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A B S T R A C T

The ever-increasing pollution on our planet demands the development of clean technologies. Microbial fuel cell 
(MFC) is one technology with multiple benefits, including, but not limited to, wastewater treatment, 
bioelectricity generation, heavy metal toxicity reduction, and fertiliser production through catholyte formation. 
In-situ catholyte production in MFCs requires more research to understand how it can be tailored for biofertiliser 
and bioelectricity production. This study aims to produce better quality catholyte and observe its correlation 
with bioelectricity generation using ceramic additives known as biomedia. To evaluate its effect on catholyte 
electrosynthesis and concomitant production of bioelectricity, a mix of fine-grained ceramic additives was 
introduced to the anolyte. Over the course of the experiment, it was observed that the synthesis of catholyte in 
MFCs containing biomedia, was 35 % higher in volume compared to that of the MFCs without biomedia, and the 
electrical conductivity increased to a maximum of 15.72 mS/cm with pH 11.23 with elements such as aluminium 
being removed from the wastewater in the anode. The current and power generation were also significantly 
higher in biomedia-MFCs, which suggests its correlation with better quality catholyte. The novel approach of 
using low cost ceramic additives to amend anolytewas demonstrated as an effective strategy to enhance catholyte 
production combined with high electricity generation in MFC.

1. Introduction

Microbial fuel cells (MFCs) offer an exceptional choice for combined 
renewable energy and wastewater treatment. Electro-active microor
ganisms (EAM) are the key component of MFCs with the capacity to 
extract chemical energy from biodegradable waste and transform it into 
electrical energy [1]. Commercialisation of MFCs depends on the opti
misation of its constituent components including anode [2], cathode [3] 
and membrane material [4], microbial community and substrate [5], 
reactor design configuration and scale [6]. Studies have reported that 
the membrane type accounts for ca. 40–60 % of the MFC’s overall cost 
[7,8], limiting its practical applicability (Rozendal et al., [9]). Several 
low-cost membranes with significant output have been tested in MFCs 
that include eggshell [10]; nylon and glass fibre filter (Zhang et al., 
[11]); polyester cloth [12] amongst others. An outstanding material, 
widely tested as a membrane, with the benefits of low cost and low 
maintenance is the ceramic/terracotta based membrane [13,14].

In MFCs, the biofilm is the critical component, wherein microor
ganisms adhere to the anode electrode and facilitate the transfer of 

electrons onto it [15,16]. Maintaining the integrity of the biofilm over 
the anode is crucial for both the long-term operation of MFC and 
increased electricity output [17]. Introducing a new material into the 
anode to maintain biofilm integrity, can be considered as a good 
improvement strategy. This can enhance electro-activity in the anode 
and help produce high power output. However, the distribution of the 
material is required to be uniform and in contact with the electrode. 
Previous studies have used different types of packing materi
als/additives to enhance the microbial activity in MFCs including the 
use of granular activated carbon [18], granulated graphite [18], gravel 
[19] and polypropylene ([20] Shen et al. [21] used lignite activated coke 
as packing material in MFC that resulted in enhanced phenolic waste
water treatment along with high power generation compared to that of 
the MFC operated without the packing material. Packing materi
al/additives helps in increasing the surface area for the enhanced mi
crobial activity, yet there is a substantial drawback associated with it. 
Tan et al. [20] suggested that packing material might also lead to 
clogging issues, eventually resulting in mass transfer limitations in MFC, 
thereby increasing the resistance and reduced MFC performance. 
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Consequently, materials with high porosity, that do not clog while 
providing a greater surface area for microbial activity need to be further 
investigated.

In addition, the oxygen reduction reaction (ORR) at the cathode, 
significantly impacts the overall MFC output. ORR is the main reaction 
in cathode, wherein the electrons transferred from the anode electro
chemically reduce the terminal electron acceptor [22]. Oxygen being 
the most readily available and least expensive, is frequently used as the 
terminal electron acceptor [23]. The reaction follows equation (1), 
which is the intermediate step (2-electron pathway) prior to the final 
step of water production (4-electron pathway). With slow kinetics of 
ORR, especially in the absence of a catalyst, the reaction generally fol
lows the 2-electron pathway, accumulating H2O2 and increasing the pH 
[24]. 

O2 + 2H+ + 2e− ↔H2O2                                                                (1)

H2O2+ 2H+ + 2e− ↔ 2H2O                                                            (2)

Electricity generation in MFCs gives rise to electro-osmotic drag, 
which causes water molecules and ions to move from the anode to the 
cathode. Previous research indicated that this mechanism may function 
as a cathodic restriction and can be detrimental to the ability of MFCs to 
produce power [25]. Water movement in the cathode may cause over
flow, which impacts the ORR by preventing oxygen from reaching the 
catalytic site and so hindering the MFC performance. Other studies 
however, provided a different view, indicating that with proper man
agement, this water can be utilised to enhance MFC performance and 
facilitate higher electricity production [26,27]. Furthermore, this cath
olyte could be utilised for carbon capture [26], sodium recovery [28] 
and caustic potash production [27].

This study aims to evaluate the feasibility of using a combination of 
fine-granulated ceramics as a filling material that can function as bio
media in the MFC anode, enabling the growth of electroactive organisms 
from within. Ceramic is considerably low cost and has high bio-affinity 
and large surface area, which can lead to higher microbial electroactive 
activity in the anode. The impact of biomedia on mass transfer resis
tance, electroosmosis (catholyte production), and electricity generation 
is examined. Physicochemical and elemental analysis of the produced 
catholyte was done to understand the correlation of biomedia, catholyte 
and electricity generation.

2. Materials and methods

2.1. MFC design, construction, and inoculation

The study uses MFCs with an exterior anode and an inner cathode 
composed of 12.3 % porosity terracotta cylinders (which served as the 
chassis and membrane) [29]. The cylinders measured 5 cm in height, 
2.2 cm diameter, with a thickness of ca. 3 mm. The cylinders were placed 
inside a plastic container with working anode volume of 120 mL. Carbon 
fibre veil with a total macro-surface area of 30 × 30 cm2, and a carbon 
loading of 20 g/m2 (PRF Composite Materials, Dorset, UK) was used as 
the anode, wrapped around the outside of the cylinder. The cathode 
electrodes consisted of a mixture of activated carbon (G. Baldwin & Co, 
80 gr) and a 60 % polytetrafluoroethylene (PTFE) solution (Sigma-Al
drich) dispersed over a stainless-steel mesh support. The method of 
preparing the cathode was as described in Ref. [26]. The cathode elec
trodes were cut with a geometric area of 4*4 cm2 and introduced into the 
internal part of the ceramic cylinders. The cathode electrodes were 
manually pushed inside the cylinders, pressed against the wall for better 
contact, and kept open to air. Ni-Cr wire was employed for both cathode 
and anode connections. Assembled MFCs were then inoculated with 1:1 
part raw activated sludge and 1 % tryptone, 0.5 % yeast extract and 20 
mM sodium acetate mixture, in equal amounts of 50 mL. The anolyte 
was replenished daily by withdrawing 10 mL and adding 10 mL of fresh 
feedstock (1 % tryptone, 0.5 % yeast extract, and 20 mM sodium acetate) 

to prevent biofilm starvation. Triplicates of MFCs were used for con
ducting the experiments.

2.2. Filling material/ceramic biomedia

Patented ceramic spheres of different diameters ranging from 3 
mm–40 mm developed by research carried out by Asian Institute of 
technology (AIT) for commercial wastewater treatment were supplied 
by Siam Cement Group (SCG). These granular ceramics were grounded 
further reaching almost a fine powder form and the mixture of both 
powder and granular ceramics was used as “biomedia” in the anode of 
MFC (Fig. 1). The term “biomedia” is used to describe the function of 
these ceramic spheres as host material for microbial growth, which 
enables continuous growth from the inside, especially given the mate
rial’s chemical composition (see EDX analysis, Fig. S1).

2.3. Electrochemical characterisation

The open circuit voltage (OCV) and closed-circuit voltage (CCV) of 
the control MFC without biomedia (MFC-C) and the biomedia MFCs 
(MFC-B) were recorded on a daily basis using a high-precision multi
meter (Fluke 287/289 Digital Multimeter). A 330 Ω resistor was used to 
load these MFCs and the value was determined from previous studies 
with the same ceramic cylinders as membrane. The current and power 
output were calculated based on Ohm’s law i.e. I=V/R, where V is the 
voltage in closed circuit and R is the resistance value and I is the current. 
Power is calculated as P=V*I. Power density was calculated as the ab
solute power divided by the surface area of the anode square meters (m2) 
or by the volume of the anodic fluid in m3 [30]

Polarisation was performed, once it was visually evident that the 
biofilm begun to mature in all the MFCs, after 6 days from the start of the 
experiment. Polarisation experiments were carried out by varying the 
external resistance from 10000 Ω to 10 Ω using a decade resistance box 
(ELC, DR06) every 3 min. Internal resistance was calculated from the 
slope of the V-I curves. Maximum power transfer was determined from 
the P-I graph and in general this occurred when the voltage at load was 
half of open circuit voltage.

2.4. Physicochemical and elemental testing

In all the MFCs, catholyte was occasionally collected with a syringe 
just before flooding to test its quality. Conductivity and pH were 
measured using a Hanna Bench Meter (HI5522). A crystal deposit was 
formed when the collected catholyte was allowed to evaporate. The 
elemental composition of the catholyte was ascertained using energy 
dispersive X-ray spectroscopy (EDX) (Zeiss Sigma 500 VP FESEM). En
ergy dispersive X-ray (EDX) analysis was also used to investigate the 
chemical composition of the ceramic biomedia. Scanning Electron Mi
croscopy (SEM) (Zeiss Sigma 500 VP FESEM) was used to test the 
morphological composition of microorganisms over the anode electrode 
from MFC-B.

3. Results and discussion

3.1. Morphological analysis

SEM analysis was used to test the microorganism’s dominance on the 
carbon veil electrode in the presence of biomedia. The porous structure 
of the ceramic biomedia as found in SEM analysis is given in Fig. S2. 
Over the carbon veil electrode, biomedia was clearly visible (shown by 
arrow in Fig. 2). A healthy and rich microbial community as a significant 
abundance of extracellular polymeric substances (EPS) on the carbon 
veil electrode was seen in presence of ceramic biomedia (Fig. 2). EPS on 
the electrode surface promotes a variety of metabolic interactions in 
addition to improving microbial adherence, suggesting the development 
of a robust and active microbial ecosystem. This microbial diversity is 
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essential for effective electron transfer activities, which support the 
functionality and stability of bioelectrochemical systems.

3.2. Effect of biomedia on bioelectricity generation

To obtain a stable open circuit voltage, all the MFCs were run in open 
circuit for 24 h. The average open circuit voltage in MFCs with biomedia 
(MFC-B) was 629 mV ± 5, which was slightly higher than that produced 
in MFCs without biomedia (615 mV ± 6). Then, all the MFCs were 
loaded using a 330 Ω resistor. After 2–3 days under closed circuit con
ditions, the MFC output began to stabilise. Once a steady closed-circuit 
voltage was obtained, power was calculated for each of these MFCs. 
Fig. 3 illustrates the increase in power generation that occurred when 
these MFCs were operated in closed circuit for 21 days. It is evident that 
the power output from the MFC-B was consistently higher from the start; 
within 10 days of the experiment, >400 μW of power was generated, 
whereas 400 μW in MFC-C could only be reached by the end of the 19th 

day. The biomedia-introduced MFC had significantly shortened its 

startup time and continued to produce higher electricity than the control 
MFC.

3.2.1. Polarisation
Polarisation runs were carried out on day 6, 13 and 36 of the 

experimental period and Fig. 4 shows the power and polarisation curves 
of MFC-B and MFC-C. On day 6, maximum power transfer in MFC-B 
(3.68 mW/m2) was 272 % greater than that of MFC-C (0.99 mW/m2). 
On day 13, maximum power transfer in MFC-B (9.8 mW/m2) was 100.4 
% higher than MFC-C (4.89 mW/m2), and on day 36, maximum power 
transfer in MFC-B (13.69 mW/m2) was 28.2 % higher than MFC-C 
(10.68 mW/m2). MFC-B consistently had higher maximum power 
transfer, indicating effective substrate utilisation and microbial activity 
in the presence of biomedia.

Fig. 1. Ceramic spheres used as biomedia.

Fig. 2. SEM image of carbon veil electrode from MFC-B showing rich microbial 
diversity in the presence of ceramic biomedia.

Fig. 3. Temporal power output performance from the two test conditions, 
whereby MFC-B is with biomedia and MFC-C is the control without biomedia. 
Experiments were run in triplicates however data from the biomedia set are 
from n = 2, since one of the replicate units had continuous connec
tion problems.
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Internal resistance measured in MFC-B was initially 244 Ω (day 3); 
this decreased to 66 Ω after 33 days of running, which was lower than 
that of MFC-C, (375 Ω on day 3 and 73 Ω on day 36). Resistance was 
noticeably reduced in MFC-B, indicating a greater generation and uti
lisation of electrons in the production of electricity. This suggests that 
the porosity of ceramic biomedia assisted in lowering the transport 
resistance in the MFC, and the use of ceramic as packing material/bio
media has helped to reduce the internal resistance.

In addition to acting as a space for bacterial proliferation and dense 
biofilm generation, it is assumed that the pores of the ceramic biomedia 
reduced transport resistance within the MFCs, facilitating mass transfer. 
Mass transfer limitation in MFCs has been found to significantly limit the 
MFC output [31,32]. Various packing/filling/additive materials and 

media have been employed in previous studies. Mu et al. [33] used 
different kinds of filler materials to simultaneously remove chromium 
and produce electricity in constructed wetland-MFC. They discovered 
that volcanic rock functioned as the ideal biomedium, supporting high 
organic matter elimination and high electricity. This was confirmed by 
the maximum electroactive activity in the presence of volcanic rock. 
Zhang et al. [11] used activated carbon and graphite material as bio
carrier in anode and found reduced start-up time, high COD removal and 
increased electrical output in MFC. However, it has also been observed 
that such kind of materials might end up clogging the anodic part [20]. 
On the other hand, using this ceramic-based, high bioaffinity biomedia, 
has led to a kind of self-cleaning effect that gradually dissolves solids, 
increases the conductivity of the medium, and is eventually utilised by 

Fig. 4. Polarisation results of control MFCs (without biomedia) on [(a) day 6 (b) day 13 and (c) day 36] and biomedia carrying MFCs (MFC-B) on [(a’) day 6 (b’) day 
13 and (c’) day 36].
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the microorganisms. Consequently, this has prevented any obstruction 
to the anode medium.

3.3. Role of biomedia on catholyte (quantity, pH and EC) and trend of 
catholyte production with current generation

The electroosmosis-based catholyte generation in MFCs running with 
and without biomedia was investigated (Fig. 5). On the surface of the 
cathodes, droplets were seen to develop during the first week, however 
only from the 7th day onwards, a quantifiable amount of catholyte was 
observed. There was a continuous trend of higher catholyte accumula
tion in MFC-B compared to that of MFC-C during the experiment. The 
catholyte quantity was measured up to the period of 21 days. The total 
catholyte collected by the end of 21 day was 13.8 mL, 35.3 % higher 
than that of MFC-C (10.2 mL). As can be seen from Fig. 5 below, the 
catholyte volume is also a function of time, which increases as time 
progresses. Earlier studies have reported that the volume of accumu
lated catholyte is directly proportional to the current [28] which sug
gests that catholyte accumulation is a function of MFC performance. 
Rismani-Yazdi et al. [25] suggested that cathode flooding may impair 
MFC performance however, earlier studies has indicated that, when 
appropriately managed, accumulation of catholyte may contribute to 
increased electricity output [27,34]

Biomedia contributes to increasing the surface area available for 
microbial activity, which in turn enhances charge transfer. The present 
study has also found a significant high correlation of catholyte accu
mulation and current generation in MFC (Fig. 6). The growth and 
accumulation of microorganisms is helping in higher electroosmosis, 
leading to higher catholyte synthesis.

The collected catholyte was gathered and examined for its quality by 
measuring its pH and EC. Fig. 7 represents pH of the catholyte generated 
from MFC-B and MFC-C over the experimental period. There was a 
continuous increase of pH observed in the biomedia MFC. The pH 
started from 10.07 in first week and increased to 11.27 by the end of day 
36 in the case of MFC-B, whereas it only increased from 9.58 to 10.37 in 
MFC-C. The addition of biomedia in the anolyte, appears to produce a 
more alkaline catholyte. Earlier studies have confirmed that higher 
microbial cell activity will generate more current leading to increase the 
pH levels [34]. The cathode half reaction leads to a higher production of 
OH− groups that accumulated on the cathode and helped to raise the pH. 
This is because of the active pathway of ORR, particularly in the absence 

of any catalyst as suggested by Babauta et al. [24]. The findings of Gajda 
et al. [28] and Popat et al. [35] also corroborated with the former study.

The conductivity of catholyte in MFC-B started from 5.82 mScm− 1 

and reached to 15.72 mScm− 1, found to be higher than MFC-C that 
started with 5.57 mScm− 1 and could reach to 11.27 mScm− 1 by the end 
of experiment (36 days) (Fig. 8). The transport of ions is highly depen
dent on the current generation capacity of MFC, which is what is being 
observed in the present study. This also reduces the chances of 
biofouling on the cathode, as higher catholyte volume is leading to 
dissolved salt from the electrode. This is why earlier studies have sug
gested that this catholyte can serve as an excellent agent for disinfectant 
[26] instead of using external disinfectant for cathode chamber [36].

EDX spectra of catholyte obtained from MFC-C and MFC-B are shown 
in Fig. 9 (a) and (b), respectively. The elemental analysis of the catholyte 
has shown presence of numerous elements in MFC-B as well as MFC-C. 
However, the presence of certain elements especially Na+ and K+

were found in more abundance in the catholyte collected from the 
biomedia MFCs (Fig. 10). This suggests that the MFCs with biomedia, 

Fig. 5. Catholyte volume synthesised over the period of 21 days. Data shown 
are from the two triplicates, with biomedia being n = 2 for the sake of 
consistency.

Fig. 6. Trend between catholyte production and current at 330 Ω over a period 
of 21 days.

Fig. 7. Gradual pH increase of catholytes obtained from MFC-C and MFC-B.
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were more actively, electroosmotically dragging the cations commonly 
found in wastewater, to accommodate for the higher charge transfer, in 
line with the law of electroneutrality. Due to its high pH, high conduc
tivity, and presence of positive ions, the catholyte produced in the 
presence of biomedia may be used as a fertiliser or disinfectant. EDX 
spectra of the catholyte has also shown that the carbon content from 

MFC B is 11.1 % which is lower than that of obtained from MFC-C (23.1 
%). This accounts for the increased anolyte treatment efficiency in MFC- 
B, which results in higher-quality catholyte with lower carbon content.

Interestingly, aluminium (Al), commonly used in wastewater treat
ment for coagulation, was only seen in the catholyte of the MFCs without 
biomedia and was not detected in the catholyte of the MFCs with 

Fig. 8. Gradual conductivity increase of catholyte samples obtained from MFC- 
C and MFC-B.

Fig. 9. EDX spectra of the evaporated catholyte obtained from (a) MFC-C and (b) MFC-B.

Fig. 10. Comparative composition of elements presents in the evaporated 
catholyte obtained from MFC-C and MFC-B.
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biomedia. This suggests that either the biomedia was actively adsorbing 
Al or the biomedia-supported microbial communities were possibly 
assimilating Al as a co-metabolite, therefore removing it from waste
water in the anode. This is also corroborated by Purwanti et al [37] who 
observed removal of Al from the wastewater and concluded the role of 
biosorption and bioaccumulation by two different isolated bacteria. 
Active adsorption of Al by a certain kind of carriers such as activated 
carbon from rice hull [38], active carbon with different grading [39], 
and biopolymers [40] from various effluent types has already been 
effectively investigated in the aforementioned studies.

This could be an interesting area of research to investigate, also, for 
other elements in the presence of biomedia in MFCs. It is evident that 
biomedia plays a crucial role in generating more power while also 
lowering anode toxicity and creating high-quality catholyte. SEM im
ages of the anode electrodes (Fig. 2) seem to support this finding.

4. Conclusions

This study confirmed that the use of biomedia was highly effective in 
enhancing the overall electrical output of MFCs. The start-up time was 
reduced, and maximum power output was reached quicker in MFC- 
carrying biomedia. The maximum power density was more than 250 
% higher in biomedia-based MFCs compared to that of MFCs operated in 
the absence of biomedia. This difference reduced however, and was 
shown to be around 28 % higher even by the end of the experiment (day 
36). It was also observed that biomedia facilitated higher amounts of 
catholyte, which was directly proportional with high current produc
tion. The catholyte was also found to be better in quality in the case of 
biomedia-based MFCs. The pH ranged from 10.07 to 11.27, whereas in 
the MFCs without biomedia, the pH variation was 9.58–10.37. Highest 
conductivity of 15.72 mScm− 1 was also achieved in biomedia based 
MFC. Catholyte volume, pH and conductivity increased with time, 
which suggests a correlation with MFC biofilm maturity and higher 
current generation. Elemental analysis showed the higher concentra
tions of Na+ and K+ in the catholyte generated from MFCs carrying 
biomedia. The work suggests that further research on filler materials 
that function as a biohouse for microbes in the MFC anode should be 
conducted. These materials can be utilised to boost the surface area 
available for the growth of microorganisms and lower the resistance 
brought on by mass transfer constraint in MFC.

CRediT authorship contribution statement

Aradhana Singh: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Methodology, Investigation, Formal 
analysis, Data curation. Ioannis A. Ieropoulos: Writing – review & 
editing, Writing – original draft, Visualization, Validation, Supervision, 
Resources, Project administration, Methodology, Investigation, Funding 
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This work was funded by the Bill & Melinda Gates Foundation (Grant 
no. INV-042655). The authors are grateful to Attawut Kumkrong and 
Nicholas M. Stafford for providing the biomedia material that was used 
in the study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 

org/10.1016/j.renene.2025.122738.

References

[1] B.E. Logan, R. Rossi, A.A. Ragab, P.E. Saikaly, Electroactive microorganisms in 
bioelectrochemical systems, Nat. Rev. Microbiol. 17 (5) (2019) 307–319.

[2] J.M. Sonawane, A. Yadav, P.C. Ghosh, S.B. Adeloju, Recent advances in the 
development and utilization of modern anode materials for high performance 
microbial fuel cells, Biosens. Bioelectron. 90 (2017) 558–576.

[3] S. Qiu, Z. Guo, F. Naz, Z. Yang, C. Yu, An overview in the development of cathode 
materials for the improvement in power generation of microbial fuel cells, 
Bioelectrochemistry 141 (2021) 107834.

[4] G. Palanisamy, H.Y. Jung, T. Sadhasivam, M.D. Kurkuri, S.C. Kim, S.H. Roh, 
A comprehensive review on microbial fuel cell technologies: processes, utilization, 
and advanced developments in electrodes and membranes, J. Clean. Prod. 221 
(2019) 598–621.

[5] S. Prathiba, P.S. Kumar, D.V.N. Vo, Recent advancements in microbial fuel cells: a 
review on its electron transfer mechanisms, microbial community, types of 
substrates and design for bio-electrochemical treatment, Chemosphere 286 (2022) 
131856.

[6] T.K. Ida, B. Mandal, Microbial fuel cell design, application and performance: a 
review, Mater. Today Proc. 76 (2023) 88–94.

[7] I. Chakraborty, S. Das, B.K. Dubey, M.M. Ghangrekar, Novel low cost proton 
exchange membrane made from sulphonated biochar for application in microbial 
fuel cells, Mater. Chem. Phys. 239 (2020) 122025.

[8] Z. Ge, Z. He, Long-term performance of a 200 liter modularized microbial fuel cell 
system treating municipal wastewater: treatment, energy, and cost, Environ. Sci.: 
Water Res.; Technol. 2 (2) (2016) 274–281.

[9] R.A. Rozendal, H.V. Hamelers, K. Rabaey, J. Keller, C.J. Buisman, Towards 
practical implementation of bioelectrochemical wastewater treatment, Trends 
Biotechnol. 26 (8) (2008) 450–459.

[10] V. Kugarajah, J. Solomon, K. Rajendran, S. Dharmalingam, Enhancement of nitrate 
removal and electricity generation in microbial fuel cell using eggshell supported 
biocathode, Process Biochem. 113 (2022) 1–10.

[11] X. Zhang, S. Cheng, X. Huang, B.E. Logan, The use of nylon and glass fiber filter 
separators with different pore sizes in air-cathode single-chamber microbial fuel 
cells, Energy Environ. Sci. 3 (5) (2010) 659–664.

[12] T. Kim, S. Kang, J.H. Sung, Y.K. Kang, Y.H. Kim, J.K. Jang, Characterization of 
polyester cloth as an alternative separator to Nafion membrane in microbial fuel 
cells for bioelectricity generation using swine wastewater, J. Microbiol. Biotechnol. 
26 (12) (2016) 2171–2178.

[13] D.H. Park, J.G. Zeikus, Improved fuel cell and electrode designs for producing 
electricity from microbial degradation, Biotechnol. Bioeng. 81 (3) (2003) 348–355.

[14] M. Behera, P.S. Jana, M.M. Ghangrekar, Performance evaluation of low cost 
microbial fuel cell fabricated using earthen pot with biotic and abiotic cathode, 
Bioresour. Technol. 101 (4) (2010) 1183–1189.

[15] J. Greenman, I. Gajda, J. You, B.A. Mendis, O. Obata, G. Pasternak, I. Ieropoulos, 
Microbial fuel cells and their electrified biofilms, Biofilm 3 (2021) 100057.

[16] A. Bergel, D. Feron, H.C. Flemming, From Fundamentals to Microbial Power Plants: 
Electrochemically Active Biofilms, 2010.

[17] A. Singh, A. Kaushik, Suitability of wetland microbial consortium for enhanced and 
sustained power generation from distillery effluent in microbial fuel cell, Energy 
Sources, Part A Recovery, Util. Environ. Eff. (2020) 1–17.

[18] X. Guo, Y. Zhan, C. Chen, B. Cai, Y. Wang, S. Guo, Influence of packing material 
characteristics on the performance of microbial fuel cells using petroleum refinery 
wastewater as fuel, Renew. Energy 87 (2016) 437–444.

[19] W.E. Thung, S.A. Ong, L.N. Ho, Y.S. Wong, Y.L. Oon, Y.S. Oon, H.K. Lehl, 
Simultaneous wastewater treatment and power generation with innovative design 
of an upflow membrane-less microbial fuel cell, Water, Air, Soil Pollut. 226 (2015) 
1–7.

[20] S.M. Tan, S.A. Ong, L.N. Ho, Y.S. Wong, C.Z.A. Abidin, W.E. Thung, T.P. Teoh, 
Polypropylene biofilm carrier and fabricated stainless steel mesh supporting 
activated carbon: integrated configuration for performances enhancement of 
microbial fuel cell, Sustain. Energy Technol. Assessments 46 (2021) 101268.

[21] J. Shen, J. Li, F. Li, H. Zhao, Z. Du, F. Cheng, Effect of lignite activated coke 
packing on power generation and phenol degradation in microbial fuel cell treating 
high strength phenolic wastewater, Chem. Eng. J. 417 (2021) 128091.

[22] P. Dange, N. Savla, S. Pandit, R. Bobba, S.P. Jung, P.K. Gupta, R. Prasad, 
A comprehensive review on oxygen reduction reaction in microbial fuel cells, 
J. Renew. Mater. 10 (3) (2022) 665.

[23] D. Ucar, Y. Zhang, I. Angelidaki, An overview of electron acceptors in microbial 
fuel cells, Front. Microbiol. 8 (2017) 248548.

[24] J.T. Babauta, H.D. Nguyen, O. Istanbullu, H. Beyenal, Microscale gradients of 
oxygen, hydrogen peroxide, and pH in freshwater cathodic biofilms, 
ChemSusChem 6 (7) (2013) 1252–1261.

[25] H. Rismani-Yazdi, S.M. Carver, A.D. Christy, O.H. Tuovinen, Cathodic limitations 
in microbial fuel cells: an overview, J. Power Sources 180 (2) (2008) 683–694.

[26] I. Gajda, J. Greenman, C. Melhuish, C. Santoro, B. Li, P. Cristiani, I. Ieropoulos, 
Electro-osmotic-based catholyte production by Microbial Fuel Cells for carbon 
capture, Water Res. 86 (2015) 108–115.

[27] I. Gajda, J. Greenman, C. Melhuish, C. Santoro, I. Ieropoulos, Microbial Fuel Cell- 
driven caustic potash production from wastewater for carbon sequestration, 
Bioresour. Technol. 215 (2016) 285–289.

A. Singh and I.A. Ieropoulos                                                                                                                                                                                                                  

https://doi.org/10.1016/j.renene.2025.122738
https://doi.org/10.1016/j.renene.2025.122738
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref1
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref1
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref2
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref2
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref2
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref3
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref3
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref3
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref4
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref4
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref4
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref4
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref5
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref5
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref5
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref5
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref6
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref6
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref7
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref7
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref7
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref8
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref8
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref8
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref39
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref39
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref39
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref9
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref9
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref9
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref40
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref40
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref40
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref10
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref10
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref10
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref10
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref11
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref11
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref12
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref12
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref12
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref13
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref13
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref14
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref14
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref15
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref15
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref15
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref16
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref16
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref16
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref17
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref17
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref17
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref17
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref18
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref18
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref18
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref18
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref19
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref19
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref19
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref20
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref20
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref20
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref21
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref21
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref22
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref22
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref22
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref23
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref23
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref24
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref24
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref24
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref25
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref25
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref25


Renewable Energy 244 (2025) 122738

8

[28] I. Gajda, J. Greenman, C. Melhuish, C. Santoro, B. Li, P. Cristiani, I. Ieropoulos, 
Water formation at the cathode and sodium recovery using microbial fuel cells 
(MFCs), Sustain. Energy Technol. Assessments 7 (2014) 187–194.

[29] I. Gajda, O. Obata, J. Greenman, I.A. Ieropoulos, Electroosmotically generated 
disinfectant from urine as a by-product of electricity in microbial fuel cell for the 
inactivation of pathogenic species, Sci. Rep. 10 (1) (2020) 5533.

[30] I. Ieropoulos, J. Greenman, C. Melhuish, Microbial fuel cells based on carbon veil 
electrodes: stack configuration and scalability, Int. J. Energy Res. 32 (13) (2008) 
1228–1240.

[31] K.A. Dwivedi, S.J. Huang, C.T. Wang, S. Kumar, Fundamental understanding of 
microbial fuel cell technology: recent development and challenges, Chemosphere 
288 (2022) 132446.

[32] W. Yang, J. Li, Q. Fu, L. Zhang, Z. Wei, Q. Liao, X. Zhu, Minimizing mass transfer 
losses in microbial fuel cells: theories, progresses and prospectives, Renew. Sustain. 
Energy Rev. 136 (2021) 110460.

[33] C. Mu, L. Wang, L. Wang, Removal of Cr (VI) and electricity production by 
constructed wetland combined with microbial fuel cell (CW-MFC): influence of 
filler media, J. Clean. Prod. 320 (2021) 128860.

[34] I. Gajda, J. Greenman, C. Melhuish, I. Ieropoulos, Simultaneous electricity 
generation and microbially-assisted electrosynthesis in ceramic MFCs, 
Bioelectrochemistry 104 (2015) 58–64.

[35] S.C. Popat, D. Ki, B.E. Rittmann, C.I. Torres, Importance of OH− transport from 
cathodes in microbial fuel cells, ChemSusChem 5 (6) (2012) 1071–1079.

[36] D.A. Jadhav, A.N. Ghadge, D. Mondal, M.M. Ghangrekar, Comparison of oxygen 
and hypochlorite as cathodic electron acceptor in microbial fuel cells, Bioresour. 
Technol. 154 (2014) 330–335.

[37] I.F. Purwanti, S.B. Kurniawan, N.I. Ismail, M.F. Imron, S.R.S. Abdullah, Aluminium 
removal and recovery from wastewater and soil using isolated indigenous bacteria, 
J. Environ. Manag. 249 (2019) 109412.

[38] N.T. Abdel-Ghani, G.A. El-Chaghaby, E.M. Zahran, Cost effective adsorption of 
aluminium and iron from synthetic and real wastewater by rice hull activated 
carbon (RHAC), Am. J. Anal. Chem. 6 (1) (2015) 71.

[39] P.G. Pour, M.A. Takassi, T. Hamoule, Removal of aluminum from water and 
industrial waste water, Orient. J. Chem. 30 (3) (2014) 1365–1369.

[40] M.A. Badawi, N.A. Negm, M.T.H. Abou Kana, H.H. Hefni, M.A. Moneem, 
Adsorption of aluminum and lead from wastewater by chitosan-tannic acid 
modified biopolymers: isotherms, kinetics, thermodynamics and process 
mechanism, Int. J. Biol. Macromol. 99 (2017) 465–476.

A. Singh and I.A. Ieropoulos                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0960-1481(25)00400-8/sref26
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref26
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref26
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref27
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref27
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref27
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref28
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref28
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref28
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref29
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref29
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref29
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref30
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref30
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref30
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref31
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref31
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref31
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref32
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref32
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref32
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref33
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref33
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref34
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref34
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref34
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref35
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref35
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref35
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref36
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref36
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref36
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref37
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref37
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref38
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref38
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref38
http://refhub.elsevier.com/S0960-1481(25)00400-8/sref38

	Enhancing microbial fuel cell performance using ceramic additive as biomedia
	1 Introduction
	2 Materials and methods
	2.1 MFC design, construction, and inoculation
	2.2 Filling material/ceramic biomedia
	2.3 Electrochemical characterisation
	2.4 Physicochemical and elemental testing

	3 Results and discussion
	3.1 Morphological analysis
	3.2 Effect of biomedia on bioelectricity generation
	3.2.1 Polarisation

	3.3 Role of biomedia on catholyte (quantity, pH and EC) and trend of catholyte production with current generation

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


