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A B S T R A C T   

Microbial fuel cells (MFCs) are a promising technology to generate electricity from wastewater and reduce the 
organic content. Whilst there has been a significant enhancement in MFC efficiency arising from the introduction 
of novel materials and cell designs, challenges remain with respect to the performance, cost, and sustainability of 
anode materials. This paper reports the development of single chamber MFCs with a focus on novel, cost- 
effective, and recycled carbon-based anode materials, including Recycled Water Filter Block/Powder (RWFB/ 
RWFP), Recycled Chopped Carbon Fibre (RCCF), Carbon Felt (CF) and Graphite Flexible powder (GFG). Anodes 
prepared from GFG were shown to provide high power density (342.8 mW/m2), followed by RCCF, CF, RWFP, 
RWFB and CF (77.6, 71.8, 59.0 and 57.9 mW/m2, respectively). Chemical Oxygen Demand (COD) reduction was 
measured initially and at day 30, with GFG anodes observed to remove 83% of the initial load, compared to 
RCCF, RWFB, RWFP and CF anodes, where COD reductions of 69%, 61%, 65% and 73% were observed, 
respectively. Electrochemical analysis and biofilm imaging confirmed recycled materials were colonised by 
microorganisms and performed to high standards. GFG offers significant promise as an anode material, with 
excellent performance supported by a reduction in capital cost of up to 90% in comparison to CF. The use of 
recycled carbon material as MFC anodes shows promise, but requires additional work to improve the stability 
and durability of systems to permit scale-up.   

1. Introduction 

Wastewater treatment (WWT) is an energy-intensive process. Despite 
significant interest in reducing the energy required to drive conventional 
WWT processes, to help support carbon reduction targets and ensure 
affordability, energy usage within the sector is predicted to double by 
2040 [1]. Microbial Fuel Cells (MFCs), which treat wastewater and 
produce electricity, are therefore seen as an attractive solution, with 
great scope for use in decentralised systems within developing nations 
where a significant proportion of wastewater is discharged to the envi
ronment without any treatment. In addition to energy production from 
wastewater, MFCs offer several practical solutions; they produce less 
sludge than traditional WWT, do not require oxygen for aeration, are 
easy to operate, have a compact footprint, and with the significant 
reduction in COD permit treated effluent to be discharged with lower 
risk of environmental pollution. Examples of novel and promising 

applications of MFCs include the combination of MFCs with constructed 
wetlands for the removal of antibiotics and electricity production [2], 
purification of urine [3] and application for a range of specialist in
dustrial wastewaters [4], such as high strength brewing wastewater [5]. 
However, scaling up such systems continues to pose considerable chal
lenges, including: (1) a low amount of energy is often produced - MFCs 
typically have lower power density than traditional batteries or fuel cells 
[6], and (2) large initial investment costs are required due primarily to 
the expense of electrode materials [7]. 

A typical MFC comprises an anode and cathode, with the optional 
inclusion of a membrane separating the electrodes. Systems can be 
single or double-chambered, with the anode chamber maintained in 
anaerobic conditions, whereas the cathode is usually aerobic [6]. A 
range of bacteria naturally found in wastewater act as a biocatalyst in a 
MFC, where they grow on an anode oxidising organic and inorganic 
matter to generate electrons [8], which are transferred via an external 
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circuit to the cathode for reduction via many potential reactions. 
The anode is crucial to MFC performance, it serves as the support for 

the bioactive bacteria and a current collector – acting as the driving 
force of the reaction [9]. The anode should therefore have a large surface 
area and high porosity to facilitate and enhance biofilm formation [10], 
ideally, anode materials should be inexpensive, and widely available 
[11]. Given the biological nature of the system, suitable electrode ma
terial must be biocompatible, non-toxic to the bioactive species, and 
preferably prevent unwanted fouling [12]. The cost of the anode in 
MFCs has been estimated to be between 20% and 50% of the total capital 
cost [9], thereby appropriate selection of anode materials could signif
icantly impact both performance and system cost. 

Although there is significant effort to enhance the qualities of anode 
materials [13], costs are still high, with scientists frequently concen
trating on cutting-edge, “exotic” materials, that may require 
energy-intensive treatment before being used. Carbon-based, metal-
based, and mixed carbon-and-metal-based materials are often used, with 
a variety of physical and chemical treatments reported to improve 
conductivity, surface area, and biocompatibility for microbial growth, as 
well as enrich the electroactive microbial community, resulting in 
improved fuel cell efficiency [14]. For example, adding materials like 
activated carbon (AC) [15], carbon black (CB), and nanoparticles to the 
anode can enhance the specific surface area, allowing more interaction 
between the electrode and the microorganism [16]. Yaqoob et al. [9] 
recently reviewed a wide range of materials, highlighting the potential 
of waste-derived anode materials to decrease costs, while still main
taining good system performance. Carlotta-Jones et al. [17] used com
mercial recycled carbon fibre as the anode in cassette type Microbial 
Electrolysis Cell (MEC) to produce H2 from real wastewater in a pilot 
project, reporting a significant reduction in anode cost without 
compromising the cell performance. By utilising a sustainable waste 
coffee-based anode (converting waste materials into valuable carbon
ised materials), Hung et al. [18] reported an improvement in the power 
density of MFCs (up to 3800 mW/m2) which was much greater than that 
measured for conventional materials. Clauwaer et al. [19] developed a 
system based on a narrow hollow tube (1.5–3 mm diameter) filled with 
granular graphite (GG) and simply sealed with rubber stoppers to form 
an anode. Trials in a MFC indicated that during batch operation mode 
with sodium acetate-based medium, the GG anode achieved a power 
density of 83 mW/m3. 

The work in this paper extends the approach to develop sustainable 
and low-cost anode materials, exploiting low-cost and recycled mate
rials to replace more widely used carbon-based anodes (such as carbon 
felt, carbon fibre, carbon cloth, carbon paper, carbon mesh, graphite 
fibre and felt). Utilising a compact single-chamber MFC with an air 
cathode, we report the implementation and performance of Graphite 
Flexible powder (GFG), Recycled Chopped Carbon Fibre (RCCF), Recy
cled Water Filter Block (RWFB), and Recycled Water Filter Powder 
(RWFP) to systems utilising Carbon Felt (CF) anodes, the industry- 
standard material possessing large specific surface area, excellent elec
trical conductivity, and biocompatibility [20]. The work contributes to 
the development of suitable, cost-effective anodes that will help MFC 
manufacturers to move the technology to a practical scale. Graphite 
flexible powder, typically used with paraffin, wood flour/high-density 
polyethene (WF/HDPE) matrix materials to make phase change mate
rials for thermal energy storage, has good electrical conductivity, a high 
surface area, good mechanical strength, and can be purchased at high 
volumes at low cost (£13,000 per tonne [21]). We believe this to be the 
first time that GFG has been trialled for MFC anodes. Recycled carbon 
fibres have already been trialled in MECs, with successful results [17], 
and show potential for use in MFC systems. The authors chose RCCF as 
an anode material to aid in comparison to recycled carbon-based water 
filters. New water filter blocks, such as Sintered Activated Carbon (SAC), 
have previously been employed as cathodes in MFC [22], demonstrating 
a power density of 51 mW/m2. However, to our knowledge, no work has 
been undertaken with spent (discarded) water filters, which do not 

require any treatment before formation into anodes – as such, they 
effectively form a zero-cost material. The novelty of the paper lies, 
therefore, in assessing the performance of commercially available 
low-cost (GFG) and recycled materials (RCCF, RWFB, RWFP) for anode 
fabrication, where these sustainably sourced products are compared 
with the industry standard carbon felt. The electrochemical behaviour of 
the novel anode materials was investigated using Cyclic Voltammetry 
(CV) and Electrochemical Impedance Spectroscopy (EIS) measurements 
to gain insight into the performance data and highlight routes for further 
enhancement. Scanning Electron Microscopy (SEM) images were used to 
investigate the growth of biofilm on the anode surface constructed from 
these recyclable and inexpensive materials. 

2. Materials and methods 

2.1. MFC construction and anode fabrication 

In keeping with the low-cost theme for this investigation, a 3.6 cm 
internal diameter Polyvinyl Chloride (PVC) pipe was used to create a 
single chamber membrane-less cube type MFC of 50 mL volume (Fig. 1). 
The chamber was sealed at one end with an acrylic support plate (6 cm 
by 6 cm) and a second acrylic plate (6 cm by 6 cm having a 3 cm hole at 
the centre) was used to support a polyester cloth forming the air cathode 
(Fig. 1). Rubber gaskets and mechanical support structure ensured the 
mechanical integrity of the system; no leakage of contents was observed. 
Four holes were drilled into the cylindrical surface of the reactor to 
enable the connection of the electrodes (anode and cathode), insertion 
of the reference electrode and a sample collection port. Rubber septa 
were utilised to ensure anaerobic conditions within the chamber. Using 
the methods described by Yang et al. [23], MFCs cathodes were pre
pared by mixing activated carbon (AC) powder, carbon black (CB) and a 
poly (vinylidene fluoride) (PVDF) binder (Redox, Sweden) to form a 
paste which was supported on Stainless-Steel Mesh size 60 (SSM60) - 
used as both the current collector and support material. 

Regarding anode fabrication, water filter blocks are typically utilised 
in domestic water purification systems in developing nations. After 
around 2–3 months of use, this filter block needs to be replaced and is 
commonly rejected to waste. For this work, a used filter block was 
sourced from Bangladesh and utilised in two forms: as a block (desig
nated RWFB) and, following manual crushing, as a powder (RWFP). To 
form the RWFB anode, a section of the filter block was manually 
removed (area 9 cm2). A 1 mm hole was bored in the centre of the block 
and bound to stainless steel (SS) wire (diameter 0.5 mm). For the 
fabrication of RWFP anodes, recycled water filter powder was mixed 
with sodium alginate (SA) at a ratio of 90:10, respectively [24]. 
Deionised water was gradually added and with mixing a thick paste was 
formed. The paste was then applied with a spatula to pre-cut SSM60 
support. A 0.95 g/L CaCl2 solution was prepared as described by 
Ref. [25] and used to cross-link all SA-based electrodes. The RWFP 
anode was submerged into CaCl2 to facilitate crosslinking for 15 min, 
followed by overnight drying at room temperature. 

Graphite flexible powder (GFG) (SGL, Germany) and RCCF were also 
processed into anodes. GFG powder was combined with SA to form a 
paste prior to deposition on a SSM60 support as described above. For 
RCCF anode fabrication, the collected fibre was chopped into lengths of 
0.5–1 cm, whereby the paste with SA was prepared prior to deposition 
into a SSM60 support. 

2.2. MFC start-up and performance analysis 

Wastewater (WW) was collected from a Belfast based WWTP (NI 
Water, Northern Ireland, UK) and used to inoculate all MFCs. Using 
standard analysis processes the following parameters were determined: 
Biochemical Oxygen Demand (BOD) (59.2 mg/L), COD (332 mg/L), 
Dissolved Oxygen (DO) (1.74 mg/L), pH (7.2), Total Suspended Solids 
(TSS) (231 mg/L), Total Dissolved Solids (TDS) (1.22 g/L) and Total 
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Solid (TS) (1.45 g/L). Synthetic wastewater (SWW) was prepared ac
cording to He et al. [26] and Angenent et al. [27] and mixed 50:50 with 
WW before addition to the MFCs, increasing the organic substrate 
available to the natural microorganisms. All MFCs were operated in 
batch mode at room temperature (18 ◦C–22 ◦C) for 30 days. Systems 
were set up and run in triplicate. On the first day of each experimental 
run, inoculation was performed by introducing 20 mL of wastewater into 
each MFC, followed by 20 mL of SWW. The system was sparged with 
pure N2 for 20 min, and the headspace was filled with N2 before sealing 
to ensure anaerobic conditions. Half the MFC content was emptied and 
refilled weekly, with the standard 50:50 ratio of SWW and WW. Cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
measurements were taken on Day 1, Day 15 and Day 30; anode surfaces 
were examined by SEM on Day 1 and Day 30. COD analysis was con
ducted on Day 1 and Day 30. 

2.3. Electrochemical analysis 

Electrochemical impedance spectroscopy (EIS) and cyclic voltam
metry (CV) analyses were conducted using a three-electrode system 
controlled by a single channel potentiostat (PalmSense4, Netherlands), 
with anodes serving as the working electrode (WE), AC-based air cath
odes as the counter electrode (CE) with an Ag/AgCl (BASi, UK) reference 
electrode (RE). Using the variable resistance method, polarization and 
power density curves were constructed using a multimeter and a vari
able resistor (RS Components, UK). This approach began in open circuit 
potential (OCP) mode, then in closed circuit mode through the selection 
of resistances ranging from 1 MΩ to 10 Ω. MFC current was determined 
using Ohm’s Law. Measurements were acquired over 15-min periods to 
ensure a stable voltage reading. Eq. (1) and Eq. (2) were used to 
calculate the current density (CD) and power density (PD), respectively: 

CD= I/A = V/RA (Amp /m2) (1)  

PD=VI
/

A
(
mW

/
m2) (2)  

where I is the current generated by the MFC in Amp, V is the potential 
measured against a certain resistance (R), and A is the geometric surface 
area of anodes. 

Closed-circuit voltage monitoring was carried out daily by connect
ing the anode and cathode of each MFC with a 638 Ω resistor with a 
digital multi-meter. 

Cyclic voltammetry was undertaken across a potential window of − 1 
V–1 V (vs. Ag/AgCl) at a scan rate of 50 mV/s. The polarization and 
charge transfer resistance of the MFCs was monitored using EIS across a 
frequency range of 400 Hz–0.1 Hz, with a fixed anode potential of 10 mV 
(alternative current) versus Ag/AgCl. CV and EIS data were analysed 
using PSTrace 5.8 software (Netherlands), with Origin Pro 2021b used 
to plot the data. 

To calculate the electrochemically active surface area (EASA) of the 
anodes, CV was measured using a 5.0 mM potassium ferricyanide redox 
couple Fe(CN)

4− /3−
6 in 0.1 M potassium chloride (KCl). A Pt mesh was 

used as the counter electrode and an Ag/AgCl reference electrode. Data 
were recorded at 20 mV/s steps ranging from 20 to 100 mV/s, with peak 
current recorded. The Randles-Sevcik relation was plotted and a linear 
fit was identified [28]. The EASA, defined as A within the 
Randles-Sevick equation (Eq. (3)), was subsequently calculated: 

ip = 2.687x105n3/2A D1/2C v1/2 (3)  

where ip is the peak current in amperes, A is the EASA in cm2, D is the 
diffusion coefficient in cm2 s− 1, C is the concentration in mole, n is the 
number of electrons involved in the redox reaction and v is the scan rate 
in Vs− 1. 

2.4. COD analysis 

To determine COD reduction during MFC operations, effluent sam
ples were analysed periodically via the standard HACH-based potassium 
dichromate oxidation method using spectrophotometry at 420 nm, with 
high-range COD vials (HACH, UK), a COD digester (DRB 200), and 
colourimeter (DR/2500, UK). Effluent samples (2 mL) were added to 
COD vials, heated at 150 ◦C in the COD digester for 2 h, and cooled 
before spectrophotometric analysis. 

Fig. 1. Constructed PVC pipe-based MFC and components.  
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2.5. Scanning Electron Microscopy 

Microscopy images of the anodes were acquired to assess biofilm 
formation/coverage. Anodes were removed from MFC at Day 1 and Day 
30 and stabilised by established procedures [29], whereby samples were 
immersed in 2.5% glutaraldehyde and 0.1 M phosphate buffer solution, 
followed by dehydration with progressive ethanol concentrations 
(10–100%). Samples were dried before sputter-coated with gold (approx 
3 nm). The Hitachi SU5000 FE-SEM was used, with a 10 kV accelerating 
voltage and high vacuum of 10− 8 bar; images were acquired at a 
working distance of 10 mm. 

3. Results and discussion 

3.1. Voltage and power generation 

The polarization curve can be determined by the relationship formed 
between the voltage and current density, which has been validated with 
various external resistances [30]. Polarization curves for MFCs using 
each of the 5 anode materials are shown in Fig. 2. Generally, polariza
tion curves are understood to have three primary features, an initial 
rapid voltage loss zone, a linear voltage drop region, and a subsequent 

rapid voltage drop region. Initial rapid voltage loss is caused by the need 
for energy to initiate biological and chemical processes, often known as 
oxidation or reduction reactions [31,32]. The bell-shaped PD curves 
indicate the presence and activities of exo-electrogenic bacteria within 
the MFC reactors and subsequent redox reactions. It is evident from the 
data that when current density increased, the value of power density 
also increased to a maximum. Power density subsequently decreased at 
higher voltage. Consequently, electron mobility in the circuit is reliant 
on the external resistance, resulting in a high current density as opposed 
to high power density [33,34]. GFG anodes produced the highest power 
density (59.21 mW/m2), with all materials bar RWFB (2.25 mW/m2), 
outperforming CF (5.44 mW/m2). 

The voltage generation pattern over time in closed-circuit mode was 
also monitored (Fig. 3(a)). All MFCs produced increasing voltage during 
the 30-day experiment, with renewed generation following the 
replacement of influent WW. The maximum power density was 
measured on day 25, where the GFG anode MFC produced 342.8 mW/ 
m2. MFC based upon RWFB anodes, again gave the lowest value (57.92 
mW/m2), closely followed by RWFP. GFG and RCCF outperformed CF- 
based systems (71.8 mW/m2) (Fig. 3(b)). System performance 
decreased after 32 days when the electrode stability issues began to 
dominate. 

Fig. 2. Polarization and power curve of MFCs with anodes prepared from (a) CF, (b) RCCF, (c), GFG, (d) RWFP and (e) RWFB.  
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Fig. 3. Time-dependent comparative (a) voltage generation of all MFCs, black arrows indicate substrate renewal, (b) Current density (CD)/power density (PD) curve 
for GFG, RCCF, RWFP, RWFB and CF. 

Fig. 4. CVs recorded for anode materials used in MFCs with CF a), RCCF b), GFG c), RWFP d) and RWFB e) anodes, at Day 1, Day 15 and Day 30.  
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3.2. Cyclic voltammetry analysis 

Cyclic voltammetry was employed to determine changes in electrical 
conductivity and electron transfer kinetics arising from biofilm forma
tion [35]. To gain an accurate view of anode performance, wastewater 
was used as the electrolyte during acquisition of CV data at various 
timepoints during the 30-day MFC trial of novel anodes. The initial 
current density was found to be greatest for the GFG anode, which sig
nifies the highest electrical conductivity of the five electrodes. Low 
current density was observed for the RWFB anode, confirming poor 
electrical conductivity. The enhanced current densities and appearance 
of redox peaks, along with higher area under the curve, observed at 
day-15 for all the electrodes implied anode colonisation and biofilm 
formation [36]. Redox activities and current densities for all MFCs 
gradually decreased on day 30 (D30), which we speculate is due to the 
low mechanical stability of the anodes (some physical disintegration 
was visually observed). The increase in peak current values and capac
itive behaviour of the GFG anode, when compared to RWFP, RCCF and 
CF anodes, suggests superior bio-catalytic activity, corresponding to 
good organic matter degradation and power generation (Fig. 4) [37]. 

3.3. Electrochemical impedance spectroscopy analysis 

Along with the cyclic voltametric study, EIS was carried out to aid in 
understanding charge transfer and ohmic limitations within the MFCs. 
The Nyquist plot for each electrode is shown in Fig. 5. The lowest 
impedance can be observed in the data for the GFG electrode which 
signifies high electrical conductivity - in agreement with the CV studies. 
A simplified Randles equivalent circuit model (ECM) (Fig. 5 (f)) was 
further used to extract data for ohmic resistance (R1), charge transfer 
resistance (R2) and the interfacial capacitance (C1) (Table 1). The trends 
in resistive and capacitive components on day 15 (D15) indicate that 
biofilm development had occurred in all MFCs, with capacitance 
increased substantially. The observed enhanced resistivity over time was 
likely due to a thicker and aged biofilm, which reduced the efficiency of 
electron transport to the electrode. Coupled with cathode cloth fouling, 
this may account for the variation observed by day 30 (D30), demon
strating the complex relationship between the mature biofilm and the 
electrode surface [38]. 

Fig. 5. Nyquist plots of the single-chamber MFCs measured at D1, D15 and D30 with anodes comprised of (a) CF, (b) RCCF, (c) GFG, (d) RWFP (e) RWFB and (f) 
Randles simplified equivalent circuit. Z’: Real impedance, Z’’: Imaginary impedance, R1: ohmic resistance, R2: charge transfer resistance and C1: double-layer 
capacitance. 
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3.4. Electrochemical active surface area analysis 

In order to determine the EASA, the electrochemical behaviours of all 
the electrodes as a function of scan rate were further probed using the 
Randles-Sevcik equation. Fig. 6 demonstrates the CV plots using anodes 
comprised of each material as a function of scan rate, with the EASA 
calculated via the Randles-Sevcik equation. The highest EASA was 
observed for the RCCF anode (0.484 cm2) followed by GFG (0.375 cm2), 
RWFP (0.203 cm2), CF (0.151 cm2) with the lowest for the RWFB (0.063 
cm2). The less porous structure of the GFG likely correlated with the 
EASA being lower than RCCF. 

3.5. COD reduction analysis 

Samples were collected from each MFC at D1 and D30 for COD 
analysis, with the reduction in COD shown in Fig. 7. The MFC containing 
the anode prepared from GFG was shown the highest COD reduction 
(82%), outperforming CF (73%). Good levels of COD reduction were 
attained by all systems, 69%, 65% and 61% for RCCF, RWFP, and RWPB, 
respectively. The high COD reduction observed in the GFG system can be 
correlated to the superior current density and enhanced bio- 
electrochemical performance. 

Table 1 
ECM fitted data for anode materials recorded on days 1, 15 and 30 of MFC operation.  

MFC Type Resistance & Capacitance based on ECM 

Day 1 (D1) Day 15 (D15) Day 30 (D30) 

R1(Ω) R2(Ω) C1 (nF) R1(Ω) R2(Ω) C1 (nF) R1(Ω) R2(Ω) C1 (nF) 

RWFB 649 3445 2.8 × 104 647 2370 1.6 × 105 1068 2890 3.0 × 104 

RWFP 158 2523 1.8 × 105 9.63 1723 1.9 × 105 649 3434 1.7 × 105 

RCCF 300 2002 1.7 × 105 239 957 2.2 × 105 244 1995 2.5 × 105 

GFG 9 70 1.2 × 105 4.75 10 1.0 × 106 7 16 1.1 × 105 

CF 452 1050 1.8 × 105 436 656 2.3 × 105 463 1402 2.0 × 105  

Fig. 6. Cyclic voltammetry at different scan rates of (a) CF, (b) RCCF, (c) GFG, (d) RWFP and (e) RWFB anode in 5.0 mM [Fe(CN)6]4- 3- solution containing 0.1 M 
KCl. Randles- Sevick plot (f) exhibiting the dependency of anodic peak current on the square root of scan rate for GFG electrode. 
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3.6. Morphology of biofilm on the anode surfaces 

SEM images of all anodes were acquired at D1 and D30 (Fig. 8). SEM 
was used to analyse the structure and morphology of the anodes at D1 
(Fig. 8 (b), (d), (f), (h) and (j)). For the GFG anode, the initial granular 

structure is subsequently coated by bacterial cells (some evident as rods) 
forming biofilm. Biofilm was also confirmed to be present on the surface 
of other electrodes at D30. GFG-based anodes exhibited increased sur
face coverage of a thick biofilm (Fig. 8 (f)), perhaps resulting from the 
hydrophilic nature of the GFG and good electrical conductivity of the 
GFG-based anode, whereas RWFB anodes demonstrated low surface 
coverage (Fig. 8 (j)). 

3.7. Cost analysis 

The cost of the anode in MFCs ranges from 20% to 50% of the total 
capital cost [9], suggesting that using recycled and cost-effective ma
terials can potentially reduce the cost of MFC significantly. 

The performance of GFG based anodes offers significant potential 
and from a cost perspective, anodes can be fabricated with the use of a 
stainless-steel mesh support material and sodium alginate (SA) at a total 
manufacturing cost of £65/m2-approximately an order of magnitude 
(90%) lower than the cost of a standard carbon based MFC, e.g. CF 
ranges in price from £635 to £794/m2 [21]. Recycled, biocompatible 
and conductive materials, such as recycled chopped carbon fibres or 
recycled water filters may be available at low/no cost, but preparation 
or pre-treatment can be required before anode fabrication. Fig. 9 shows 
the normalised cost (per m2) of anodes for MFC, with RCCF demon
strating a cost reduction of up to 87% when compared to CF. The cost 
associated with RWFP is solely the anode support and preparation cost, 
demonstrating a 93% cost reduction vs CF. 

Fig. 7. Comparative COD reduction for MFC prepared from low-cost/ 
recycled materials. 

Fig. 8. SEM image of different anode material of MFCs RWFP (a)–(b), RWFB (c)–(d), GFG (e)–(f), CF (g)–(h) and RCCF (i)–(j). Images at D1 (a), (c), (e), (g) and (i); 
images at D30 (b), (d), (f), (h) and (j). 
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3.8. Comparison of experimental results with available literature and 
future work 

Table 2 compares the results obtained from the present study to 
published works to validate and better understand the potential for 
application of recycled carbon materials. The complexity of the MFC 
systems and the mix of biotic and abiotic controlling parameters pre
vents direct comparison, however, several trend can be observed. 

The power density and the COD reduction attained with the MFC 
containing CF are comparable to equivalent systems studied in literature 
employing treated CF with a 30 mL chamber [39]. Given perhaps the 
changes in influent characteristics, the power density reported above is 
slightly higher than similar MFCs with CF anodes [40–42], nonetheless, 
this confirms the rational of the use of CF as the baseline material. Whilst 
increasing the environmental temperature or including a 
platinum-coated cathode could deliver increased energy production 
with carbon felt, such approaches incur additional costs and resources, 
paraphs outweighing the gain. The performance of the GFG-based MFCs 
against studies reporting the use of graphite granules (GG) shows sig
nificant promise for this material. The power density of the GFG-based 
MFC analysed in the present paper is 343.8 mW/m2, which is well 
above MFC with GG anodes, even characterised by bigger volumes of the 
MFC [19,43–45]. The 82% reduction of the COD identified in the present 
paper is in line with the literature [45]. Better performances can, 
furthermore, be obtained with physical and chemical surface modifi
cation, as demonstrated by Kim et al. [43]. 

The performance of RCCF is aligned with studies using carbon-based 
anodes in single and double-chamber MFCs [39,46], further demon
strating the potential to use recycling carbon fibres for anode fabrication 
in MFCs. Whilst researchers such as Yuan et al. [47] and Karuppiah et al. 
[48] reported superior performance for some carbon-based anodes, the 
substrate, inoculum, and operational parameters of such systems were 
different to the present study. Given that the performance of spent RWFP 
and RWFB as anodes for MEC has not been previously reported, Table 2 
compares the result with the work of Walter et al. who implemented a 
pristine water filter block with urine as the substrate, achieving a power 
density of 71.83 mW/m2 [22]. The value is 18% higher than the reused 
filter tested in the present study. The COD reduction is above 60%, in 
line with the performance of the RCCF. Theodosiou et al. [49] 

Fig. 9. Comparative normalised cost of different anodes used in MFCs.  

Table 2 
Comparative summary of MFC performance, with focus on anode materials.  

MFC type & size 
(mL) 

Anode treatment, (if 
any) 

Cathode & catholyte (if 
any) 

Membrane Substrate Temp 
(0C) 

Power density 
(mW/m2) 

COD reduction 
(%) 

Ref 

Carbon Felt (CF) 
SC (30) CF treated with GO SSM with Pt catalyst PEM SWW 33–37 77.82 83.7 [39] 
DC (25) CF treated with hot 

H2O2 

CF, 0.1 M PBS + 50 mM 
C6N6FeK3 

CEM SWW 30 0.18 – [40] 

DC (200) CF treated with HCl NP, 0.02 M PBS + 50 mM 
K3 

Nafion 0.1 M Glucose + 0.1 M 
PBS 

25 3.2 – [41] 

DC (220) Untreated CF CF PEM 13.6 g/L Gucose 35 45–67 45–67 [42] 
SC (50) Untreated CF AC + CB SSM – SWW & WW 18–22 71.8 73 This 

study 
Graphite granules (GG) 
DC (600) GG in SSM cylinder CF, K3 Nafion SWW 30 900a – [43] 
DC GG GG with Pt catalyst CEM SWW 22 ± 2 8a – [44] 
DC (1000) GG CF with MnO catalyst CEM SWW 22 ± 2 83 ± 11a – [19] 
DC (672) GG GG CEM SWW 25 137.4 82 [45] 
SC (50) Untreated GFG AC + CB SSM – SWW & WW 16–20 343.8 82 This 

study 
Carbon fibre/cloth/mesh/brush/Veil (CF/CC/CM/CB/CV) 
DC (112) CBr CC with Ti catalyst AEM – 25–30 4.25 – [46] 
DC (550) Carbon paper (CP) CP PEM Hydrolysate WW 20 123 – [47] 
DC (1100) Carbon Veil (CVe) CVe with PBS PEM Electroplate WW 27 ± 3 260–364 79–87 [48] 
SC (50) Untreated RCCF AC + CB SSM – SWW & WW 16–20 77.6 69 This 

study 
Activated carbon (AC) powder/filter 
SC CFV WFB – Urine  71.83 – [22] 
SC (15) CFV SCBF – TYE & AS – 10–15b – [49] 
SC (50) RWFB AC + CB SSM – SWW & WW 16–20 57.9 61 This 

study RWFP 59 65 

Notes. 
SC: Single chamber; DC: Double chamber; SWW: Synthetic wastewater; WW: Wastewater; TYE: Tryptone yeast extract. 
GO: Graphene oxide; CM: Carbon mesh; CBr: Carbon brush; CC: Carbon cloth; CSP: Coconut shell based powder; CFV: Carbon fibre veil. 
SCBF: Sintered carbon block filter; WFB: Water filter block; AC: Activated carbon; CB: Carbon black; SSM: Stainless steel mesh. 
PEM: Proton exchange membrane; AEM:Anion exchange membrane; CEM: Cation exchange membrane. 

a Values indicated mW/m3 normalised to anode chamber volume. 
b Result indicated as micro Watt/m.3. 
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demonstrated that sintered carbon block when used as a cathode in MFC 
with carbon fibre veil as an anode, produces negligible power (10–15 
μW), encouraging use of recycled sintered activated carbon filter 
(RWFB/RWFP) as anodes. The idea of using existing RWFP and RWFB 
has potential, having the advantage of addressing the problem of waste 
disposal of water filters abundantly used in developing countries. The 
comparison suggests, however, the need to improve the performance of 
RWFP or RWFB by investigation into low-cost surface treatments or 
addition of a small amount of AC or CB with RWFP, to increase the 
conductivity and subsequently enhance the overall performance. The 
use of recycling/waste material is an interesting opportunity for anode 
fabrication that can help resources to be kept in the market for a longer 
period of time, in line with the circular economy philosophy [40], 
diverting waste disposal from landfill and creating new markets for 
recycling materials. 

The main issue with the experimental approach employed was the 
decrease in anode stability following day 30, primarily due to the binder 
used. Anode integrity and stability are key for long-term performance, 
and in keeping with the sustainability theme, there is potential for the 
application of various biobased binder materials to be examined. Sec
ondly, increasing the power density could be realised via design of cir
cular/cylindrical/tubular MFCs, in which the electrode surface area to 
volume ration can be increased via use of concentric structures whereby 
the distance between the anode and cathode can be reduced. 

4. Conclusion 

Four cost-effective and recycled anode materials (GFG, RCCF, RWFB 
and RWFP) were compared to the research standard anode material 
(CF). All materials achieved a reduction in the COD of wastewater of at 
least 60%. The power density of the MFC with a GFG anode out
performed CF by a factor of 4.4, with a reduction in the manufacturing 
cost of 90%. The use of RCCF confirmed the potential of recycled carbon 
fibres, with a power density 7% higher than CF and costs up to 87% 
lower. The power density of recycled water filters was lower than that of 
CF, and 18% lower than the power density derived from novel water 
filters. Considering the environmental impact of reusing existing water 
filters, the cost savings, and the high availability of this waste material, 
future work will be directed towards improving the performance of 
recycled water filters with low-cost surface treatments, modified MFC 
architectures and sustainable binders to extend their integrity and sta
bility for long-term performances. 
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