valuable preliminary taxonomic insights, its limited resolution
for differentiating closely related Klebsiella species and strains is well-
documented [75]. Thus, the current phylogenetic placement of strain
S3 warrants further confirmation through multilocus sequence analysis
(MLSA) or whole-genome sequencing (WGS), which offer greater
discriminatory power, or by calculating average nucleotide identity
(ANI) values [76]. Moreover, the proximity of strain S3 to K. pneumoniae
strain BHX in the phylogenetic tree suggests potential genomic simi-
larities that might have implications for antimicrobial resistance profiles
or virulence factors. Recent genomic analyses have reported overlapping
resistance gene repertoires and pathogenicity islands between environ-
mental and clinical K. variicola and K. pneumoniae strains, underscoring
the importance of characterizing environmental isolates, such as strain
S3. In conclusion, the phylogenetic analysis positions Klebsiella variicola
strain S3 as a distinct sub-lineage within the K. variicola group, while
Citrobacter freundii strain S2 clusters within its respective clade,
reflecting notable genetic diversity within both species. This highlights
the importance of comprehensive genomic characterization to under-
stand better their evolutionary relationships, ecological niches, and
functional capacities. Importantly, both strains have demonstrated
effective performance in microbial fuel cells (MFCs), and their distinct
phylogenetic positions may underpin unique metabolic and electro-
active properties. These findings not only emphasize their potential in
sustainable energy generation and wastewater treatment but also sug-
gest that further investigation into their genomic and metabolic frame-
works could enhance their application in bioelectrochemical systems.

4. Conclusions

This study investigated the effect of catalyzing the carbonization of
biomass using Nickel and Cobalt and using the resulting carbonaceous
materials as anodes in MFCs. The addition of nickel and cobalt to the
carbonization process catalyzes the formation of more graphitic do-
mains within the electrode structure, which significantly increases the
material's conductivity, enhances the BET surface area and pore size,
and slightly improves the extracellular electron transfer process. How-
ever, the metal-doped electrodes were significantly outperformed by the
CW-800 anode in terms of OCV and power density by around 5.32-fold
for the NI-800 anode and 12.7-fold for the Co-800 anode. This can be
attributed to the decrease in biocompatibility and the toxic effect that
metals have on electroactive microorganisms. These results emphasize
the importance of balancing the concentration of metals incorporated

14

Journal of Water Process Engineering 82 (2026) 109482

with the carbonaceous materials used in MFCs. Additionally, they
emphasize the importance of investigating more extremophilic electro-
active microorganisms that can tolerate the high metal concentrations
present on the electrode surface.
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