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Abstract

Microbial fuel cells (MFCs) have shown promise as a sustainable technology for wastewater treatment
and energy recovery. In this study, cattle dung was used as an inoculum and kitchen waste (KW) from
Dutse urban, Nigeria was used as a substrate for bioelectricity generation in MFC. The MFC was
operated in a fed-batch mode over 37 days, spanning three cycles. During characterization, the chemical
oxygen demand (COD) of the KW was found to be 30421 + 124 mg/L, indicating a high concentration
of organic pollutants. The MFC's performance was evaluated based on the voltage generated, with the
first cycle reaching a peak of 254 mV, the second cycle 247 mV, and the third cycle 242 mV. Current
and power densities during the three cycles decreased gradually from 66.84 mA/m? and 16.84 mW/m?
in the first cycle to 63.68 mA/m? and 15.41 mW/m? in the third cycle respectively. Furthermore, there
was a notable reduction in COD from the influent diluted from initial measured COD, from 1120 £ 63
mg/L to an effluent level of 226 + 49 mg/L, indicating approximately 80% removal rate. The pH of the
anolyte progressively dropped with each cycle, reflecting the metabolic activities of bacteria in the anode
chamber. The findings underscore MFC's potential for organic waste management and electricity
generation, with results outperforming some contemporary studies.

Keywords: Microbial Fuel Cell, Kitchen waste, Chemical Oxygen Demand, Bioenergy, Global
warming

INTRODUCTION

The need for bioelectricity generation in microbial fuel cells (MFCs) to treat municipal solid
waste (MSW) stems from the potential of this technology to simultaneously address waste
management and renewable energy production challenges. MFCs have emerged as promising
tools for sustainable waste treatment due to their ability to generate electricity through the
metabolic activity of microorganisms (Hindatu et al., 2017). MFCs harness the electrogenic
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potential of microorganisms to oxidize organic matter present in MSW, resulting in the
production of electricity (Logan et al., 2006). This electricity generation process facilitates the
decomposition of organic waste while providing an alternative energy source. By utilizing the
organic matter as a substrate for microorganisms, MFCs offer an efficient and environmentally
friendly means of waste treatment (Oh et al., 2010). Furthermore, MFC-based waste treatment
processes contribute to waste volume reduction, minimizing the strain on landfills and
reducing the need for incineration (Saravanan et al., 2022). As global energy demand continues
to rise, bioelectricity from MFCs presents a renewable and clean alternative to conventional
fossil fuel-based sources (Logan et al., 2006). The combination of waste treatment and
renewable energy production in MFCs offers a viable and sustainable solution to MSW
management. By addressing two pressing global challenges simultaneously, MFCs contribute
to environmental protection, climate change mitigation, and the transition to a circular
economy model (Logan et al., 2006). As a result, MFCs have gained increasing attention and
importance in the field of waste management and renewable energy generation (Logan et al.,
2006).

Kitchen waste (KW) which comprises food scraps and organic matter, holds significant
potential as a feedstock for MFCs due to its high organic content (Jia et al., 2013). KW is readily
available in households, restaurants, and food processing facilities, making it an abundant
and accessible substrate for MFCs (Moqsud et al., 2013). The use of KW in MFCs contributes
to waste diversion from landfills, mitigating the environmental impact of organic waste
decomposition. In landfills, organic matter undergoes anaerobic degradation, producing
methane, a potent greenhouse gas (Shirmer ef al., 2014). By diverting KW to MFCs, the organic
matter undergoes anaerobic degradation, significantly reducing methane emissions and their
contribution to climate change (Kumar et al., 2022). Using well-mixed kitchen waste (including
fruit and vegetable leftovers, leaf mold, microorganisms, and distilled water), Moqsud &
Omine (2010) filled a rectangular acrylic container used as the cell. A total of 682 mW /m? of
power was produced. The use of Nigerian corn starch wastewater as a substrate for a dual-
chamber MFC setup using Iron electrodes was investigated by Nwaokocha et al., (2021). In 9
days of the experiment, 1.43 mA current, 0.97 V, a maximum current density of 8.10 mA/m?2,
and a maximum power density of 7.7 mW/m? were achieved. There is a dearth of published
research on the MFC technology's use of Nigerian KW effluent as a substrate for electricity
production. The need to investigate whether the currently underutilized and abundant KW
effluent can be suitably employed as a substrate for the production of electricity in order to
fill the knowledge gap in this area is desirable. Therefore, the aim of the current work was to
evaluate the KW collected in Dutse urban as a potential feedstock for the generation of
electricity using MFC technology.

MATERIALS AND METHODS

Materials

The KW was sourced from some kitchens in Dutse urban, Jigawa state, Nigeria, and cattle
dung was collected from local cattle grazing field around Madobi village near Dutse urban.
Electric blender (Zhongshan Haishang Electric Co., China, SK149S), stainless steel sieve and
stainless steel meshes were purchased from Dutse ultra-modern market. Nafion 117
membrane was procured from DuPont, Delaware, USA. Sulphuric acid (0.1 M), hydrogen
peroxide (0.1 M) and deionized water were sourced from Bauchi central market, Nigeria. For
the MFC bioreactor, poly vinyl chloride (PVC) bottles (250 mL) and a PVC pipe (2.5 cm
diameter by Geeta Plastic Products Nigeria Ltd.), Copper wires, resistors (550 Q-15 KQ),
digital multimeter (model DT-9205A, from Frankever, China) were acquired from Azare main
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market, Bauchi state. A rubber gasket, used for sealing, was locally procured. Solution of 3%
sodium hypochlorite, distilled water, 70% ethanol for sterilization, and Phosphate buffer
solution (by Paramount Chemical and Acid Corporation, Mumbai, India) were all purchased
from Sabon Gari market, Kano, Nigeria. Infrared thermometer (BTG06) was obtained from
Guangdong Bioall Medical Technology, China. Lastly, tools and chemicals for KW analysis
were bought locally from Bauchi surgical store in Bauchi metropolis.

Sample Collection

Fresh cattle dung was collected from a cattle grazing field around Madobi village near Dutse
urban using a sterile container as per Teo and Teoh (2011). An overnight culture of the cattle
dung was prepared in nutrient broth with a volume ratio of 10% and incubated at 30°C with
a shaking speed of 150 rpm (LI-9022), which was then used as an inoculum in the anode
compartment according to Nor et al. (2015). Unconsumed food and remnants from meal
preparation, referred to as KW, were collected from several kitchens in Dutse urban to be used
as substrate in the MFC. The collected KW was processed by grinding it using an electric
blender (SK149S) and filtering it with a stainless-steel sieve to remove larger pieces and
prevent blockage issues, as suggested by Moqsud et al. (2011). To kill any resident microbes,
the filtered KW was sterilized using an autoclave (STP-M Series, Infitek, China) set at 121°C,
15 psi for a duration of 15 minutes before being introduced into the anode compartment, as
recommended by Nor et al. (2015).

Pretreatment of Nafion Membrane

Before implementation, the Nafion 117 membrane (DuPont, Delaware, USA) underwent a
pretreatment. It involved immersing the membrane successively in 0.1 M H>SO4 and 0.1 M
H>O, solutions, followed by rinsing it with deionized water. Each step was conducted at 60°C
for a duration of 60 minutes, as described by Nor et al., (2015).

Cell Assembly and Operation

Throughout this study, a laboratory-scale two-chamber MFC depicted in Plate 1 was
employed. It consists of PVC plastic bottles with a capacity of 250 mL each and a working
volume of 230 mL. These chambers were interconnected using a PVC pipe with a diameter of
2.5 cm. The proton exchange membrane (PEM) utilized was Nafion 117. It was positioned
between the two chambers to facilitate the transfer of protons from the anode to the cathode
chamber (Hindatu et al., 2017). Stainless steel meshes (SSM) with total surface area of 38 cm?
were utilized as electrodes in both the anode and cathode chambers (Hindatu et al., 2017). To
prevent leakage, the PEM was fitted with a rubber gasket onto the plastic pipe assembly. The
MEC reactor was sterilized prior to operation using a two-step chemical procedure. Initially,
the reactor was thoroughly rinsed with a 3% sodium hypochlorite solution to ensure the
elimination of microorganisms and organic contaminants. After a 30-minute exposure, the
reactor was drained and rinsed with distilled water to remove any residual hypochlorite.
Subsequently, the reactor was filled with a 70% ethanol solution, providing further
sterilization and ensuring the removal of any remaining contaminants. After a 20-minute
exposure to ethanol, the reactor was emptied and allowed to air dry before use (Rutala and
Weber, 2008). In the anode chamber, 230 mL of sterilized KW substrate, containing 23 mL
(10% v/v) of the inoculum, was used and sealed tightly to maintain anaerobic conditions
(Hindatu et al., 2017). The cathode compartment was filled with phosphate buffer solution
(PBS) as catholyte and kept aerated. To form a closed electrical circuit, the two electrodes were
connected to copper wires with an external resistor of 1k Q (Hindatu et al., 2017). The MFC
was operated in a fed-batch mode over 37 days (three cycles) at room temperature (Nor ef al.,
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2015). The anode medium was replenished whenever the voltage dropped below 50 mV
(Hindatu et al., 2017).

Hole

Nafion 117 (PEN)
Cathode chamber

Anode chamber

1K Q Resistor

Connecting wire

Multimeter

Plate 1: Laboratory scale set-up of a dual chamber MFC utilized

Microbial Fuel Cell Performance

The performance of the MFC was evaluated by measuring the generated voltage. A digital
multimeter (DT- 9205A) was used to measure the voltage across a load 1k Q at 24-hour
intervals. Once the voltage value reached a stable level, polarization data was gathered by
monitoring the voltage across a wide range of resistances as reported by Hindatu et al. (2017)
(550 Q - 15k Q). The polarization curve was obtained by plotting the voltage against current
density (mA/m?) (Hindatu et al., 2017). To further analyze the data, the voltage was employed
to calculate the current (I) using Ohm's law with equation (1), the power density (PD) with
equation (2) and the current density (CD) with equation (3) (Hindatu et al., 2017).

v .
I=2 (Equation1)

Where I= current (amperes), V= voltage (volts) and R= resistance (Q)
IxV

PD=—— (Equation2)
Where ASA= anode surface area

CD=— (Equation3)
ASA

Kitchen Waste Characterization

Before operating the MFC, the properties of the KW, including its chemical oxygen demand
(COD), biological oxygen demand (BOD), total suspended solids (TSS), temperature, and pH,
were evaluated using the standard method outlined by the American Public Health
Association (APHA) for water and wastewater analysis (APHA, 2017). The KW generated was
then diluted to obtain a lower COD concentration which was used consistently across all three
batches. The leachate from the KW was stored at a temperature of 4°C in a refrigerator.
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RESULTS AND DISCUSSION

Characterization of Substrate

Standard methods were used for characterization of substrate. The obtained substrate for the
anode chamber in the MFC was characterized based on several parameters prior to the
operation as shown in Table 1. The COD value of the substrate was measured to be 30421 +
124 mg/L. A high COD value indicates a significant concentration of organic pollutants in the
substrate (Wei et al., 2019). The BOD value was found to be 23398 + 98 mg/L. The high BOD
value indicates that the substrate contains a substantial amount of readily biodegradable
organic compounds, which can potentially serve as a rich source of energy for the MFC's
microbial community (Ngoc et al., 2020). The TSS concentration in the substrate was measured
at 2600 + 75 mg/L. High TSS levels can indicate a higher concentration of particulate organic
matter, which can also contribute to the microbial activity in the MFC's anode compartment
(Aubeeluck-Ragoonauth et al., 2022). The initial pH of the substrate was determined to be 6.72
+0.02. An optimal pH range is essential for the growth of electrogenic microorganisms, and a
pH of around 6.5 to 7.5 is generally considered favorable for MFC performance (Kiely et al.,
2011). The substrate's temperature was recorded at 33.3 + 0.0 °C. Higher temperatures can
enhance the metabolic rates of microorganisms, leading to increased substrate degradation
and electricity generation (Gadkari et al., 2020

Table 1: Characteristics of Kitchen Waste Leachate

Parameters Values
COD (mg/L) 30421 124
BOD (mg/L) 23398 +98
TSS (mg/L) 2600 +£75
pH 6.72 £0.02
Temperature (°C) 333 0.0

Chemical Characteristics of the Microbial Fuel Cell Anolyte

Each cycle of the MFC shows a progressive drop in pH over their duration as shown in Table
4.2. The decrease in pH suggests an increase in the concentration of protons (H*) within the
anolyte, typically resulting from the metabolic activity of electroactive microorganisms (Guo
et al., 2020). In the first batch, the pH started at a slightly acidic value of 6.72 and over the 12-
day period, gradually fell to 4.32. The second batch began with a slightly basic pH of 7.21 due
to the introduction of fresh substrate into the chamber, thereafter declining to 4.24 after 11
days. In the third batch, the starting pH was 7.11, decreasing to a much more acidic value of
3.80 over the course of 14 days. The drop in pH in each cycle indicates ongoing microbial
activity and the associated biochemical reactions occurring within the MFC (Guo et al., 2020).
The reasons for the pH decrease in the anolyte could be attributed to the metabolic activities
of electrogenic bacteria residing in the anode chamber. This has been reported in numerous
studies (Logan and Regan, 2006; Liu et al., 2005). The anaerobic breakdown of organic matter
by these bacteria often leads to the production of hydrogen ions (H*) and electrons. These H*
ions contribute to the acidity of the solution and hence lower the pH (Puig ef al., 2010). It is
also worth noting that the progressive drop in pH over time was more pronounced in the
third batch as compared to the first two. This could be due to a more robust establishment of
the microbial consortium in the MFC or a more favorable operating condition that promotes
microbial activity (Liu and Logan, 2004; Ieropoulos et al., 2008). These results are in line with
the general understanding of MFC operation.
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Table 2: Variation of pH with time in the Microbial Fuel Cell

First Batch Second Batch Third Batch
Day pH Day pH Day pH
1 6.72 13 7.21 25 711
2 6.46 14 7.09 26 6.87
3 6.07 15 6.88 27 6.56
4 5.91 16 6.5 28 6.02
5 5.53 17 6.11 29 5.78
6 5.21 18 5.88 30 5.41
7 5.07 19 5.62 31 5.01
8 493 20 5.07 32 4.89
9 4.71 21 473 33 443
10 4.48 22 451 34 4.2
11 4.39 23 4.24 35 4.08
12 4.32 36 3.92
37 3.80

The COD of the influent was diluted to 1120 + 63 mg/L from the initially obtained substrate
to reduce its concentration. By the final day of operation (Day 37), the COD of the effluent had
decreased to 226 *+ 49 mg/L. The reduction in COD indicates that the microorganisms in the
MEC were effective in breaking down the organic matter in the KW, transforming it into
electricity. The decrease in COD from 1120 + 63 to 226 + 49 mg/L represents approximately
80% removal of the initial COD, highlighting the potential of MFCs in waste management and
energy generation. The 80% COD removal rate is comparable or even superior to many
reported rates in the literature. For instance, a study by Li et al. (2013) reported a COD removal
rate of 75% over a 14-day period using food waste mixture (bread, rice, cabbage and pork) in
their MFC.

Microbial Fuel Cell performance

Voltage generation

A constant ohmic resistance of 1k O was maintained for measuring the output voltage
generated using a digital multi-meter (DT- 9205A). The MFC operation was maintained at an
average surrounding temperature of 29 £ 2°C. An analysis of the voltage outputs from the
MEC over three cycles of operation using KW as a substrate shows some interesting patterns
(Figure 1). The MFC was operated for 12 days during the first cycle, 11 days in the second
cycle, and 14 days in the third cycle. The voltage readings during the first cycle ranged from
15 to 254 mV. The maximum voltage of 254 mV was observed, indicating a significant
electrical output from the MFC during this cycle. The mean voltage for this cycle was
approximately 162 mV. In the second cycle, the voltage readings varied between 36 and 247
mV. The peak voltage observed during this cycle was 247 mV, which is lower than the
maximum voltage obtained in the first cycle. The mean voltage for this cycle was
approximately 138 mV. During the third cycle, the voltage readings ranged from 32 to 242
mV. The peak voltage observed during this cycle was 242 mV, and the mean voltage was
approximately 138 mV, similar to that of the second cycle. The specific results may vary due
to different experimental setups, substrates, and operational condition, the trend of voltage
generation aligned with other MFCs using organic waste as a substrate. Konovalova et al.
(2018) reported electricity generation from glucose in MFCs. They achieved a maximum
voltage output of approximately 183 mV, which is lower to the peak voltage of 247 mV
observed in the second cycle of this study. A research conducted by Kumar et al. (2018) using
dye wastewater as a substrate reported a peak voltage outputs of 235 mV during the first
hydraulic retention time (HRT) of 35 days which is also lower than the peak voltage value of
254 mV obtained during the first operation.
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Figure 1: Variation of voltage with time in MFC using KW

Current and Power Densities Generation

During the operation of the MFC over three cycles, notable trends were observed in the
current and power densities, along with their corresponding voltages. In the first cycle, which
spanned 12 days, the MFC demonstrated a current density of 66.84 mA/m? and a power
density of 16.84 mW/m? at a voltage of 254 mV. Subsequently, during the second cycle
spanning 11 days, the MFC achieved a current density of 65 mA/m? and a power density of
16.05 mW/m?, while operating at a voltage of 247 mV. Finally, in the last cycle which lasted
for 14 days, the MFC yielded a current density of 63.68 mA/m? and a power density of 15.41
mW /m? at a voltage of 242 mV. Comparing the obtained results, it is evident that the MFC
exhibited a gradual decrease in both current and power densities over the successive cycles
which might have been influenced by factors such as biofilm thickness (Logan et al., 2006),
substrate Depletion (Logan et al., 2006), accumulation of Metabolites (Logan et al., 2006), loss
of active microbial population (Logan et al., 2006), changes in pH (Rabaey & Verstraete, 2005)
and competitive microbial processes (Lovley, 2006).

The highest current density was achieved during the first cycle, with is 66.84 mA /m?, while
the highest power density was also obtained during this cycle, measuring 16.84 mW/m?2. It is
important to note that these results contribute to our understanding of the MFC's performance
and the variation in its efficiency over multiple operational cycles. One relevant study by
Nwaokocha et al. (2021) explored a similar MFC setup using a Nigerian corn starch
wastewater as substrate. The research demonstrated a much lower current and power
densities of 8.10 mA/cm? and 7.7 mW/cm? respectively than the findings of this present
study.

Polarization Curve of Microbial Fuel Cell

The polarization curve of MFC system represents the voltage as a function of the current
density (Hindatu et al., 2017). It illustrates the electrochemical performance of the MFC under
different external loads, indicating its power generation capabilities. The polarization curve
was generated by varying the external resistance in the circuit while maintaining a constant
circuit voltage (Hindatu ef al., 2017). Current density values were recorded at each resistance,
and corresponding cell voltage measurements were noted (Figure 2). The polarization curve
of the MFC revealed a clear connection between the applied external resistance and the
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resulting power density and current density of the system. The highest power density of 28.69
mW/m? and a current density of 121.57 mA/m? were recorded at an applied external
resistance of 510 Q, corresponding to a voltage of 234 mV. Conversely, the lowest power
density and current density recorded were 5.53 mW/m? and 9.84 mA /m? respectively, at the
highest applied resistance of 15,000 Q. This suggests that the MFC performance in terms of
power and current density decreased as the external resistance increased, this finding is in
agreement with the expected behavior from the known relationship between resistance,
current, and voltage in electrical circuits. The range of external resistances applied in this
study was quite extensive, starting from 510 Q and going up to 15,000 Q. Such a broad range
allowed for a more comprehensive understanding of the MFC performance under varying
electrical loads. A study by Chatzikonstantinou et al. (2018) investigated the polarization curve
of an MFC using resistor values in the range of 0.1-1000k Q. These authors reported a
maximum power density of 20.2 mW/m?2 and a current density of 76.2 mA /m?2. Interestingly,
our study recorded slightly higher power density and current density values. This indicates
that our MFC might have exhibited better performance under those specific conditions.
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Figure 2: Power density and polarization curve for the MFC setup
CONCLUSION

The MFC's performance, measured in terms of voltage generation, indicated interesting
trends across the three cycles. The highest voltage obtained was 254 mV during the first cycle,
followed by 247 mV in the second cycle and 242 mV in the third cycle. Additionally, the MFC
demonstrated a decline in both current and power densities over successive cycles, with the
highest values observed during the first cycle; 66.84 mA/m? current density and 16.84
mW /m? power density. These findings underscore the potential of using KW and cattle dung
as substrates for MFC operation, as indicated by their competitive performance compared to
previous studies. The polarization curve analysis revealed a strong connection between
external resistance and power and current densities. The highest power density (28.69
mW /m?) and current density (121.57 mA/m?) were achieved at an applied external resistance
of 510 Q. Furthermore, the KW organic matter load greatly decreased by 80% indicating that
the microorganisms in the cattle dung were able to utilize the organic matter for bioelectricity
generation. This research contributes to a deeper understanding of MFC performance and its
relationship with varying operational conditions.
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