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Abstract

Microbial fuel cells (MFCs) have garnered attention in bio-electrochemical leachate treatment systems. The most common
forms of inorganic ammonia nitrogen are ammonium (NHI) and free ammonia. Anaerobic digestion can be inhibited in
both direct (changes in environmental conditions, such as fluctuations in temperature or pH, can indirectly hinder microbial
activity and the efficiency of the digestion process) and indirect (inadequate nutrient levels, or other conditions that indi-
rectly compromise the microbial community’s ability to carry out anaerobic digestion effectively) ways by both kinds. The
performance of a double-chamber MFC system—composed of an anodic chamber, a cathode chamber with fixed biofilm
carriers (carbon felt material), and a Nafion 117 exchange membrane is examined in this work to determine the impact of
ammonium nitrogen (NH, — N) inhibition. MFCs may hold up to 100 mL of fluid. Therefore, the bacteria involved were
analysed using /6S rRNA. At room temperature, with a concentration of 800 mg L™! of ammonium nitrogen and 13,225 mg
L~! of chemical oxygen demand (COD), the study produced a considerable power density of 234 mWm™>. It was found that
NH, — N concentrations above 800 mg L™! have an inhibitory influence on power output and treatment effectiveness. Mul-
tiple routes removed the most nitrogen (NH};-N: 87.11 +0.7%, NO, "N: 93.17 +0.2% and TN: 75.24 +0.3%). Results from
sequencing indicate that the anode is home to a rich microbial community, with anammox (6%), denitrifying (6.4%), and
electrogenic bacteria (18.2%) making up the bulk of the population. Microbial fuel cells can efficiently and cost-effectively
execute anammox, a green nitrogen removal process, in landfill leachate.

Keywords Microbial fuel cell - Ammonia nitrogen - Inhibition - Electricity - Sustainability - Treatment

Introduction

The disposal of municipal solid waste results in leachate
from landfills. It is made up of various nutrients, chemicals,
pollutants, and metals, both organic and inorganic. Leachate
from landfills contains various contaminants, including
X Zainab Toyin Jagun organic compounds, NH; — N, heavy metals, chlorinated
z.t.jagun@leedsbeckett.ac.uk organic and inorganic compounds, salts, and other pollut-
ants. Potential surface and groundwater contamination are
from leachate’s heaviest contaminants. Large quantities of
leachate are produced as a byproduct of the common land-
fill practice in Malaysia to dispose of solid waste. Leachate
from organic waste can increase soil fertility, but it also
smells bad, attracts pests, and causes off-gassing (Wije-
koon et al. 2022). Pollutant content and concentration in
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age, precipitation, seasonal weather variance, waste type,
and composition. In contrast to mature landfill leachates,
which typically contain a high concentration of ammonium
and non-biodegradable organic matter (dominated by humic
and fulvic acids) (Renou et al. 2008), young landfill lea-
chates with high COD values and a BOD /COD ratio of 0.4
are more than mature.

Leachate from landfills may be cleaned up using a variety
of treatment methods. Various techniques, such as anaerobic
and aerobic digestion, ultrafiltration, nanofiltration, reverse
osmosis, coagulation-flocculation, chemical precipitation,
and ammonia stripping (Kurniawan et al. 2006), can be used
to treat leachate. Although a biological treatment strategy
would be ideal due to leachate’s high biodegradability, its
treatment efficiency is severely limited by substantial con-
centrations of ammonia, sulphides, and metals (Chang et al.
2018). There is evidence in the literature that certain oxi-
dants (05, H,0,, S,0) catalysts (TiO,, ZnO Fe**) and their
coupling are used in advanced oxidation processes (AOPs)
(Hassan et al. 2018). Unfortunately, landfill leachate’s com-
plexity means they are not being used to their full poten-
tial. Most recently, studies (Hassan et al. 2018) successfully
removed refractory organics and ammonia from aged landfill
leachate using a combination of bioreactor-based biological
treatment and photo-irradiated titanium dioxide and persul-
phate oxidation-based pos post-treatment, although these
cutting-edge treatment strategies are expensive and challeng-
ing to several technological limitations that remain, such as
the need to separate the catalyst further once the water has
been treated and the depth to which light may penetrate an
aqueous photocatalyst suspension.

To meet discharge quality criteria while reducing the
volume of leachate effluent, it is necessary to pick certain
simple and inexpensive treatment processes, especially in
developing countries like Africa, where open trash dumping
attracts rain and produces leachate wastewater (Ishaq et al.
2023). One of the most promising electrochemical waste-
water treatment technologies, microbial fuel cells (MFC),
have the potential also to supply humanity with clean energy.
Wastewater contains organic compounds that microorgan-
isms can convert into energy in MFC (Zhao et al. 2023).
Safe, clean, efficient, and direct energy generation are just
two of the many advantages of MFC for wastewater treat-
ment and eliminating organic pollutants. A proton exchange
membrane (PEM) often separates the anode and cathode
chambers in MFCs. Oxidation of the substrate by bacteria
results in the release of protons and electrons. Protons are
transferred using a PEM, while electrons use an external
circuit.

Several studies have shown that MFCs may be used to
efficiently treat landfill leachate by removing contaminants
such as ammonia nitrogen (NHZr ), total nitrogen, and chemi-
cal oxygen demand (COD) (Hassan et al. 2018; Zhang et al.
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2015). Power densities reported for MFCs generating elec-
tricity from landfill leachate range from 5.5 to 824 mW/
m? (Hussein et al. 2021; Jiang et al. 2019; Yaashikaa et al.
2022). These values vary widely based on a wide variety
of factors, including substrate concentration, reactor type,
pH, inoculum concentration, the nature of micro-ammonia
(NH;) acts as a proton acceptor, decreasing the availabil-
ity of protons in the anode compartment, and slows current
generation by interfering with electron transfer mechanisms
inside microbial populations (Deng et al. 2021). It was pre-
viously believed that denitrification was the principal bio-
logical mechanism responsible for the conversion of reactive
inorganic nitrogen species to N2. In the anammox process,
ammonium and nitrite are reacted directly to produce nitro-
gen gas N2 ( NHI—N, NO; N— N,) bypassing the need for
oxygen or organic material (Kartal et al. 2013).

Nitrification occurs when an abundance of oxygen con-
verts ammonium to nitrate (Virdis et al. 2011; Zhang and
He 2013). In this method, ammonium is directly reduced to
nitrogen gas via denitrification after being oxidised to nitrite
without first oxidising to nitrate (W. W. Li et al. 2014). Fur-
thermore, even when aerobic conditions are present, nitrifi-
cation and denitrification can occur concurrently in a single
reactor (Virdis et al. 2011). The processes of nitrification and
denitrification occur at the same time. The primary objec-
tives are to research the viability of employing anaerobic
ammonia oxidation (anammox) for biofilm growth in land-
fill leachate treatment and determine the optimal ammonia
nitrogen concentration that inhibits MFC function. In this
understudied area, more investigation into the inhibitory
mechanism, the identification of electron-producing bacte-
ria, and their role in therapeutic efficacy.

The optimal concentration of ammonia nitrogen that
inhibits MFC performance is the subject of ongoing stud-
ies. This method developed biofilm growth with anaerobic
ammonia oxidation (anammox). Little was made of this dis-
covery. Thus, the inhibitory mechanism needs to be studied.
The anode chamber substrate in this work used landfill lea-
chate. The feasibility of removing organic/ammonia nitro-
gen while producing power was investigated. The anodic
chamber’s microbiome was studied and identified as well as
impact nitrogen removal and power generation.

Materials and test methods
Sampling

In a 50-L clean plastic container, fresh samples of leachate
wastewater and sludge were manually collected at the Sim-
pang Renggam Landfill Site (SRLs), Johor, Malaysia. After
collection, the samples were delivered to the lab and cooled
to 40 °C before the first characterisation. The pH and the
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temperature were measured where the samples were col-
lected. Only top-notch analytical reagents were used in this
analysis. Within 48 h, APHA (2005) was used to quantify
and describe the leachate’s temperature, biochemical oxygen
demand (BOD), chemical oxygen demand (COD), ammonia-
cal nitrogen (NH; — N), total dissolved solids (TDS), nitrite,
nitrate, alkalinity, BOD¢/COD, and microbiological analysis.
Table 1 lists the characteristics of the leachate.

MFC configurations and operation mode

With a few minor adjustments (reactor adjustment scale),
MEFCs (H-type dual-chambered sets) with specifications
comparable to those in other research (Nor et al. 2015; Has-
san et al. 2018) were used in the experimental phase. The
transparent Plexiglas MFCs were constructed by the sche-
matic layouts of the laboratory-scale reactors utilised in this

Table 1 Characteristics of landfill leachate used in this study

Parameter Unit Concentration
BOD mg L™! 112+7
COD mg L~} 1322.5+5
BOD;/COD - 0.0845+1.4
NH,-N mg L™ 41146
Turbidity NTU 134.95+8
pH - 6.88+3
Temperature O¢ 3025
Conductivity us.cm 107,746 +7.4
NO;-N mgL™! 70+5.5
NO,-N mg L™ 110+8.5
Salinity ppt 5.58

Fig.1 Schematic diagram of
double chamber MFC

investigation. Each MFC had a cathode compartment and
an anode compartment, sized 5 cm X5 cm X4 cm, with a
working volume of 100 mL. The anode and cathode elec-
trodes were made of carbon felt, which have the following
measurements: A=1.7 cm, w=0.6 cm, and [=1.7 cm. The
proton exchange membrane (PEM) Nafion 117 divided the
electrodes, spaced apart by about 4 cm.

Pre-treatment of Nafion membrane

Pre-treatment of the Nafion 117 membrane (DuPont, DE,
USA) involved soaking it in 0.1 M H, S0,, then 0.1 MH,
0,, and rinsing it with deionised water. Each procedure took
60 min at 60 °C (Bakhshian et al. 2011).

Pre-treatment of anode, cathode materials

The MFCs setup was submerged in 5% ethanol (C4HO for
10 min) to prevent contamination. They were then com-
pletely rinsed with distilled water and exposed to UV light
for 15 min (Nor et al. 2015). To enhance porosity and lessen
the impact of impurities, the anode and cathode were com-
pletely submerged in acetone for 24 h, cleaned with deion-
ised water, and then dried in the open air overnight (Ozkaya
et al. 2013).

Setting up the MFCs

MEFCs were coupled with gum and nuts to stop the leakage
(see Fig. 1). According to Coppath Hamza et al. (2017), all
reactors have their anode sides closed and their cathode sides
left open. Sampling ports were made on the side of the reac-
tor so samples could be quickly collected and examined. The
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electrodes were connected in series with a copper wire as a
current collector. Both electrodes were cleaned with ethyl
alcohol before being rinsed with distilled water to remove
impurities. The anode chamber was sparged with nitrogen
gas to ensure anaerobic conditions and oxygen removal
during the MFC’s beginning (Jagaba et al. 2021). Leachate
served as the feeding substrate in each anolyte chamber. The
electrodes were attached to a copper wire as a current col-
lector. A closed electrical circuit was created by attaching
electrodes to a resistor box with an external resistance set at
1 k Q. Every 30 s, the generated voltage was measured using
a digital multimeter (LABJACK U3-HV) linked to a com-
puter. During the experiment, distilled water was used to fill
the catholyte chamber, and constant aeration was achieved
at the top of the cathode chamber with an aquarium pump to
provide mixing and feed air bubbling for 24 h.

Biofilm development for electroactive bacteria

The substrate was changed occasionally (in circles) to help
with acclimatisation. The cycles were repeated until the volt-
age maximum was reached across 1000 resistors. Leachate
was used for the studies in this investigation exactly as it
was collected, without any pH modifications, nutritional
or trace metal additions, or dilution. To enrich the MFCs
with ammonium-oxidising bacteria (AOB), (NH,),SO, and
NaNO, were added to the leachate since it was old to main-
tain the ratio of NHI-N and NO-N ratio at 1:1.32 (Hassan
et al. 2018). To enrich the bacterial consortia that served as
a source of inoculation due to the presence of the appropri-
ate mixed bacterial community, 10% v/v of sludge collected
from the anaerobic secondary digester of Simpang Renggam
Wastewater Treatment Plant in Johor, Malaysia, was added
to the respective MFCs (Damiano et al. 2014). The substrate
in MFCs was continuously altered at the same percentage
during acclimatisation to enrich the system with anammox
(ammonium-oxidising bacteria). A peristaltic pump was
used to provide the anode chamber with leachate waste-
water constantly, and the hydraulic retention time (HRT)
was adjusted to 4 h. This HRT was used to increase reactor
start-up speed and to enhance biofilm development (Ichi-
hashi et al. 2014). The experiment was conducted in a room
with a temperature range of 27-30 °C.

MFC operation, inoculation, and batch operation
mode

The experiment was divided into three independent phases
or components. The MFCs system was operated for 38
days to enrich microorganisms during the first phase of
the research and for 21 days at an open circuit voltage (no
findings were presented). The second step, which begins
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after the acclimatisation period, entails utilising the OFAT
technique to feed various NH; influent fractions at differ-
ent concentrations for 48 days. This was accomplished to
track the system’s power output, treatment effectiveness, and
anaerobic ammonium oxidative denitrification capacities.
Multiple runs of each experiment were performed. The cath-
ode’s electron acceptor was filled with pure water throughout
the experiment. On the other hand, the air was used as the
supply and deionised water as the catholyte throughout the
research. The study could focus solely on the anode’s per-
formance as a result. The generation of the internal current
is facilitated by the occurrence of electrochemical reactions
at both the anode and cathode electrodes. The presence of
deionised water in the cathode chamber electrolyte does not
inherently engender the production of current. Nonetheless,
the deionised water functions as a medium through which
the process of oxygen reduction reactions occurs at the cath-
ode. This procedure involves the oxidation of organic sub-
stance at the anode and the consequent decrease of oxygen
at the cathode. The completion of the circuit occurs when
the electrons, having travelled through the external circuit,
reach the cathode and participate in the reduction of oxygen.

The number of COD in each MFC—starting with the con-
trol—was monitored throughout the study’s duration. The
pH level was measured and adjusted once judged within the
permissible range. The MFC was operated without inter-
nal pH regulation at room temperature, which varied from
27 to 30 °C. To compare the impact of the various MFCs,
one MFC is utilised as a control (without inoculation). 1,
2, 3, and 4 cycles later. The effluent’s water quality was
assessed, and the results for each parameter’s average value
were given. The usual atmospheric pressure was used for the
experiments, which were conducted at temperatures between
27 and 30 °C.

Operating procedures with monothetic analysis
method

The monothetic analysis, also known as one-factor-at-a-time
(OFAT method), is a technique for designing experiments
that simultaneously test one element, or cause, at a time
rather than many factors. With different NH 5 infraction con-
centrations, this work investigated monothetic analysis for
double-chamber MFCs. To find out how ammonia affects
electricity generation in MFCs between 400 and 1600 mg
L~ while maintaining a constant COD concentration of
1322.5 and pH of 6.88 at room temperature. The values for
total nitrogen (TN), ammonium nitrogen (NHI—N) and nitrite
(NO,—N), and nitrate-nitrogen (NO;—N) were calculated
using the APHA standard methods (2005). Each experiment
was conducted in duplicate.
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Leachate characterisation, analytical
determinations, and computation

Total nitrogen, ammonium, chemical oxygen demand, pH,
nitrite, and nitrate concentrations were measured to assess
treatment efficacy. Each one was examined using criteria
established by the American Public Health Association
(2005). To cut down on mistakes and boost precision, we
ran all analyses twice and averaged the results for each
parameter.

Electricity performance

The steady voltage potential was recorded after 60 s with
no external resistance (open circuit voltage). To record
voltage, current, and power, lk resistors were connected
to a lab jack U3-V Multimeter (Agilent Technologies, CA,
USA) with data logging capability. The power density was
determined by plugging (P = IV) into the formula P = Z,
while the current was determined by plugging in I = =
where electrode surface area is A, voltage is V, current is
A/m?, and power is w. The formula for calculating current
density j = /1‘ where J is the current density; / is the cur-
rent (A), and A is the electrode surface area (m?). A steady
state has been reached when this parameter maintains a
steady value.

Polarisation curve

The voltage of an MFC system is represented by a curve
called the polarisation curve. This was determined by leav-
ing the MFC electrode disconnected (open circuit) for 2 h
and adjusting the external resistance of the circuit, starting
with 5000 Q, 3950 Q, 3690 Q, 3240 Q, 2050 Q, 1530 Q,
1300 Q, 900 Q, 620 Q, 580 Q, 550 Q, 500 Q, 400 Q, 390
Q, 290 Q, 250 Q, 240 Q, 190 Q, 150 Q,140 Q, 130 Q, and
100 Q through a multimeter recorder (LABJACK U3-HV)
that was hooked up to a computer for no longer than 20
min for each resistance and to monitor each drop in volt-
age as current increases (Nor et al. 2015). This method
was repeated for all the MFCs concurrently under continu-
ous fed-batch operation mode. The polarisation curve was
determined by calculating the following:

The current, I (A), produced by the MFC was calculated
according to Ohm’s law, where V (v) is the measured volt-
age, and R (Q2) is the external resistance:

I=% M

The power output P (W) was calculated according to Eq. (2):

P=1V @

I is the current determined by Eq. (1), and V is the volt-
age measured across the resistor load. According to Eq. (3),
where P is the computed power (Eq. (2)), and A (m?) is the
effective surface area of carbon cloth utilised as the anode,
we obtain the power density PA (mWm™2)

P=-
7 3)
The recovery of electrons is the Coulombic efficiency, CE
(%), which was calculated using the Logan equation (Eq. (4)):

8/ ldt

C, = x 100% @)
FACODVAn

where ACOD (COD,, —COD,,) (mg L") is determined by
deducting the COD concentration in the influent from that
in the effluent, F (96,485 C/mol) is Faraday’s constant, /
(mA) is the current across the resistor in the MFC reactor
during operation time (¢, d), and V,, is the volume of the
working liquid in the anode chamber. The removal efficien-
cies of ammonia nitrogen, nitrite, nitrate, and total nitrogen
for each batch cycle were determined according to Hassan
et al. (2018).

Microbial analysis

At the completion of the experiment, samples of the anode
carbon felt were collected from two distinct places (E1 and
E2) and subjected to high-quantity sequencing to identify
the microbial population adhering to the anode. After each
experiment, a sterile pipette tip was utilised to scrape the
entire biofilm biomass off the anodes, and the collected
sample of biofilm biomass was subsequently suspended in a
sterile Scott bottle. Nanodrop spectrophotometer (ND 1000,
Thermo Scientific) absorbance readings at 260 and 280 nm
were used to evaluate the purity and concentration of the iso-
lated DNA (Thermo Fisher Scientific, Beverly, MA, USA).
The DNA was extracted from a fraction of the biomass
(250 mg) using the DNeasy(R) Powersoil(R) Pro kit DNA
extraction kit following the manufacturer’s instructions.
Three parallel 25 L PCR reactions were performed, and the
PCR results were pooled for electrophoresis purification.
The details of the PCR procedure and sample preparation
were described in the following (Li et al. 2014). The variety
of microorganism communities was illustrated by examin-
ing their alpha diversity in a single sample. The abundance
and diversity of bacterial species were evaluated using many
statistical analysis indices calculated with the MOTHUR
platform; they included the ACE index, Chao 1 index,
Shannon index, Simpson index, and coverage. Low-quality
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and erroneous sequences in the dataset were validated and
removed using the Mothur software (http://www.mothur.
org). The remaining sequences were then assigned to OTUs
with a classification accuracy of 97%.

Results and discussion

Table 1 provides data comprises crucial water quality
parameters for assessing environmental conditions. Nota-
bly, the concentrations of BOD (112+7 mg L~! and COD
(1322.5+5 mg L") indicate the organic and chemical
pollutant loads in the water, with a low BODy/COD ratio
(0.0845 + 1.4) suggesting limited biodegradability of organic
matter. Ammonium nitrogen (NH, — N) is presentat 411 +6
mg L~!, while turbidity stands at 134.95 +8 NTU, indicat-
ing the presence of suspended particles. High turbidity can
impair light penetration, affecting photosynthesis and dis-
rupting the habitat for aquatic life. The source of these par-
ticles should be further investigated to assess potential pol-
lution sources. The pH level is slightly acidic at 6.88 +0.3,
while the high conductivity (107,746 +7.4 ps/cm) suggests
a notable presence of dissolved ions. High conductivity
values may indicate an elevated concentration of salts or
other ionic compounds, potentially stemming from industrial
discharges or geological factors. Furthermore, nitrate nitro-
gen (NO; — N) is at 70+5.5 mg L', and nitrite nitrogen
(NO, — N) measures 110+8.5 mg L™!, both contributing
to the assessment of inorganic nitrogen levels. These nitro-
gen species can originate from agricultural runoff, indus-
trial processes, or wastewater discharge, and their presence
can lead to nutrient pollution, impacting water quality and
aquatic ecosystems. The temperature of 30+2.5 °C plays a
vital role in aquatic ecosystems, affecting the metabolism
of aquatic organisms, the solubility of gases, and biological
processes. Monitoring temperature helps assess the overall
health of the ecosystem and can provide insights into poten-
tial thermal pollution. MFCs possess the ability to withstand
a certain range of salt concentrations, and the optimal condi-
tions can differ depending on the microbial community and
the intended use of the MFC. Even though the salinity levels
(5.58 ppt) in this research are within the acceptable range
for MFCs, it is important to note that the inhibitory effect of
salt in landfill leachate and the inhibitory effect of ammonia
on electrically active microorganisms are separate yet con-
nected issues in the field of microbial activity, especially
in processes like MFCs for wastewater treatment (Gokgoz
et al. 2023). Elevated levels of sodium in landfill leachate
can indeed hinder the growth and activity of microorgan-
isms. Elevated salinity levels might potentially disrupt the
integrity of microbial cell membranes, influence enzyme
functionality, and induce osmotic stress, ultimately hinder-
ing the growth and activity of specific microorganisms. In
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the framework of MFCs, where microbial activity gener-
ates electrical current, the impedance of electrically active
microorganisms as a result of high salt concentrations can
significantly impact the performance of the MFC (Kumar
et al. 2020). The inhibitory effects of salt and ammonia on
microorganisms may interact, potentially leading to a cuamu-
lative adverse effect on microbial activity. Higher concen-
trations of salt can worsen the strain on microorganisms,
making them more vulnerable to the inhibitory impacts of
other substances, like NH;. The comprehensive analysis of
these water quality parameters provides critical information
for understanding the condition of the water source, identify-
ing potential pollution sources, and guiding environmental
management and remediation efforts for this study.

Power generation of landfill leachate
in double-chambered microbial fuel cells (MFCs)

The leachate has the necessary microorganisms, and pre-
liminary studies conducted by MFCs showed that energy
might be generated from it. Optimal electrical output and
treatment efficiency settings can only be determined by oper-
ating in a continuous feed batch mode (Rahimnejad et al.
2015). The polarisation plots and maximum power genera-
tion were recorded to assess the MFC reactor’s performance.
In addition, the power density was normalised according to
the anode’s surface area.

The MFCs were monitored through open circuit voltage
(OCV) over time during the initial start-up, which helped
to assess the stability and efficiency of the biofilm develop-
ment and enrichment process, providing valuable informa-
tion about the performance of the MFCs and the interac-
tions between the microorganisms and the substrate. Each
MEFC observed an enormous decrease in voltage potential
as the inoculation cells struggled to acclimatise to the new
surroundings and increased immediately (data not shown).
As the bacteria adapted, the cells recovered immediately.
Figure 2 presents the results of the all the MFCs (MFC-A,
MFC-B, MFC-C, MFC-D, MFC-E, MFC-F, and MFC-con-
trol), with maximum power densities of 161.81 mW m~2,
149.89 mW m~2, 149.64 mW m~2, 145.55 mW m~2, 135.01
mW m~2, 134.99 mW m~2, and 41.89 mW m~2, respec-
tively. The maximum power density across different MFCs
is 161.81 mWm™2, while the control has a significantly low
power density of 41.80 mWm™2. During the initial days,
MFCs showed poor electricity generation, which could be
the reason for the microorganism to get acclimatised in
the system to form the biofilm. Once the microorganism
gets acclimatised, the voltage starts to increase. In addi-
tion, the voltage drop trend would be due to the reduced
availability of nutrients explained by Coppath Hamza et al.
(2017). It can be observed that the power densities of the
inoculated MFCs (A-F) are significantly higher than the
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Fig.2 The power output evolutions plots against time (days) in the
MEFCs treating old landfill leachate for 48 days of experimentation in
batch mode operation (phase 1) (Rext 1k )

control group, due to the absence of an active microbial
community capable of generating electron flow. Among the
inoculated MFCs, MFC A achieved the highest power den-
sity (161.81 mWm™2), suggesting that the specific biofilm
development in MFC A was more effective in generating
power than the other MFCs. This could be attributed to
results variations since all the MFCs contained the same
influent concentrations and inoculations except for MFC
without inoculum. This agrees with the findings of Feng
et al. (2020). Furthermore, several variables contribute to
the differences in power densities observed for the seven
MFCs using the same influent substrate conditions. The
composition of initial microbial community within each
MEFC can differ since it is a mixed culture, there may have
been abrupt changes in environmental conditions for some
of the MFCs, there may have been potential contaminants
or inhibitors in the substrates of some of the MFCs, hydro-
dynamic differences affecting mass transport, and there
may have been different maintenance practices with the
same substrate concentration (Li et al. 2020). This could
also be as a result of presence or absence of certain spe-
cies which may affect the biofilm formation, as well as
its overall structure and function (Rahmani et al. 2022).
The achievement of its highest power density of (161.81
mWm™2) could be the optimal balance between voltage
output and current density, resulting in maximum power
generation. At this point, the system is limited by mass
transport, and the concentration gradients and diffusion
of reactants and products constrain the performance. The
polarisation curve provides insights into the power genera-
tion capabilities of the biofilm and the various losses that
occur during the process (Logan 2010).

This variation can result in different colonisation patterns
and, consequently, differences in biofilm development; dif-
ferences in mixing and mass transfer rates between MFCs
could affect the supply of nutrients, oxygen, and electron
acceptors to the biofilm (Li et al. 2019). These differences
can influence biofilm growth and activity, leading to varia-
tions in biofilm development between MFCs. Acclimatisa-
tion of the electrochemically active microorganisms growing
on the anode surface is credited with the performance of
continuous MFC systems because these bacteria must be
viable at all phases of growth and must operate as the domi-
nating population.

The table compares the effectiveness of the MFCs
labelled A, B, C, D, E, and F and the control throughout
several cycles and time intervals, considering factors such as
operating time, Coulombic efficiency (CE), influent chemi-
cal oxygen demand (COD) concentration, percent COD
removal, influent ammonium nitrogen (NH, — N) concen-
tration, percent NH, — N removal, and total nitrogen (TN)
removal percentage. The MFCs traversed cycles lasting
48 days, broken up into four groups of 7 days for biofilm
growth at each cycle. All the MFCs are run under identi-
cal circumstances, except for the control group, which has
not been inoculated. The percentage of COD and NH, — N
removed by the MFCs increases as the number of cycles
increases (see Table 2). This could be due to electrogenic
bacteria populations in the MFCs growing and diversifying
over time. The anode becomes colonised with more bacteria
as MFCs run longer, enriching the anammox bacteria and
increasing the number of microorganisms capable of oxidis-
ing organic materials. The % of COD reduction ranging from
23.9 to 55.7% with CE of 12.46-19.57% during the first two
batches of each MFC. The removal efficacy of COD was
primarily influenced by the power output. As explained in
Table 2, COD removal ranged from 23.9 to 55.8% during
the first two batches of each MFC, with the highest CE rang-
ing from 12.46 to 19.76% when 90% leachate with 10% v/v
inoculum were used. MFC C had the highest COD removal
efficiency of 80.10 + 0.5% (CE 12.04%) at operating cycle
3 during acclimatisation at 90% leachate substrate with 10%
v/v inoculation, followed by MFC F with COD removal effi-
ciency of 71.71 + 0.5% (CE 9.69%). Electron-transfer bac-
teria, because to their low Coulombic efficiency, likely can-
not convert all readily accessible carbon fuel into electricity
(Hassan et al. 2018). The abrupt decline of CE between
cycles 3 and 4 in all MFCs indicates the loss of substrate in
a nonelectrical production process and that COD removal
occurred predominantly in a non-electrogenic manner (Has-
san et al. 2018). In MFC, however, methanogenic microbes
compete with electrogenic microorganisms and convert the
substrate to methane, thereby decreasing electron oxidation
(Oliveira et al. 2013). Cecconet et al. (2018) reported that
methanogenesis affects the Coulombic efficiency of MFCs,
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Table 2 Operating conditions and system performance for biofilm development at different cycles

MFCs Cycles  Operating time (d) CE (%)  Influents COD % removal Influent NH,-N % removal TN removal (%)
conc. (mg LY conc. (mg LY
A 1 0-7 19.08 1327+7.0 26.76+0.5 411+8.5 2390+0.1 18.21
2 7-24 15.13 1327+9.5 3515+03 41175 31.68+0.2  28.31
3 24-36 11.64 1327+8.5 43.74+£0.5 411+52 39.14+0.1  31.23
4 36-48 14.33 1327+5.3 47.09+£0.5 411+6.5 41.70+£0.0 20.54
B 1 0-7 19.76 1327+£7.0 3243+03  411x85 32.14+0.0 25.01
2 7-24 13.74 1327+9.5 47.80+0.3 41175 44.85+0.3 3535
3 24-36 11.52 1327+8.5 55.64+04 41152 51.82+0.1 37.63
4 36-48 13.88 1327+5.3 59.92+0.5 41165 55.31+02 28.71
C 1 0-7 16.09 1327+7.0 62.42+03 411x85 57.09+0.2 34.41
2 7-24 13.05 1327+9.5 753705 41175 62.79+0.2  45.05
3 24-36 9.82 1327 +8.5 79.99+0.3 41152 64.01+0.1 51.61
4 36-48 12.04 1327+5.3 80.10£0.5 411+6.5 68.12+0.0 58.76
D 1 0-7 15.55 1327+7.0 52.81+04  411x85 45.87+0.2 31.09
2 7-24 12.72 1327+9.5 617604 411x7.5 55.33+0.1 17.23
3 24-36 9.93 1327+8.5 69.29+0.5 41152 58.79+0.1 49.64
4 36-48 12.31 1327+5.3 69.85+04 41165 61.50+0.0 44.45
E 1 0-7 17.14 1327+7.0 51.59+0.5 411+85 49.85+0.1 30.12
2 7-24 13.71 1327+9.5 63.46+0.3 41175 53.87+0.2 50.25
3 24-36 11.10 1327+8.5 68.41+0.9 411x52 59.28+0.1 3798
4 36-48 13.56 1327+5.3 71.20+£0.2 41165 62.47+0.0 4143
F 1 0-7 15.73 1327+7.0 57.56+£03 411+85 50.36+0.1  29.12
2 7-24 12.46 1327+9.5 69.91+05 41175 55.82+0.1 38.34
3 24-36 9.69 1327 +8.5 71.71+£0.5 41152 60.36+0.2 47091
4 36-48 12.05 1327+5.3 70.20+£0.2  411+6.5 64.55+0.3 49.48
Control 1 0-7 18.81 1327+7.0 2244403  411+85 19.7+£03 12.14
2 7-24 18.10 1327+9.5 29.59+0.2 411+75 24.08+0.2 18.86
3 24-36 16.56 1327+8.5 32.12+02  411+5.2 23.35+0.1 17.27
4 3648 16.64 1327+5.3 38.36+£0.0 411+6.5 26.76+0.0 21.39

even though it may not directly impact organic removal. In
contrast, the control (without inoculation) showed COD
removal (22.44 + 0.3-38.36 + 0.0%), due to insufficient
microbial activity in the anode chamber.

The MFCs also behave differently in terms of NH, — N
removal. The removal percentages range from 19.7+0.3 to
61.50+£0.0%). At an influent concentration of 411 +6 mg
L~ at 90% leachate and 10% v/v inoculation, MFC C has
the maximum NH,-N removal efficiency of 61.50%. This is
due to the microbial community’s optimally suited habitat
for the denitrification process, a microbially aided process
that reduces nitrate (NO5) and eventually creates molecular
nitrogen (N,) via a sequence of intermediate gaseous nitro-
gen oxide products. Denitrification can remove both nitrate
and ammonium nitrogen from wastewater. Additionally,
as the bacterial population grows, so does the amount of
organic matter and NH,-N accessible for removal, resulting
in a higher proportion of COD and NH, — N removal (Has-
san et al. 2019). Furthermore, when the bacterial population
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grows, they can produce more electrons during oxidation,
resulting in higher Coulombic efficiency (CE), increased
power output, and biofilm growth on the anode surface. The
biofilm can operate as a barrier to prevent inhibitory sub-
stances from being transported and stimulate the growth of
electroactive bacteria, resulting in greater COD and ammo-
nia removal efficiency. Throughout the experiment, the lev-
els of nitrogen (TN, NHI - N, N03_ — N, and NO; —N)
were measured and analysed. The removal effectiveness
increased during the first 3 cycles of the experiment but
then decreased later when the leachate concentration was
changed after each cycle (Table 2), primarily mitigated as
a result of the input of NH;r — N. According to Puig et al.
(2011), the cationic exchange membrane (CEM) crossover
to the cathodic chamber may be responsible for the removal
of the majority of the NH}-N in anaerobic conditions. The
effective transport of electrons from the anode to the cathode
electrode is made possible by the network of microorgan-
isms provided by a mature biofilm. Metabolic pathways and



Environmental Science and Pollution Research

interactions between microbes inside a biofilm are optimised
during its development, leading to enhanced electron release
and capture (Sehar and Naz 2016).

Inhibition of electricity generation in continuous
batch mode MFCs

Double-chamber MFCs were operated continuously at a
constant operating condition to investigate the inhibitory
effect of high ammonia nitrogen concentrations. On the
other hand, with the addition of NH,Cl, to change TAN
concentration from 600 to 1600 mgL_l, the reactors exhib-
ited a power density (Fig. 3) which was greater than the
power densities obtained when there was no ammonia addi-
tion. The NH,Cl in the influent solution was adjusted, and
results were obtained (Fig. 3), which shows the average
power densities of respective MFCs in different NH; infrac-
tions. The experiment results show that as the concentration
of ammonia nitrogen increases, the electricity generation in
the MFC decreases. This conforms with the previous stud-
ies of Chamem et al. (2020), Ergettie and Dagbasi (2021),
Gu et al. (2021), Gutierrez et al. (2016), Hiegemann et al.
(2018), Ishaq et al. (2023), Khalil et al. (2017), Ren et al.
(2021), Tice and Kim (2014), and Wang et al. (2021). Bac-
teria adhering to the anode cultured in continuous MFCs
may have developed a tolerance to the high nitrogen con-
centration at which they are grown. The findings of this
research provide strong evidence for the concept’s validity,
showing that anode-attached bacteria may adjust so that
their electricity-generating mechanism continues to func-
tion in any continuous influent with TAN concentrations
up to 800 mg L.
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Fig.3 The average ammonia infractions with their respective power
densities

Figure 4 shows the maximum power densities of the
continuous double-chamber MFCs at NH, — N influ-
ent concentrations. Increase 600 mg L~!, 800 mg L,
1000 mg L', 1200 mg L', 1400 mg L™! to 1600 mg
L~! results in an increase in steady-state power den-
sity 232.38 mWm ™2 CE (17.12%), 283.38 mWm™2 CE
(24.98%), 205.97 mWm™2 CE (18.87%), 168.98 mWm >
CE (15.62%), 142.39 mWm™2 CE (14.62%), and 103.14
mWm~2 CE (12.03%) with corresponding voltages 478.67
mV, 528.59 mV, 450.66 mV, 408.18 mV, 374.70 mV,
and 318.89 mV, respectively. The highest power den-
sity recorded is 283.3846 mWm~2 CE (24.98%) at 800
mg L~!, with the corresponding voltage 528.5993 mV
(Fig. 4). Upon applying higher concentrations ranging
from 1000 to 1600 mgL_l, pH (6.8), and COD (1332.5
mg L7, the power density rapidly decreases to a mini-
mum 103.14 mWm~2 CE (12.03%) at 1600 mgL~". This
is likely due to ammonia’s inhibitory effect on the micro-
organisms responsible for generating the electricity in the
MEC. It can be concluded that the reactor’s power den-
sity (NH, — N, 800 mg L~!: CcoD, 1322.5; pH, 6.8) was
greater than all the reactors. Moreover, the power density
curve is a better parameter for predicting ammonia inhibi-
tion than continual monitoring of electric current. Thus,
the power density results showed that the performance
of the MFCs under high ammonia conditions could be
decreased by increasing the concentration of the NH, — N
and reducing the frequent feed of the reactors. The high-
est CE is observed at an NH, — N influent concentration
of 800 mg L=, with a value of 24.98%. As the NH,—N
influent concentration deviates from this optimum, the
CE values tend to decrease, reaching their lowest value of
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Fig.4 The maximum power densities of the respective MFCs at dif-
ferent NH, — N concentrations
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12.03% at 1600 mg L=". The higher CE in MFC (NH, — N,
800 mg L~!; COD, 1322.5) obtained was a result of the
system efficiently converting the available organic matter
in the leachate into electricity during each batch cycle,
and the microorganisms in the MFC efficiently transfer-
ring electrons from the organic compounds to the anode,
leading to a higher proportion of these electrons being
converted into usable electrical energy (Cecconet et al.
2018) Furthermore, high concentrations of NH, — N may
lead to increased competition among microorganisms for
available electron acceptors, limiting the efficiency of
electron transfer and thus reducing CE. Additionally, at
higher NH, — N concentrations, there may be an accumu-
lation of toxic byproducts or inhibitory substances that can
negatively affect the metabolic activities of the microor-
ganisms, further reducing CE.

Ammonia can act as a substrate for some microorganisms,
but at high concentrations, it can become toxic and inhibit
their growth and metabolism (Kim et al. 2007, 2011; Lee
et al. 2021; Tice and Kim 2014). Low anolyte pH favours
ionised ammonium (NHI) over unionised ammonia (NH3),
which has a toxic effect on exoelectrogenic bacteria due to
the high concentration of leachate and the frequent feed
of the MFC (Ergettie and Dagbasi 2021). Increasing the
amount of NH; in the system speeds up the breakdown of
the substrate, leading to increased power output. In contrast,
anammox bacteria experience self-inhibition and decreased
power production when exposed to NH; concentrations
over a particular limit (Chen et al. 2014; Jiang et al. 2014).
Beyond a certain limit, an inverse link was seen between
NH; concentration and power generation, consistent with
previous research (Albarracin-Arias et al. 2021; Chang et al.
2018).
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The polarisation curve charts illustrate variations in volt-
age and current density produced by the MFC in response
to changes in ammonium nitrogen content, ranging from
600 to 1600 mgL!. These curves visually depict the MFC’s
response to diverse ammonium nitrogen concentrations.
Maximum power output, recorded polarisation graphs, and
normalised power density based on the anode surface area
were assessed to evaluate the MFC reactor’s performance.
In Fig. 5A, the highest power and current densities recorded
were 855.31 mWm™ and 2945.25 mA/m? at an ammonium
nitrogen concentration of 800 mg L™'. Additionally, power
densities at ammonium nitrogen concentrations of 600,
1000, 1400, and 1600 mg L™! were 491.96, 370.19, 322.40,
206.88, and 150.64 mWm™2, respectively. These results
highlight the significance of ammonium nitrogen concen-
tration in electrical power generation. Current density, meas-
ured at each ammonium nitrogen concentration, increases
proportionally with voltage until reaching its maximum fea-
sible value, as shown in Fig. 5B. The MFC operated with
an ammonium nitrogen level of 800 mg L' demonstrated
the highest power density, indicating optimal energy genera-
tion. Power densities declined beyond 800 mgL™, indicating
decreased MFC performance. This pattern underscores that
elevated ammonium nitrogen concentrations do not neces-
sarily correlate with increased MFC power densities (Ishaq
et al. 2023). Biological processes contributed to a steady
rise in cell voltage until reaching a maximal value (steady
state; Fig. 5B), characteristic of a well-established microbial
colony in the anode region under ideal conditions. The high-
est electricity generation from leachate wastewater can be
influenced by microbiological activity and substrate quality,
considering factors such as porosity, substance, and rough-
ness during adsorption.

B

—O—NH3:1600 mg L

T
NH3 |4uox||;1.'l
57~ NH3:1200 mg il
—O—NH3:1000mg L™
~O—NHj Slmmgl-l
—O—NH3 (nx)mx"

Voltage (mV)

400
350
300 |

250

T T T T T T T T T
0 300 600 900 1200 1500 1800 2100 2400 2700 3000

Current density(mA/mz)

Fig.5 A-B Graphs of power density and voltage as a function of current density in batch MFC with varying ammonia concentrations
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Organics removals
Ammonia nitrogen removal

The initial concentrations of ammonium nitrogen (NH,*-N)
and nitrite nitrogen (NO, -N) were set according to a stoi-
chiometric ratio of 1:1.132. This ratio is a crucial parameter
in the anammox process for maintaining a specific NO, -N
to NH,*-N ratio, with an ideal influent NO, -N to NH,/*-N
ratio within the theoretical range of 1.0 to 1.5, as suggested
by previous studies (Wang et al. 2017). This ratio represents
the oxygen required to fully oxidise the organic matter in
the leachate. In anammox biofilm-enriched MFCs, ammo-
nia, nitrite, and nitrate dynamics are complex, involving
the sequential oxidation of ammonium to nitrite and then
to nitrogen gas (Lu et al. 2020; Lu et al. 2021). This process
results in the simultaneous removal of ammonium and nitrite
from the leachate. However, nitrate, though typically found
in lower concentrations, can impact the anammox process by
competing with nitrite for the electrons generated by anam-
mox bacteria (Gu et al. 2021). Some bacteria in the anam-
mox biofilm can reduce nitrate to nitrite, diverting electrons
and reducing the efficiency of the anammox process, com-
promising nitrogen removal.

Figure 6A reveals that the percentage of NH,-N removed
increased with the number of cycles. At an initial NH,-N
concentration of 600 +5-800+4.5 mg L', the removal effi-
cacy ranged from 81.14 £0.6 to 86.40+0.7% (cycles 1-2).
This increased with further ammonium content (cycles 3-6),
diverging the power output and ammonium removal trend.
The highest NO, -N removal efficiencies of 84.79 +0.5%,
93.14+0.3%, and 90.04 +0.2 occurred at cycles 1, 2, and 3,
gradually decreasing to 75.18 +£0.1% at cycle 6. This sug-
gests that NH -N posed a toxic effect on anodic microorgan-
isms, leading to a decreased nitrogen removal rate due to
the inhibition effect and reduced removal efficiencies. Some
microorganisms may be more susceptible to high NH,-N
than others, leading to imbalances in the microbial com-
munity structure. High NH,-N concentrations can disrupt
the integrity and permeability of microbial cell membranes.
NH /N can penetrate the cells and damage the lipid bilayer,
affecting the transport of nutrients, ions, and metabolic
intermediates across the cell membrane, impairing cellular
processes, and compromising the viability and activity of
anodic microorganisms (Gu et al. 2021).

The total nitrogen (TN) removal efficiencies were
71.21 +0-75.24 +0.2 in cycles 1-2, gradually decreasing
to 67.04+0.3-63.05+0.3 in cycles 3—4, with the lowest
removal of 58.06+0.10 in cycle 4. The decrease in TN
removal efficiency might be due to the common phenom-
enon of NO; -N production in the anammox process. This
further explains that in the anammox system, ammonia
nitrogen, nitrite removal, and nitrate production occur from
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Fig.6 A-C The profiles of (NHI—N, NO;-N, and TN) in both the
influent and the effluent and how effectively they may be removed uti-
lising landfill leachate as substrate

influent to effluent concentrations. Removing nitrogen may
involve participation from a distinct conceivable pathway,
as depicted in Fig. 6. The presence of anammox in the MFC
system was confirmed by simultaneously removing NH,*-N,
NO,™-N in an oxygen-depleted environment (Fig. 6). Anam-
mox accounted for 7.4% of all anodic bacteria detected. This
process is carried out by anoxic anammox bacteria, which
results in the rapid conversion of NH4+-N, NO,-N, into
nitrogen gas (N,). The constant decrease in NO, -N concen-
tration throughout the experiment indicates that nitrification
was hampered during anoxic conditions. This experiment
established beyond a shadow of a doubt that anammox bac-
teria were responsible for the oxidation of NH,-N. This
observation validates the findings of Hassan et al. (2018),
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Pierangeli et al. (2021), Wang et al. (2019), and Wu et al.
(2020), revealing that NH,*-N may cross through the mem-
brane and reach the cathode chamber.

As a result, the removal efficiency of ammonia in MFCs
occurred; the anode chamber’s microorganisms oxidise the
organic matter in the leachate and release electrons and pro-
tons. The electrons are transferred to the cathode chamber
through an external circuit, where they react with oxygen and
protons to produce water. The ammonia in the leachate will
diffuse across the membrane to the cathode chamber and react
with the oxygen to form nitrate, a less toxic form of nitrogen.
This process is known as nitrification and requires the pres-
ence of nitrifying bacteria, which can oxidise ammonia to
nitrate. It has long been believed that two different types of
AOMs complete nitrification under aerobic conditions; AOB
or AOA first use oxygen to oxidise ammonia to nitrite, which
is then further oxidised to nitrate by NOB (Wei et al. 2011).

The microbial processes driving pollutant removal in
microbial fuel cells (MFCs), particularly in the context of
ammonia nitrogen impact, involve key players and interac-
tions. Anammox bacteria, constituting 7.4% of anodic bac-
teria, play a vital role in sequentially oxidising ammonium
(NH,*-N) to nitrite and then to nitrogen gas (N,). Concur-
rently, various microbial groups participate in the oxidation of
ammonium to nitrite and the potential reduction of nitrate to
nitrite. This competition for electrons among microorganisms,
as highlighted by Gu et al. (2021), significantly influences the
efficiency of the anammox process, emphasising the need for
a detailed understanding of specific microbial contributions
to nitrite and nitrate dynamics. Total nitrogen (TN) removal
involves microbial pathways where ammonium and nitrite
are transformed into nitrogen gas and nitrate, respectively.
The observed decrease in TN removal efficiency, attributed
to nitrate production, underscores the importance of delineat-
ing the specific microbial communities responsible for these
transformations. Furthermore, the nitrification process is facil-
itated by ammonia-oxidising microorganisms (AOB or AOA),
which oxidise ammonia to nitrite. Nitrite-oxidising bacteria
(NOB) subsequently oxidise nitrite to nitrate, as suggested
by Wei et al. (2011). These nitrifying bacteria contribute to
the overall nitrogen removal efficiency in MFCs, converting
ammonia into a less toxic form (nitrate).

Hence, a comprehensive understanding of microbial pro-
cesses in MFCs necessitates recognising the crucial roles of
anammox bacteria, various microbial groups in nitrite and
nitrate dynamics, and nitrifying bacteria in pollutant trans-
formation. This insight into microbial mechanisms enriches
our comprehension of pollutant removal efficiency in MFCs,
as evidenced by the studies of Lu et al. (2020; 2021), Gu
et al. (2021), and Wei et al. (2011). Further research could
provide a more detailed exploration of these microbial con-
tributions, enhancing the overall understanding of ammonia
nitrogen’s impact on pollutant removal in MFCs.
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Bacterial community structure of MFCs

These findings are also illustrated in Fig. 7, which shows, via
a network graph, the distribution of numerous species across
the various samples. The density of each species is reflected
in the size of the nodes that represent them, with smaller
nodes representing lower densities. Species with abundances
greater than 2% or rankings in the top 100 were specifically
researched and analysed.

A comparison was made between the seven MFCs regard-
ing the richness and diversity of the bacterial communities
found on the anode electrode surfaces. It was determined that a
total of 62,831 reads of high quality and 2108 operational taxo-
nomic units (OTUs) were collected. Higher ACE and Chaol
index values indicate richer communities. According to Huang
et al. (2018), the findings showed that MFCs with a higher
richness were more advantageous for microbial enrichment.
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In addition, the Shannon index was 5.12, and the Simpson
index was 0.15, demonstrating that the microbial community
possessed a significant variety. Less variety is present when
the Shannon and Simpson indexes are both low. One possible
explanation for the proliferation of microorganisms in MFCs
is the agitation caused by the cathode. These changes caused
arise in the population of anodic bacteria. On the anodes of
all MFCs, the eight most common phyla were Proteobacteria,
Nitrospirae, Peru bacteria, Chlorofiexi, Acidobacteria, Planc-
tomycetes, Actinomycetota, and Bacillota, making up more
than 85% of the total microbial population. More than half of
all microbes might be classified into these phyla. It is impor-
tant to consider the potential that some of the bacteria on the
list belong to more than one phylum because the classifica-
tion of bacteria can be complex and is determined by a range
of criteria. Electrochemically active bacteria are divided into
four groups: Proteobacteria, Actinobacteria, Actinomycetes,
and Firmicutes. These bacteria can perform electron transfer
in two different ways. In this study, electrogenic bacteria com-
prised more than 14% of the categorised biofilm species. These
electrogenic microorganisms were most likely accountable for
electricity production in the MFCs.

In addition, ammonia-oxidising bacteria, nitrite-oxidis-
ing bacteria (such as Nitrospira), and denitrifying bacte-
ria (including Candidatus Scalindua species, Geobacter
sp, Rhodopseudomonas, Comamonas, and Thauera) were
shown to be present in the anodic MFC systems (Tao et al.
2022). About 7.4% of the anodic species were accounted for
by the relative abundance of nitrite-oxidising bacteria, most
of which belonged to the genus Planctomyces. It is possible
that these bacteria played a substantial part in the anam-
mox oxidation process used in this investigation to reduce
the amount of nitrogen. On the other hand, the anammox
bacteria did not demonstrate very high removal efficiencies,
which aligns with earlier research findings.

Anammox bacteria (6%), denitrifying bacteria (7.4%), and
electrogenic bacteria (18.2%) were abundant in the anode’s
microbial community, according to sequencing analysis.

Conclusions

The MFCs were built and fed with landfill leachate with chang-
ing ammonia contents. This paper describes a novel method for
optimising NH, — N at constant COD, pH, and ambient tem-
perature for improved MFC performance. At an NH, — N of
800 mgL~" and a COD content of 1322.5 mg L™!, the study pro-
duced a considerable power density of 234 mWm™. The high
NH, — N dosage improved overall system performance, but
the inhibitory effect became more pronounced beyond a certain
point. Nitrogen removal occurred using distinct removal path-
ways (66.0 3.3% NH-N and 86.0 0.1% NO;-N). Sequencing

analysis revealed that the anode hosted a diverse microbial com-
munity, with a high abundance of anammox (6%), denitrifying
(7.4%), and electrogenic (18.2%) bacteria. Although pilot-scale
experiments have shown promise, several limitations must be
overcome before this technology can be widely implemented
for leachate treatment and electricity generation.

Recommendations

(1) Further investigations should prioritise the identification
of the most favourable NH, — N dose that achieves a har-
monious equilibrium between improved performance of
microbial fuel cells (MFCs) and the reported inhibitory
effects that become apparent beyond a specific threshold.
The optimisation of power generation in microbial fuel
cells (MFCs) is of utmost importance to ensure a reliable
and environmentally friendly energy production.

(2) Further investigation might be conducted to optimise
the conditions that promote specific routes for nitrogen
removal, considering the separate removal processes
for NH;r and NO, — N. This comprehension has the
potential to enhance the effectiveness of nitrogen
removal and the overall performance of MFCs.

(3) Further research on the microbial community dynam-
ics, especially the roles of anammox, denitrifying, and
electrogenic bacteria, is recommended. Understand-
ing how changes in NH,-N concentrations affect the
abundance and activity of these microbial groups can
provide insights into MFC performance.

(4) Pilot-scale experiments have shown promise, but
addressing and overcoming limitations for wider imple-
mentation is crucial. Investigate and resolve challenges
related to scalability, robustness, and long-term stabil-
ity for practical applications of MFC technology in
leachate treatment and electricity generation.
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