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Abstract: The contamination of the environment by antibiotics has become a serious problem, supported by
abundant scientific evidence of its negative impact on both aquatic ecosystems and human health. Therefore, it is
crucial to intensify research efforts towards developing effective and efficient processes for removing antibiotics
from the aquatic environment. In this study, a bacterial consortium capable of breaking down penicillin was
employed in a ceramic separator microbial fuel cell (MFC) to generate electricity. The consortium’s properties
such as laccase activity, penicillin removal and microbial structure were studied. The SF11 bacterial consortium,
with a laccase activity of 6.16+0.04 U/mL, was found to be effective in breaking down penicillin. The highest rate
of penicillin removal (92.15+0.27%) was achieved when the SF11 consortium was incubated at 30 °C for 48 hours.
Furthermore, when used as a whole-cell biocatalyst in a low-cost upflow MFC, the Morganella morganii-rich
SF11 consortium demonstrated the highest voltage and power density of 964.93+1.86 mV and 0.56+0.00 W/m3,
respectively. These results suggest that the SF11 bacterial consortium has the potential for use in ceramic separator
MFC:s for the removal of penicillin and electricity generation.

Introduction

The escalating global population growth poses a significant
challenge in addressing the mounting demands for both food
security and sustainable practices (Prosekov and Ivanoa
2018, Jahan et al. 2022). Primary protein sources for meat-
consuming populations come from feedstock products, with
pork and poultry standing out as the most prominent choices
(Tsai, 2018). Consequently, this scenario has led to an
increase in swine farms to meet these demands. However, a
pressing environmental concern arises due to the generation
of substantial amounts of steroidal hormones and veterinary
antibiotics in swine excreta, which subsequently find their
way into the environment (Zhang et al. 2017). In light of this
situation, prior research has indicated that each pig produces
approximately 4-8 liters of swine wastewater per day (Garcia
etal. 2017).

The widespread use of swine wastewater in pork production
has rendered it a significant source of hormones and antibiotics
in the environment. This raises serious concerns about the
direct discharge of hormone- and antibiotic-contaminated
swine wastewater into the environment, given its potential
adverse effects on human and aquatic organism health (Cheng
et al. 2020). In pig farms, antibiotics play a crucial role in
preventing and treating microbial infections, as they possess

the ability to kill microbes and inhibit their growth (Sekyere
2014). Additionally, in swine production, certain antibiotics,
such as tetracycline, sulfonamide, and penicillin are extensively
utilized as growth promoters (He et al. 2016, Kim et al. 2013).

Penicillin, a widely used B-lactam antibiotic, plays a
crucial role in treating infectious diseases caused by penicillin-
sensitive bacteria, including upper respiratory infections and
bacterial pneumonia in feedstock animals such as cattle, sheep,
and swine (Portis et al. 2012, Vogel et al. 2001). Despite it
efficacy, a concerning observation from a previous study
reveals that approximately 50-90% of antibiotics are released
in their active form through animal excretion (Feng et al.
2017). Addressing the issue of antibiotic-contaminated swine
excreta, anaerobic digestion has been a conventional approach
due to its environmentally friendly attributes (Sun et al. 2019).
Nevertheless, the presence of penicillin contamination has
been shown to diminish the excreta digesting potential by
up to 35% (Masse et al. 2000). As an alternative solution,
enzyme-based bioremediation emerges as a promising
technology for removing antibiotics from wastewater, with
laccase being a particularly notable microbial enzyme
belonging to the oxidoreductase group. Laccase exhibits the
ability to reduce oxygen molecules, leading to the one-electron
oxidation of antibiotics (Piontek et al. 2002). Moreover, recent
investigations have demonstrated the efficacy of microbial
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laccase in degrading B-lactam drugs, attributing this capability
to its potential for f-lactam ring deformation (Mukhopadhyay
et al. 2022).

In recent decades, the steady rise in global energy
consumption has led to an impending energy crisis, prompting
the urgent exploration of alternative and renewable energy
sources (Rahman et al. 2022). Among these alternatives,
the microbial fuel cell (MFC) has emerged as a promising
contender, garnering significant interest for its unique ability
to utilize diverse organic matter as fuel (Rahimnejad et al.
2015). The MFC operates by employing exoelectrogenic
bacteria that act as whole-cell biocatalysts on the anodic
electrode, facilitating the degradation of organic substrates
while generating electrons and protons in the process (Guang
et al. 2020, Rahimnejad et al. 2011). To function effectively,
the MFC incorporates a proton exchange membrane (PEM)
that physically separates the cathodic part from the anodic
part (Ghasemi et al. 2013). However, despite the promising
potential of MFC technology, certain limitations have impeded
its practical application. High structural costs, particularly
associated with the expensive PEM, have been a significant
obstacle (Das et al. 2020).

The use of earth clay-based membranes as cost-effective
and durable proton exchange membranes (PEMs) in microbial
fuel cells (MFCs) has sparked significant interest, driven by
their exceptional chemical stability, ability to withstand high
pressure, and straightforward production process. These
ceramic separators have emerged as the most promising option
for industrial-scale MFC applications (Ahilan et al. 2019,
Ghadge et al. 2016, Rossi et al. 2019, Yousefi et al. 2017).
Various clay materials have been explored in the development
of ceramic separators, including terracotta, black soil (rich in
calcium, iron, and magnesium) (Ajayi and Weigele 2012), red
soil (containing aluminum and silica) (Ghadge et al. 2014), and
composite clay (comprising kaolinite and montmorillonite)
(Ghadge and Ghangrekar 2015). The distinctive properties
of these clay-based membranes, including their abundance,
accessibility, and low-cost nature, make them highly appealing
for practical implementation in MFC systems.

In the quest for suitable materials for proton exchange
membranes (PEMs) in microbial fuel cells (MFCs), akadama
clay, a metal-containing red soil, has emerged as a compelling
candidate. Itsremarkable characteristics, including high osmotic
ability, strong water impounding, and efficient drainage, have
made it extensively utilized in the fields of agriculture and
horticulture (Chen et al. 2010). The composition of akadama
clay typically consists of 21.83-78.58% silicon dioxide (SiO,),
4.13-38.00% aluminum oxide (Al,0O,), and 0.84-7.70% ferrous
oxide (Fe,O,) (Bhakta and Munekage 2013). In addition to its
agricultural applications, akadama soil has displayed intriguing
potential in the removal of hazardous metals from aqueous
solutions. Previous studies have highlighted its effectiveness
in capturing cesium (Ding et al. 2014), as well as other metals
such as cadmium, zinc, copper, arsenic (Nguyen et al. 2021),
mercury (Bhakta and Munekage 2011), and chromium (Ji et
al. 2015).

The upflow microbial fuel cell (UMFC) has emerged
as a promising design, drawing significant interest for
its potential to achieve efficient power output while
simultaneously addressing wastewater treatment needs

(Bhakta and Munekage 2011). Key to the success of UMFCs
is the selection of an appropriate proton separator, which
plays a critical role in facilitating proton transfer within the
system. Researchers have explored various materials for
use as proton separators in UMFCs, each offering distinct
advantages. Nafion 117 has been studied as a potential
separator, showcasing its unique characteristics in enhancing
UMFC performance (Subha et al. 2019). Additionally, gravel
has been considered as an alternative material, demonstrating
its suitability for facilitating proton transport in UMFC setups
(Li et al. 2019). Quartz sand has also been investigated for its
potential as a proton separator, contributing valuable insights
into its application in UMFC technology (Ge et al. 2020).
Furthermore, ceramsite has been evaluated as a promising
candidate, shedding light on its performance and viability in
UMFCs (Xu et al. 2019).

The primary objective of this study was to isolate and
characterize a bacterial consortium capable of efficiently
degrading penicillin extracted from swine wastewater
sediment. Subsequently, the selected highly penicillin-
degrading consortium was employed in an upflow microbial
fuel cell (UMFC) setup, with the innovative utilization of an
Akamada clay separator for electricity generation. The aim
was to investigate the performance and effectiveness of this
penicillin-degrading consortium in the UMFC system, with
a focus on its potential application in sustainable wastewater
treatment and electricity production. The flowchart of this
process is depicted in Figure 1, illustrating the sequential steps
involved in isolating the consortium, integrating it into the
UMFC, and monitoring its penicillin degradation capabilities
and electricity generation efficiency. By addressing the
efficient removal of penicillin from wastewater and harnessing
it for electricity production, this study seeks to contribute to the
advancement of eco-friendly technologies with implications
for both environmental protection and renewable energy
generation.

Materials and Methods

Sampling

One hundred sediment samples were collected from swine
wastewater in Phatthalung Province, Southern Thailand using
aseptic technique. The samples were then transported to the

Sample
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sequencing MFC operation

i
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Figure 1. The flowchart of study process.
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Microbial Fuel Cell and Bioremediation Laboratory at the
Faculty of Science, Thaksin University, for further analysis.
All samples were carefully maintained at a temperature of 4 °C
until they were used for bacterial enrichment.

Enrichment

A modified formula was used to prepare an enrichment buffer
for cultivating a group of bacteria capable of degrading
penicillin. The buffer contained 1.0 g/L of yeast extract, 0.03
g/L of CaCl,, 0.08 g/L of MgCl, x 6H,0, 0.05 g/L of KH,PO,,
0.11 g/L of (NH,),SO,, and 0.01 g/L of NaHCO, (Thipraksa
and Chaijak, 2022). Sterilization was achieved by adding 100
mg/L of penicillin to the buffer.

To initiate the bacterial enrichment process, 10 g of
sediment was added to 100 mL of the enrichment buffer and
incubated at 30 °C for 48 hr without shaking. Subsequently,
10 mL of the growing liquid culture was transferred into 90
mL of fresh enrichment buffer and incubated at 30 °C for 48 hr
without shaking. This process was repeated ten times to ensure
that the bacterial culture was capable of utilizing penicillin as
the sole carbon source.

Selection of bacterial consortium

The selection of bacterial consortia was based on their laccase
activity and their efficient ability to remove penicillin. The
inoculation process involved the addition of 4 mL of bacterial
consortium (1 x 10% cell/mL) into 36 mL of buffer containing
100 mg/L of penicillin, followed by incubation for 48 hr
without shaking. After incubation, the buffer was centrifuged
at 12,000 rpm for 10 min at 4 °C, and the resulting supernatant
was collected for laccase activity determination.

The laccase activity was measured using spectrophotometry
at a wavelength of 420 nm. The measurement was carried out
using 950 pL of reaction reagent containing 0.5 mM 2,2°-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) ina 0.1 M
sodium acetate buffer with pH 4.5 and 5 pL of supernatant.
The laccase activity was calculated based on the oxidation of
ABTS and defined as 1.0 mmol of ABTS oxidized per minute
(More et al. 2011).

To evaluate the bacterial culture's ability to remove
penicillin, the penicillin removal rate (%) was monitored using
UV-Vis spectroscopy at 325 nm (Krasnikova and lozep, 2003).
The experiment was conducted in triplicate, and the bacterial
consortium that demonstrated a penicillin removal rate greater
than 80% was chosen.

Penicillin removal in swine wastewater

A modified formula was used to prepare synthetic swine
wastewater (Cheng et al. 2020), which included 3 g/L of
glucose, 0.45 g/L of NH,CI, 0.13 g/L of KH,PO,, 0.05 g/L of
MgSO,, and 0.01 g/L of CaCl,. The wastewater was sterilized
at 121 °C for 15 minutes, and penicillin was subsequently
added to adjust the final concentration to 100 mg/L.

4 mL of enriched mixed culture (1 x 10% cell/mL) was
inoculated into the 36 mL of synthetic swine wastewater filled
in the 50 mL centrifuge tube. The reactions were incubated
at 30 °C for 48 hr without shaking. The experiment was
carried out in triplicate. The penicillin removal rate (%) was
monitored, and the bacterial consortium that demonstrated the
highest potential for penicillin removal was selected.

Next-generation sequencing

The selected bacterial consortium was cultured in nutrient
broth containing 100 mg/mL of penicillin. Following 48 hr
of incubation, the cells were harvested by centrifugation
at 12,000 rpm for 10 minutes at 4 °C. 1 g of cell pellet was
utilized to extract genomic DNA using the QIAwave DNA
Blood and Tissue Kit (Qiagen, Germany). The quality of the
extracted genomic DNA was examined using a nanodrop
spectrophotometer, and only high-quality DNA was utilized
for next-generation sequencing analysis.
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Figure 2. The diagram of the dual chamber MFC.

Dual-chamber MFC operation

The construction of the microbial fuel cell (MFC) was carried
out according to the design depicted in Figure 2. To serve as
the electrode, a 25 cm? graphite plate was utilized, and it was
activated using a microwave (Kim et al. 2022). The activation
process involved submerging the graphite plate into 10 mL
H,O, and gently stirring it for 60 min at room temperature.
Next, 100 mL H,SO, was slowly added and stirred for 60 min
at 40 °C. The graphite plate was then washed thrice using
deionized water and dried for 24 hr at 80 °C. Finally, the
graphite plate was activated using a microwave for 60 min. A
2 mm thick 30% (w/v) silica-ceramic plate prepared at 680 °C
was used as a low-cost proton exchange membrane (Michu and
Chaijak, 2022). The anode and cathode chambers were created
using 40 mL cell culture bottles, and the electrodes were linked
with copper wire.

To operate the MFC, 4 mL of the selected bacterial
consortium aged 48 hr, along with 36 mL of synthetic swine
wastewater, were introduced into the anode chamber. The
cathode chamber was filled with 40 mL of 400 pM KMnO4,
which serves as an effective electron acceptor (Eliato et al.
2016). The consortium was allowed to accumulate in the
anode chamber for 5 days to immobilize the bacterial cells onto
the anode electrode surface. Subsequently, the anolyte was
removed, and 40 mL of synthetic swine wastewater was added.

The open-circuit voltage (OCV) was monitored hourly
using a digital multimeter, while the closed-circuit voltage
(CCV) was measured at an external resistance of 100-3,000 Q.
Current (I), power (P), current density (CD), and power density
were calculated according to Ohm's law.
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I =VR () according to the previous procedure (Chaijak and Michu,
P=1V ) 2022). Specifically, the WHB was pyrolyzed at 350 °C for
30 minutes, and subsequently immersed in 500 mL of 0.5 M
CD = TA ®) HNO, at room temperature for 12 hours. The WHB was then
PD = P/A @) washed with deionized water thrice and dried at 80 °C for 24

Where the V is the CCV (V), L is the current (A), R is the
external resistance (Q2), P is the power (W), CD is the current
density (A/m?), A is the working volume (m?), and PD is the
power density (W/m?).

Ceramsite preparation

A modified method was utilized to produce ceramsite, which
is a lightweight ceramic ball using Akadama clay (Shang et
al. 2022). The clay has a pH of 6.9, an electroconductivity
(EC) of 0.052 ms/cm, and a water absorption rate of 20%. The
composition of the clay is as follows: 42.7% SiO,, 0.98% CaO,
2.5% MgO, 0.15% MnO, 8.4% Fe O,, and 25.1% ALO,.

The process of creating ceramsite began with the drying
of Akadama clay at 105 °C until it reached a constant weight.
Subsequently, the dried clay was ground and passed through a
0.12-mm sieve. The next step involved adding 30% (w/w) of
deionized water to the sieved clay and mixing it thoroughly. The
resulting mixture was then molded into 1 c¢cm sizes and dried
overnight at 105 °C until it attained a constant weight. The final
step involved sintering the dried ceramsite at 1100 °C for 30 min.
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Figure 3. The diagram of the UMFC.

UMFC operation

In this experiment, the UMFC (Upflow Microbial Fuel Cell)
system as shown in Figure 3, was utilized. The MFC chamber
had a working volume of 1,000 mL and was constructed from
plastic containers. The anodic electrode was fabricated from
water hyacinth biochar (WHB) and stainless-steel mesh,

hours. A copper-plated electrode with dimensions of 1 cm x 5
cm was used as the cathodic electrode. Akadama clay ceramsite
(500 g) was added between the two electrodes. To degrade
penicillin, 100 mL of penicillin-degrading bacteria consortium
was mixed with the 900 mL of synthetic swine wastewater,
which was used as the anolyte. The UMFC was operated under
batch conditions.

Furthermore, the edible mushroom Pleurotus pulmonarius
was employed as a whole-cell biocatalyst and placed on the
cathodic surface (Chaijak and Thipraksa, 2022). Specifically,
the P. pulmonarius was cultured in a sucrose-yeast medium
containing 10% (w/v) of sucrose and 0.1% (w/v) of yeast
extract and it was incubated at room temperature for 7 days.
The fungal cells were then placed on the surface of the cathodic
electrode and incubated for another 7 days. The open-circuit
voltage (OCV) was monitored hourly. Additionally, the
polarization curve of the bacterial consortium was plotted.

Results and Discussion

Selection
In order to select a bacterial consortium that could utilize
penicillin as its sole source of carbon, several samples were
inoculated into a penicillin solution for 10 consecutive
batches. The activity of laccase, an enzyme that breaks down
certain organic compounds, was monitored and only 16 of
the tested consortia showed laccase activity. Among these
consortia, consortium SF11 exhibited the highest laccase
activity, with a value of 6.16+0.04 U/mL, as shown in
Figure 4. Ambika et al. (2022) previously selected a laccase-
producing consortium with maximal laccase activity of 0.031
U/mL from soil samples of decaying wood, plant rhizosphere,
and lake sediment of the Himalayan region. Additionally, a
previous study showed that a bacterial consortium selected
from forest soil had maximal laccase activity of 22.00 U/mL
(Thipraksa et al. 2022).

The ability of all laccase-producing bacterial consortia to
degrade penicillin in a solution was measured, and only the
consortium with a penicillin removal ability exceeding 80%
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Figure 4. Laccase activity of the enriched consortia.
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Figure 5. Penicillin removal in the 100 mg/L penicillin-
containing buffer.

was selected for further study, as shown in Figure 5. The results
indicated that consortium SF11 had the highest penicillin
removal ability of 88.08+0.11%, followed by consortium SF18
with 84.07£1.69%, without any shaking or adjustment of pH.

In another study, Bacillus velezensis, a bacterium that
produces oxidoreductase, demonstrated the ability to degrade
89 mg/L of antibiotic from synthetic wastewater after 10 days of
incubation (Al-Dhabi et al. 2021). Additionally, Copete-Pertuz
et al. (2018) reported that a native fungus, Leptosphaerulina
sp. significantly removed penicillin from synthetic hospital
wastewater after a 15-day incubation period at 28 °C with
shaking at 160 rpm and pH 5.6.
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Figure 6. Penicillin removal in the 100 mg/L penicillin-
containing synthetic swine wastewater.

Figure 6 shows the penicillin removal ability of the laccase-
producing consortium from synthetic swine wastewater.
The highest penicillin removal ability of 91.82+0.58% was
achieved by the SF11 consortium, which was incubated at
30 °C for 48 hours without shaking. According to the study
conducted by Wang et al. (2019), antibiotic-contaminated
swine wastewater was treated using aerobic granular sludge

that was selected from a combination of raw swine wastewater
and domestic sewage. The researchers found that the highest
level of antibiotic removal, amounting to 89.40%, was achieved
when the treatment process was carried out in a bioreactor. In
contrast, a study utilized the bacterial community present in the
rhizosphere of the common reed Phragmites australis (Cav.)
to remove antibiotics from swine wastewater. The results
showed that after 20 weeks of operation, the maximum level
of antibiotic removal exceeded 90.00% (Santos et al. 2019).

Microbial diversity

The utilization of 16S rDNA amplicon sequencing on the
[llumina Miseq platform allowed us to comprehensively explore
the bacterial consortium SF11 at the taxonomic level. This next-
generation sequencing (NGS) approach provided a rich dataset,
encompassing 175,000 reads with a total of 52.7M base pairs.
The analysis of the sequencing data using bioinformatic tools
revealed key characteristics of SF11. The evaluation of GC
content (%) and Q30 quality score demonstrated the robustness
of the sequencing data, with the values of 53.17% and 87.41%,
respectively, ensuring the reliability of subsequent analyses.
The investigation of diversity and richness in the bacterial
consortium SF11, as presented in Table 1, provided valuable
insights into the microbial community's composition. Figure 7
further illustrated the diversity observed in SF11.

Table 1. Community richness and diversity of the consortium

SF11.
Consortium | OTUs | Chaol | Shannon | Gini-Simpson
SF11 11 11 1.81 0.65

At the phylum level, the bacterial community in SF11
was dominated by Proteobacteria, representing 80.95% of the
total, followed by Firmicutes at 19.04% and Actinobacteria
at a marginal 0.01%. The class-level analysis reaffirmed
the predominance of Gammaproteobacteria, accounting for
80.95% of the bacterial community. Clostridia constituted
13.88%, Bacilli made up 5.16%, and Actinomycetia was
present at a negligible 0.01%.

Species-level analysis allowed for the identification
of specific bacterial constituents within SF11. Morganella
morganii and Pseudomonas multiresinivorans were the most
prevalent species, comprising 45.58% and 35.25% of the
consortium, respectively. Other notable species included
Clostridium senegalense (11.04%), Lysinibacillus sphaericus
(4.83%), Clostridium tepidum (2.84%), Aneurinibacillus
aneurinilyticus (0.27%), Pseudomonas jinjuensis (0.11%),
Paenibacillus  timonensis  (0.05%), and Leucobacter
chromiireducens (0.01%).

In another study, a bacterial consortium capable of
degrading antibiotics was successfully created by enriching
soil contaminated with penicillin. The consortium comprised
diverse bacterial species, including Sphingomonas sp.,
Diaphorobacter sp., Acidovorax sp., Stenotrophomonas
sp., and Mpycobacterium sp. (Kusada et al. 2019). This
achievement highlights the potential of harnessing natural
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Figure 7. Microbial structure of the consortium SF11.

microbial communities for the remediation of antibiotic-
contaminated environments. Another noteworthy finding from
the literature is the successful use of Pseudomonas aeruginosa
for antibiotic degradation (Sunder et al. 2017). This particular
species has demonstrated its ability to contribute significantly
to the breakdown of antibiotics, emphasizing the importance
of exploring and utilizing different bacterial strains for their
biodegradation capabilities. Furthermore, Yan et al. (2022)
discovered a novel approach to enhance antibiotic resistance by
utilizing a co-culture of heterotrophic and nitrifying bacteria.
This unique co-culture demonstrated increased resistance
to antibiotic biotoxicity, showcasing the potential benefits
of integrating diverse microbial communities to improve
antibiotic degradation efficiency.

Electrochemical properties of dual-chamber MFC

The results obtained from this study demonstrate the
successful utilization of the penicillin-degrading bacterial
consortium SF11 as a biocatalyst in the anodic chamber of
the microbial fuel cell (MFC) setup. The highest open circuit
voltage (OCV) of 895.00 + 4.71 mV was achieved during the
stationary phase, as depicted in Figure 8. Furthermore, the
current density (CD) and power density (PD) generated by the
CMFC were determined by analyzing the polarization curve,
shown in Figure 9. The maximum CD reached 16.25 + 0.01
A/m3, while the maximum PD attained a value of 3.12 + 0.00

W/m3. Comparing our findings with other relevant studies, it
is evident that MFC technology offers considerable potential
for electricity generation from swine wastewater. In a study
conducted by Ni et al. (2020), the H-type microbial fuel cell
was utilized to produce electricity from swine wastewater.
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Figure 8. Open circuit voltage of the conventional MFC with
consortium SF11.



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

Electricity Generation in a Microbial Fuel Cell with a Ceramic Separator Utilizing a Bacterial Consortium for Penicillin... 33

0.45 | T 6.00
040 + &
o 1 500
0.35 + ﬁ - -
| *-p-e r‘.'E
030 + || P+ 400 E:-.
= [ :
S 0.25 [ : 2
= 4 b 13008
= 0.20 [ % : £ & Voltage
2 | \ ; E +— Power density
15+ | ) i 120082
I \ : g
o101 | , i
L L\h & T 100
005 + |
0.00 .'lf 0.00

0.00 300 600 200 1200 1500 13.00
Current density (A/m?)

Figure 9. Polarization curve of the conventional MFC with
consortium SF11.

The anodic biofilm primarily comprised Proteobacteria,
Bacteroidetes, Firmicutes, Chloroflexi, and Spirochaetae,
leading to a maximum voltage output of 610 V. Moreover, Ding
et al. (2014) employed a combination of MFC and flocculation
for untreated swine wastewater treatment, achieving the highest
power density of 37.5 W/m?. Different MFC configurations
have also been explored for swine wastewater treatment
and electricity generation. For instance, the single-chamber
MFC demonstrated a maximum power output of 0.6-2.2 W/
m? with a hydraulic retention time (HRT) of 3-5 days (Goto
and Yoshida, 2019). Additionally, Liu et al. (2020) employed a
constructed wetland-MFC with the presence of the macrophyte
Canna indica for swine wastewater treatment, resulting in a
peak voltage output of 715 mV. Overall, the outcomes of this
study highlight the feasibility and potential of the penicillin-
degrading bacterial consortium SFI11 in the context of
microbial fuel cells. The obtained OCV, CD, and PD values
demonstrate promising electricity generation capabilities using
swine wastewater as a substrate. These findings contribute to
the expanding knowledge base surrounding MFC technology
and its applications in sustainable wastewater treatment and
renewable energy production. As further research is conducted
in this field, the optimization and implementation of MFC
systems for practical applications can pave the way for more
efficient and eco-friendly solutions to address the challenges of
wastewater management and energy sustainability.
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Figure 11. Polarization curve of the UMFC with consortium
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Electrochemical properties of UMFC

The findings of this study demonstrate the impressive electricity
generation capabilities of the penicillin-degrading bacterial
consortium SF11 in the upflow microbial fuel cell (UMFC)
setup. Over a monitoring period of 48 hours, the maximal open
circuit voltage (OCV) generated by SF11 was consistently
high, averaging 964.93+1.86 mV, as depicted in Figure 10. The
polarization curve of the UMFC revealed that SF11 achieved
a maximal current density (CD) of 1.06+£0.01 A/m’® and a
maximal power density (PD) of 0.56+0.00 W/m’®, as shown in
Figure 11. Comparing these results with previous studies, it is
evident that the performance of SF11 in the UMFC system is
noteworthy. For instance, in a dual-chamber MFC employed

Table 2. Electricity generation performance of MFC.

MFC type Microbe/ Consortium Power output (mV) Reference
UMFC SF11 964.93+1.86 This study
Dual chamber Anacerobic sludge 610.00 Gota et al. (2019)
CW-MFC Soil bacteria 440.00 Ren et al. (2021)
Dual chamber Anaerobic sludge 747.00 Zhang et al. (2019)
CWMFC Geobacter sp. Desulfuromonas sp. 715.00 Liu et al. (2020)

UMEC xfﬁzzfagtfvnszg;iz 110.00 Kim et al. (2020)
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for treating antibiotic-contaminated wastewater, a maximum
PD of 5.78 W/m® was achieved. However, it is important to
highlight that this system utilized a costly cation exchange
membrane as a proton separator, which can be a limiting factor
for practical application due to its expenses and operational
considerations. Table 2 presents a comprehensive overview of
various studies exploring the electricity generation potential
from swine wastewater using different MFC configurations
and materials. The outcomes from this study contribute to
the growing body of research in this field, showcasing the
viability of the penicillin-degrading bacterial consortium SF11
as a potent biocatalyst for electricity production in the UMFC.
The consistently high OCV values over the monitoring period
demonstrate the stability and efficiency of SF11 in electron
transfer processes, while the polarization curve illustrates its
CD and PD performance. The utilization of SF11 in the UMFC
represents a promising step towards sustainable wastewater
treatment and renewable energy generation. The achieved
PD values, though relatively lower than those in some other
studies, demonstrate the potential for further optimization and
enhancement in future research. Additionally, the UMFC's
use of an Akamada clay separator is noteworthy, as it offers a
low-cost and environmentally friendly alternative to expensive
proton exchange membranes.

Conclusion

The present study focused on the enrichment and
characterization of a bacterial consortium (SF11) that was able
to degrade penicillin isolated from swine wastewater sediment.
The consortium was identified by next-generation sequencing
and was primarily composed of Gammaproteobacteria,
Clostridia, Bacilli, and Actinomycetia. The penicillin
removal efficiency of the consortium was determined to
be 92.15+0.27%. The consortium was utilized as a whole-
cell biocatalyst in a microbial fuel cell (MFC) and was able
to generate a maximum voltage of 895.00+4.71 mV and a
maximum PD of 3.12+0.00 W/m?. In addition, the UMFC with
SF11 produced a maximum voltage of 964.93+1.86 mV and a
maximum PD of 0.56+0.00 W/m?. The findings demonstrate
the potential of the M. morganii-rich bacterial consortium for
biodegrading penicillin in swine wastewater. However, further
studies are required to develop an MFC model that can be
scaled up for industrial applications.
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