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ARTICLE INFO ABSTRACT
Keywords: This study aimed to assess nano-pumice (NP) from pumice mining waste as a local, cost-effective
Pumice mine waste anode catalyst in microbial fuel cells (MFCs) for treating edible vegetable oil refinery wastewater
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(EVORW) and generating bioenergy. Pumice mining waste was converted into nano in three
stages: crushing up to <3 cm, reducing the size of the previous step particles to 150 pm and
converting the previous step particles to <100 nm. Nano-pumice prepared was coated on the
carbon cloth (CC) to increase anode surface area of MFC. Two MFCs were utilized, with MFC-1
serving as a control and MFC-2 incorporating a CC electrode coated with nano-pumice. The
surface morphology, elemental and chemical composition, and textural characterization of CC,
pumice, NP, and CC coated with NP were analyzed using FE-SEM, EDX, XRF, and BET techniques.
MFC-2 achieved a maximum power density of 30£4W/m? at a current density of 55+5A/m?®. The
MFC-1 reached a maximum power density of 184+4W/m?® at a current density of 35+6A/m>. In
MFC-2, the EVORW treatment achieved maximum removals of COD (94 + 2 %), NH;-N (85 + 4
%), TP (76 + 5 %), SO~ (68 + 6 %), TSS (81 + 2 %), and TDS (73 + 1 %). MFC-1 achieved
removal efficiencies of 66 + 3 % for COD, 57 + 6 % for NH4-N, 48 + 3 % for TP, 45 + 3 % for
S0%~, 65 =+ 3 % for TSS, and 61 =+ 1 % for TDS. MFC-2 power density rose significantly, reaching
61 + 3 % (1.6 times) higher than MFC-1and it also demonstrated a superior ability to improve
raw wastewater quality compared to MFC-1. The MFC with the CC/NP anode exhibited both
excellent power production and high COD removal efficiency, making nano-pumice a suitable
anode catalyst for MFC applications.
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1. Introduction

The vegetable oil production industry in Iran is undergoing a period of accelerated growth driven by rising demand for edible oil, a
phenomenon which can be attributed to population growth and increased food consumption in emerging nations [1]. The progressive
enhancement of living standards and alterations to dietary habits have resulted in a gradual surge in the demand for edible oils. Iran
currently has 42 facilities engaged in the production of vegetable oils, with an annual production capacity of approximately 2 million
tons [2]. Plant oils are of great importance to global nutrition, and are used extensively in food preservation and preparation [3].
According to the Food and Agriculture Organization (FAO) of the United Nations, the annual consumption of vegetable oil for food
purposes is anticipated to reach 210 million tons by 2024 [4]. A substantial impediment to the advancement of this industry is the
environmental hazard posed by the release of contaminants, such as polluted wastewater, which threaten the environment,
groundwater, surface water, and public health and safety [5].

The release of wastewater from vegetable oil producing refineries into natural water sources has been identified as a significant
source of pollution. This wastewater is characterized by high levels of organic load (i.e., COD and BOD), as well as large volumes of oil
and fat, suspended particles, and turbidity. The resulting pollution renders these water sources unfit for use [6]. Moreover, the
introduction of this wastewater into the sewage collection network and subsequently into the municipal wastewater treatment plant
gives rise to a number of issues, including network obstructions, disruptions in the settling units, a notable reduction in the con-
centrations of dissolved oxygen levels in the aeration tanks, disruptions in the activity of microorganisms, and overall faults in the
operation of the treatment system [7]. Furthermore, the discharge of this wastewater into surface water results in the uncontrolled
growth of algae, the creation of suspended compounds and layers associated with oil, and a change in the color of the surrounding
water. Therefore, it is imperative to carry out appropriate treatment of such effluent in accordance with environmental regulations and
standards before releasing it into the environment [8].

A variety of technologies have been employed in the treatment of wastewater from edible vegetable oil production refineries,
including physicochemical methods (such as coagulation/flocculation and adsorption), membrane processes, advanced oxidation
processes, electrochemical methods (such as electrocoagulation), and biological treatment methods [9-13]. Nevertheless, these
techniques necessitate a considerable input of energy and incur significant operational costs. Moreover, the current wastewater
treatment technologies are insufficiently sustainable to meet the ever-increasing demand for water sanitation. Therefore, it is
imperative that edible vegetable oil production facilities implement an appropriate wastewater treatment system in order to facilitate
the reuse of wastewater as an alternative water supply and the generation of valuable products such as bioenergy [12,14]. Bio-
electrochemical systems (BESs) represent a technique that has been extensively investigated for its potential applications in waste-
water treatment and energy generation. This method effectively mitigates pollutants without the necessity of adding chemical
components [15].

The bioelectrochemical system (BES) is a device that uses microbes as catalysts to drive oxidation and/or reduction reactions at
electrodes, thereby extracting energy from organic matter present in wastewater or organic waste. In these devices, microbial com-
munities must utilize either a solid electron acceptor (bioanode) or an electron donor (biocathode) as a crucial component of their
metabolic processes. The potential applications for this technology are numerous and include wastewater treatment, power produc-
tion, bioremediation, and the production of valuable chemicals. Consequently, BESs are recognized as an environmentally friendly
technology for wastewater treatment [16,17]. BES can be classified as environmentally friendly technologies because they facilitate
the conversion of organic substances and waste into energy or chemicals in a manner that does not harm the environment. Microbial
fuel cells (MFCs) represent a significant category of BES, comprising over 80 % of such systems.

MFCs demonstrate the potential to convert the chemical energy stored in organic chemicals and biodegradable materials into
electrical energy through the use of microorganisms, while also effectively treating wastewater [18,19]. Although MFCs have practical
applications, their acceptance for field applications has been limited due to the costly materials used in the fabrication of MFCs or
synthesis of electrode catalysts and low power density. Additionally, the properties of the anode material greatly influence the power
generation of MFCs, as the anode is the primary site for exoelectrogen attachment and electron transfer. Therefore, a high-performance
anode composite/structure is essential to improve the power outputs of MFCs [20].

Various nanostructured materials such as polyaniline-polypyrrole composite hydrogel [21], polypyrrole/chitosan [22], TiO,
nanotube arrays (TNA) [23], Heteroatom-doped porous carbon nanoparticle-decorated carbon cloth (HPCN/CC) [24], iron oxide
(Fex03)-MXene (TizCy) [17], molybdenum oxides (MoOy) are doped with various types of non-metal atoms (N, P, and S) [25], CoFe304
nanoparticles [19], CogFeSg-FeCo204/N-CNTs@CF [26], nano-molybdenum disulfide/carbon nanotubes [27], Polyaniline-MXene
[28], MnO;@MZXene [20], TisCy MXene with NHZ [29], Nickel-Cobalt oxides coated on polypyrrole nanotubes [30], nano hy-
droxyapatite (nHA)/CNTs [31], and FeSo@CNT [32] had been used to modify the MFC electrodes and fabricate high-performance MFC
anodes to increase the MFC power density output. However, the high cost of these materials and the complex synthesis methods
involved have so far hindered their profound application in the system [33,34]. Therefore, in order to reduce the cost of the MFC and to
make it a commercially viable proposition, it is necessary to devote greater attention to the development of low-cost catalysts with high
performance characteristics. In other words, the selection of potential anode materials and anode surface modification, as well as the
analysis of the impact of surface characteristics on microbial energy production, are crucial for enhancing the power generation ca-
pacity of MFCs [32,35].

Therefore, a substantial number of investigations are necessary to identify cost-effective materials that can reduce the production
costs of these systems and enhance their efficiency in terms of bioenergy generation and wastewater treatment. This study examined
the potential of utilizing natural geomaterials or locally sourced minerals, in conjunction with nanomaterials derived from pumice
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mine waste, as catalysts for anode electrodes. Pumice is a lightweight volcanic rock that occurs in a variety of colors and contains high
amounts of silicon and aluminum. It is a naturally occurring pozzolan, formed when lava cools and solidifies. This compound is
extensively distributed in several areas of Iran, including Kurdistan, Ardabil, Tabriz, Kermanshah, Alborz, Kerman, Sistan and Balu-
chestan, and Khorasan. It is widely and easily obtainable at a modest price [36,37]. Pumice exhibits high chemical stability, high
mechanical strength, high porosity, and high specific surface area. These qualities and benefits have led to its utilization as an
absorbent to eliminate a range of contaminants from water environments [38]. Nevertheless, the use of this catalyst at nano-scales for
anodic purposes in MFC has yet to be investigated.

The efficacy of MFCs in the removal of contaminants from a range of wastewater sources, including industrial, domestic, food
processing, and animal waste, has been demonstrated through research. The potential for the generation of sustainable energy through
the treatment and reuse of wastewater has attracted global attention [31,39]. The edible vegetable oil refinery’s wastewater (EVORW)
contains a significant amount of organic matter that can be employed for the generation of bioelectricity through the use of microbial
fuel cells (MFC). In this study, MFCs were created using both nano-pumice, a low-cost catalyst derived from local pumice mine waste,
and without it. The goal was to compare the voltage and power generation of two types of MFCs, as well as their effectiveness in
removing organic matter and nutrients from edible vegetable oil wastewater for potential reuse.

2. Material and methods
2.1. Electrode preparation

The anode and cathode electrodes were constructed using carbon cloth. Prior to use, the cloth was soaked in a wetting agent for 24
h to remove surface impurities, then rinsed with deionized water and air-dried for another 24 h. The pumice used as an electrode
catalyst in this study was sourced from mining waste in the Qorveh region of Kurdistan province, Iran. At first, the necessary quantity
of pumice grains underwent numerous washes with distilled water to eliminate any contaminants. Then, the cleaned granules were
subjected to a drying process at 103°C for 6 h using a forced air-drying device to remove any moisture present. During the subsequent
phase, the pumice grains were pulverized using a cone crusher until they reached dimensions that were either smaller or equal to 3 cm.
The particle size was further reduced to 150 pm using a micronizer. The resulting particles were mixed with water and fed into the
satellite mill chamber to achieve dimensions below 100 nm. The milled particles were then directed to a spray dryer. At this point,
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centrifugation was employed to separate the bigger particles from the tiny particles in the mixture. The nanoparticles section was dried
using a spray dryer to remove water molecules from the pores on the particle surfaces. Once dry, the nano-pumice particles were
immediately ready for use. A pressure rolling technique, as outlined in previous studies, was employed to apply a layer of nano-pumice
onto carbon cloth [40-42]. Then, ethanol was combined with nano-pumice and the combination was meticulously mixed with a PTFE
binder using ultrasonic mixing in order to create a catalytic paste. During the next phase, the mixture was used for both the anode and
one surface of the cathode using a rolling machine. During the last phase, the electrodes that had been manufactured were subjected to
heat treatment at a temperature of 160°C in an oven in order to dry them before usage. Finally, the electrodes were divided into squares
of 2 x 2 cm for practical purposes.

2.2. Real edible vegetable oil refinery wastewater (EVORW)

Wastewater samples were collected from a nearby edible vegetable oil refinery in Tehran, Iran. Sampling was performed once every
three days. A total of 48 samples were taken from after passing through a grease and oil trap and before treatment in order to obtain a
clear picture of the quality of effluent. It was then stored in PVC bottles at a pH 4 and a temperature below 4 °C to prevent biodeg-
radation of the wastewater. The physicochemical properties of the samples such as pH, temperature, electric conductivity (EC), total
solids (TS), total suspended solids (TSS), total dissolved solids (TDS), turbidity, chemical oxygen demand (COD), biochemical oxygen
demand (BOD), ammonia nitrogen (NH4-N), and total phosphorus (TP), were analyzed using standard methods [43]. The pH, tem-
perature and electric conductivity parameters were examined in situ. The various concentrations of wastewater were created by
diluting with distilled water.

2.3. MFC construction and operation

In this study, two MFCs, designated MFC-1 and MFC-2, were constructed. MFC-1 was employed as the control, with no modifi-
cations made to the electrode. In contrast, MFC-2 was constructed with a catalyst-modified electrode. Both MFCs were made using 500
mL glass bottles and designed as dual-chamber systems. A proton exchange membrane (PEM) comprising Nafion (NAFION 117, Sigma-
Aldrich) separates the chambers. Prior to use, the PEM was cleaned in accordance with the methodology outlined in a previous study
[44]. The anode electrode was composed of carbon cloth coated with nano-pumice, which served as the catalyst. These electrodes were
connected by copper wire, which was linked to an external resistor. A digital multimeter was connected to the resistor in order to
measure the output voltage generated by the MFC. Fig. 1 depicts the schematic view of the MEC used in the study. The polarization
curve was obtained by measuring the output voltage as a function of external resistance, with values ranging from 1000 to 25 Q. Once
the maximum stable voltage was reached, the most suitable resistance was introduced into the circuit.

The MFCs were operated in batch mode. The whole operation time of the MFCs reactor was 120 days. During the start-up phase, the
MEFCs were run at open-circuit voltage (OCV) conditions, as previously described. The anode chamber was inoculated with sodium
acetate, anaerobic digester sludge that had undergone thermal pre-treatment, phosphate buffer, minerals, and vitamins [44]. Sub-
sequently, the process was conducted with actual wastewater as the anolyte. 2-bromoethanesulfonate was introduced to the sample in
order to suppress the activity of methanogenic bacteria. To eliminate oxygen and establish anaerobic conditions in the anode chamber,
nitrogen gas was introduced into the chamber for a period of 20 min at the outset of the procedure. The cathode chamber was filled
with phosphate buffer, specifically a solution containing 50 mM of potassium dihydrogen phosphate, which served as the catholyte.
The dissolved oxygen concentration was maintained at a level between 4 and 5 mg/L by means of continuous aeration, which was
achieved through the use of an aquarium air pump. Once the system had reached a consistent voltage output during the acclimation
phase, it proceeded to the experimental phase, utilizing actual wastewater from the edible vegetable oil refining factory. The contents
of the anode chamber were vigorously stirred using a magnetic stir bar. The system was operated at a temperature of 35 + 2°Cand at a
neutral pH (between 6.8 and 7.2). A phosphate buffer solution was employed to adjust the pH. Subsequently, when the voltage
generated fell below 100 mV, the analyte was replaced. An external mediator was not utilized within the anode chamber. Furthermore,
because the wastewater utilized as fuel in the system had a high electrical conductivity, there was no need to include an electrolyte in
the system.

2.4. Analysis and calculation

The surface morphology, elemental and chemical composition and textural characterization of carbon cloth (CC), pumice (P),
nano-pumice (NP), and carbon cloth coated with nano-pumice were conducted using field emission scanning electron microscopy (FE-
SEM, S4160 manufactured by HITACHI Co., Japan), energy dispersive X-ray spectrum (EDX) using the same instrument, X-ray
fluorescence analysis(XRF, Xpert Philips PW 3040/60, Lum Cu, The Netherlands), and Brunauer-Emmett-Teller (BET, Belsorp mini II,
Bel model, Japan) techniques. In order to ascertain the efficacy of the bio-treatment process employed by the MFC for the purpose of
reuse, a series of physicochemical analyses were conducted on wastewater samples, with a view to determining the levels of COD,
BODs, NH4-N, P, SO%’, TSS and TDS present. These analyses were carried out in accordance with the relevant standard methods. In
addition, a digital multi-meter was used to measure the voltage and current generated by the system, with a view to assessing its
bioenergy production capacity.

The current was determined by formula I = U/R, where R represents the resistance () and U (V) represents the voltage across the
resistor. The power was determined using equation P =1 x V, where P (W) and I (A) represents power and current. The power density
and current density were determined by dividing the current and power by the reactor’s volume, respectively. The formulas used were
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CD (A/m®) = I/reactor volume and PD (W/m®) = P/reactor volume. The coulombic efficiency (CE) and energy efficiency (EE) were
calculated using the specified formulas, as previously outlined [45]:

"t
CE:M/ Idt/FnVACOD 1
0

t
EE= / PIdt / AHng 2)
0

where M is the molecular weight of oxygen (O3), I is current generated during whole batch cycle (A), t (d) is the running time of MFC
reactor, F is Faraday’s constant (96485C/mol-electrons), V is anolyte volume (L), A H(J/mol) is the heat of combustion and ny is the

amount (mol) of substrate provided.
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3. Results and discussion
3.1. Morphological, elemental, chemical and textural characterization of samples

The surface morphologies of the pure carbon cloth (CC), pumice, nano-pumice (NP), and CC/NP were observed using FE-SEM and
are displayed in Fig. 2. As illustrated in Fig. 2a and b, prior to the coating procedure, the fiber surface of CC is characterized by a
smooth texture. Liu et al. and Cho et al. have pointed to the smooth surface of the carbon cloth fiber before the coating process [46,47].
The surface morphology of the pumice, as depicted in Fig. 2¢, displays notable porosity, an uneven texture, and a somewhat rough
surface. The result well corresponded with the previous studies that the pumice had high porosity, irregular shapes and relatively
rough surfaces [38,48].

As illustrated in Fig. 2d and e, the nano-pumice micrograph reveals particles with an average size of less than 100 nm, which
indicates that the nano-pumice manufacturing process was effective. The FE-SEM study results demonstrate that this structure en-
hances the sorption capacity of pollutants by producing porosity and increasing the number of channels. Eslami et al. (2020) also
reported nano-pumice has a porous surface with dimensions in the range of <100 nm [49]. Upon coating the carbon cloth with
nano-pumice, a uniform distribution of solid particles was observed across the surface of the cloth, exhibiting a random pattern. After
the coating procedure, the surface of the CC became rough and adorned with nano-pumice particles (Fig. 2f), indicating the presence
and arrangement of these particles on the fiber of the CC.

The XRF and EDX analysis revealed the chemical and elemental composition of the pumice, which is presented in Table 1. The XRF
revealed that the primary components of pure pumice are SiO3, Aly03, K5O, Feo03, and Nay0, with SiO, being the most abundant.
Additional constituents, including CaO, MgO, MnO, ZrO,, and P205 were also identified in their composition. Other studies have
referred to SiO as the main composition of the pumice structure [49,50]. The EDX analysis revealed the existence of silicon (Si) and
aluminum (Al) as the primary components in the oxide, along with oxygen. Furthermore, trace elements, including carbon (C), sodium
(Na), magnesium (Mg), potassium (K), calcium (Ca), iron (Fe), and zirconium (Zr) were identified. The inclusion of silicon, aluminum,
and iron oxides in pumice materials indicates the robustness and durability of pumice. Similar results have been reported by Dagwa
et al. and Khataee et al. [37,51].

The study investigated the alterations in the specific surface area and pore volume as a result of coating nano-pumice particles on
CC by Nj adsorption experimentation. Table 2 shows that the CC/nano-pumice composite had more surface area and pore volume
compared to the pure pumice and CC samples, respectively. The variations observed can be ascribed to the existence of nanoscale
pumice particles on the CC samples. Khataee et al. (2018) reported the surface area and pore volume of the ZrO,-pumice and ZrO,-tuff
nanocomposites were higher than those of the pure pumice and tuff samples, respectively. These differences were attributed to the
presence of nanosized ZrO, particles on the pumice and tuff [37]. It was speculated that the nano-pumice particles primarily adhered
to the surface of the CC. Additionally, CC/NP offered a conducive and biocompatible extensive surface area for the growth of bacteria,
a desirable characteristic for an anode to enhance the efficiency of MFC. The results of the present study are comparatively better than
Eslami et al. (2018) that reported specific surface area and pore volume 6.4693 m2/g and 4.3 cm®/g for nano-pumice, and 9.79 m?%/g
and 4.79 ecm®/g for pumice/HDTM.Br nano composite, respectively [49]. Also, the results of the present study are comparable to
Khataee et al. (2018) research where a surface area 1.02, 0.92, 5.87, 1.16 mz/g and pore volume 0.23, 0.21, 1.35 and 0.27 cm3/g for
pure pumice, tuff, ZrOs-pumice and ZrO»-tuff nanocomposites has been reported, respectively [37].

3.2. Edible vegetable oil refinery wastewater characterization

Analysis of wastewater samples is essential to understand changes in pollution levels over time, to determine the composition and
concentration of various substances, and to effectively manage the treatment process. Treatment efficiency is greatly influenced by the
presence of chemical and organic pollutants. Wastewater from edible oil manufacturers contains a significant amount of both organic
and inorganic substances. Table 3 provides a summary of the attributes of the wastewater samples. As can be seen in Table 3, the
effluent from the edible vegetable oil refinery had elevated levels of COD and BODs concentrations. The values of COD and BODsg
ranged from 23768 + 2690 mg/L to 9745 + 2070 mg/L, respectively. The BOD5/COD ratio, also known as the biodegradability factor,
is a measure of the ability of the organic matter in wastewater samples to be degraded by biological processes. A high ratio suggests
that biological treatment methods can be used in this particular case. The bio-degradability index (BI) is defined as the ratio of BODs to
COD. The metric BI quantifies the viability of using edible vegetable oil refinery wastewater for additional biological treatment. Prior
to selecting a bio-based wastewater treatment, it is crucial to be aware of the biodegradability index (BI) of the untreated wastewater. If
the BOD/COD ratio is greater than 0.6, then the waste can be considered highly biodegradable. Seeding is necessary for biological
treatment of wastewater with a BOD/COD ratio of 0.3-0.6, although this approach may result in a delayed treatment process. If the
ratio of BOD/COD is less than 0.3, biodegradation does not occur, and therefore, biological treatment is not possible [9]. The study

Table 1
The chemical and elemental composition from the XRF and EDX analysis of pumice.
Type of analysis Al,O3 CaO Fe,03 K20 MgO MnO Na,O P,0s SiOy ZrOy
Pumice XRF (%) 8.275 0.782 1.591 4.312 0.438 0.253 1.207 0.044 48.069 0.052
C o Si Al K Na Ca Fe Mg Zr
EDX (%) 0.33 64.58 24.22 5.94 1.74 0.62 0.95 1.03 0.59 0.00
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Sample

specific surface
area (mz/ 2)

Pore volume (cm®/ )

Bare Carbon cloth

Pure pumice

nano-pumice

CC/nan-opumice (nano-pumice coated on carbon cloth)

28.15
1.24
7.11
63.48

0.082
0.33
5.12
0.117

Table 3

Physicochemical characterization of the edible vegetable oil refinery wastewater.
Parameter Unit Value
COD mg/L 23768 + 2690
BODs mg/L 9745 £ 2070
Total Phosphorus mg/L 125+ 8
ammonia Nitrogen mg/L 293 £ 14
TS mg/L 6830 + 1024
TSS mg/L 2315 + 285
TDS mg/L 4694 + 387
SOF mg/L 853 + 104
0il & Grease mg/L 4721 + 595
pH - 9.21 £0.74
Turbidity NTU 2070 £ 315
electrical conductivity ps/cm 5910 + 927
BI (BOD/COD ratio) - 0.4 + 0.03
Temperature °C 44 + 5

found that the Biological Index (BI) of the effluent from the edible vegetable oil refinery was 0.4 &+ 0.03.

The concentration of total suspended solids (TSS) and turbidity in the wastewater samples extracted directly from the effluent drain
of the vegetable oil refinery was high, with values ranging from 2315 + 285 mg/L and 2070 + 315NTU. This is because the samples
were not subjected to any sedimentation processes. The presence of suspended solids in the effluent indicates that they contribute to
the levels of BODs and COD in the wastewater. The BODs, COD, and TSS values indicate that the process wastewater has a fluctuating
high contamination level. The study investigated ammonia nitrogen (NH4-N) and found high levels of NHj-N, ranging from 293 + 14
mg/L. This suggests that the most of the nitrogen is present in the form of ammonia, which is commonly found in wastewater refineries
that process edible vegetable oil. The EVORW samples had an alkaline pH, ranging from 9.21 + 0.74, indicating a significant level of
alkalinity. The neutralization process in soap production introduces phosphorus (P) content into wastewater through the sodium salts
of the fatty acids soap stock. Vegetable oil effluent contains significant levels of phosphorus due to the extensive use of phosphoric acid
during in the degumming process. Similarly, EVORW is characterized by a significant presence of chemical contaminants, including oil
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and grease (4721 + 595 mg/L) and sulfate (SO?{, 853 + 104 mg/L).
3.3. MFC performance during the start-up and acclimation phase

The growth of a biofilm of electroactive bacteria on the anode electrodes is a critical feature in maintaining organic matter and
facilitating power generation in microbial fuel cells (MFCs). Fig. 3 shows the performance of MFC-1 and MFC-2 at start-up and in open
circuit voltage (OCV) mode. As shown in Fig. 3, during the acclimatization phase, MFC-1 achieved a stable voltage range of
0.516-0.611V after three cycles. During the same period, MFC-2 achieved a stable voltage range of 0.723-0.814V after three cycles.
The modified anode showed a higher OCV compared to the original anode, leading to the conclusion that it achieved the maximum
OCV (OCV of MFC-2 significantly increased by 33 % (1.3 times) higher than that of MFC-1). The results suggest that both MFCs have
been successfully commissioned and are now ready for actual wastewater treatment experiments. However, the high open circuit
voltage (OCV) in MFC-2 indicates that there is excellent adhesion of electrogenic microorganisms and a significant accumulation of
electrons on the surface of the modified carbon cloth (CC) due to the deposition of the nano-pumice. Furthermore, the incorporation of
an anode catalyst nano-pumice in MFC-2 results in a significant reduction of the start-up time by an average of 47 % as compared to
MFC-1. The use of nano-pumice as an anode catalyst increased the surface area and space available for electrogenic bacteria to attach
to the anodic surface. This allowed for a greater number of bacteria to be accommodated on the anode surface, thereby promoting
stronger interaction between the bacteria and the anode. As a result, a more stable biofilm capable of generating electricity was
formed. The measured open circuit voltage (OCV) of MFC-2 was similar to that of other materials employed as anode catalysts, such as
MnO,/PPy/Carbon felt (451 mV) [52], rGO/MnO,/Carbon felt (700 mV) [53], NiO/MnOy/Carbon felt (652 mV) [54], NiO/CNT/-
PANI/Carbon cloth (642 mV) [55], and NiO/PANI/Carbon felt (725 mV) [56].

Actual wastewater was introduced into the system by dilution at different COD concentrations and the OCV for each of these COD
concentrations was also analyzed (Fig. 4). Different voltages were recorded in both types of MFCs at different COD concentrations. The
maximum voltage generated in MFC-1 was 0.804 + 0.02V at a COD concentration of 4000 mg/L. Similarly, the maximum voltage
generated in MFC-2 was 1.126 + 0.01V when the COD concentration was 12000 mg/L. As the COD concentration increased, the OCV
decreased with increasing substrate loading. Possible explanations for this phenomenon include the influence of increased COD levels
on microbial activity within the anode chamber, increased internal resistance of the anode chamber and increased charge transfer
resistance. After analyzing the data, it was determined that the most effective COD concentration for further studies with varying
external loads was 4000 mg/L for MFC-1 and 12000 mg/L for MFC-2. It was also found that MFC-1 achieved a stable OCV at different
COD concentrations after a period of 5 days, while MFC-2 achieved the same stability within 3 days.

The MFC-1 system, with a COD concentration of 4000 mg/L and a reaction time of 5 days, and the MFC-2, with a COD concen-
tration of 12000 mg/L and a reaction time of 3 days, were tested to determine their closed circuit voltage (CCV) production. This was
done by varying the external resistance from 1000 to 25Q. As shown in Fig. 5, the voltage produced by MFC-1 remained fairly constant
as the external resistance was reduced from 1000 to 200Q. There was a significant decrease in voltage when the external resistance
changed from 200 to 25Q. During the MFC-2 experiment, the voltage generated remained rather constant when the external resistance
decreased from 1000 to 50Q. However, there was a significant drop in voltage occurred when the external resistance was further
reduced to 25Q. The MFC-1 achieved a maximum closed circuit voltage of 0.765 + 0.04V with a resistance of 2009, while the MFC-2
achieved a maximum closed circuit voltage of 1.114 + 0.01V with a resistance of 50Q. When a 200Q external resistance was added to
the MFC-1 electrical circuit, the removal of COD reached 65 + 4 %. Similarly, in MFC-2, with a resistance of 50 2, the COD removal
reached 93 + 3 %. In all MFC systems, the values of these parameters were higher than in other systems. Additionally, the percentage
of COD removal increased by ~4 % and 11 % in MFC-1 and MFC-2, respectively, compared to the open circuit mode (Fig. 5).

The polarization curve shows the variations in voltage and power density as a function of current density (Fig. 6). For MFC-1 the
ideal resistance is 200Q, while for MFC-2 it is 50Q. From Fig. 5, it can be seen that in MFC-1, the current density peaked at 35+6A/m?
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Fig. 4. Performance of MFC-1 and MFC-2 during open circuit voltage with different COD concentrations.
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and the power density peaked at 184+-4W/m? before declining. However, in MFC-2 the current density also reached a value of 554+-5A/
m?, and the power density rose to 304W/m? before declining (Fig. 6). This increase was approximately 61 + 3 % greater than that
observed in MFC-1. The anode coated with nanoparticles (NP) significantly improved the maximum power density of the microbial
fuel cell (MFC). This improvement was observed in the MFC with the NP-coated anode, indicating a significant increase in power
density. The voltage in the polarization curve decreased as the current density increased, mainly due to variables such as membrane
fouling and other losses encountered during MFC operation, including activation losses, ohmic losses and concentration losses. The
superior performance of MFC-2 using nano-pumice as the anode catalyst compared to MFC-1 in this investigation can be attributed to
the increased surface area of the anode. This increased surface area allows for improved conductivity for the generation and transfer of
electrons. The increased surface area of the anode facilitates more efficient electron transfer, resulting in a reduction in the internal
resistance of the system [23]. In addition, the increase in power density can be attributed to the addition of electrochemically active
bacteria to the anode surface, which enhances electron transfer in the MFC system. The findings of the current investigation were
consistent with prior studies. Y. Wang et al. (2020) reported a power density of 14W/m® [57], while J. Jiang et al. (2011) reported a
power density of 11.8W/m? in a two-chambered microbial fuel cell [58]. Y. Zhang et al. (2011) reported a power density of 14W/m?>
[59]. In a study conducted by M. Behera in 2009, the power density of 11.04W/m° was found in a two-chambered microbial fuel cell
[60].

Coulombic efficiency (CE) is a measure of the proportion or percentage of electrons that are successfully recovered as a current, in
relation to the total number of electrons generated during the degradation of a substrate. Fig. 7 shows the CE variation with the current
density for resistances of 200 Q and 50 Q for MFC-1 and MFC-2, respectively. The highest achievable CE was 47 + 5 % and 78 + 3 % in
MFC-1 and MFC-2, respectively. The results showed that for both MFC-1 and MFC-2 systems, the CE showed an upward trend with
increasing current density. However, this increase was 31 + 2 % higher in MFC-2 than in MFC-1. The highest CE achieved in MFC-2
was more satisfactory, confirming the performance of the MFC in effectively utilizing a significant amount of organic matter for
electricity production throughout the treatment. The CE of an MFC is influenced by various elements such as the biodegradability of
the substrate, conductivity of the electrode materials, external resistance, operating conditions and microbial activity [61]. In this
study, the increase in CE in MFC-2 to the enhanced surface area and conductivity of the redesigned electrode, which in turn reduces
internal resistance. The highest CE achieved in MFC-2 was similar to that of MFCs treating food waste leachate (66 %) [62], MFCs
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treating synthetic wastewater (44.9 %) [56], and MFCs treating effluent drain from the vegetable oil sector (36.5 %) [63]. The EE of a
MEC is determined by the ratio of the energy recovered to the energy content of the biodegradable substrates. The EE at the point of
maximum CE was observed to be 13 + 2 % in MFC-1 and 28 + 1 % for MFC-2. This represents an increase of 14 + 3 % in MFC-2
compared to MFC-1. The findings of the current investigation are superior to those of J. Choi and Y. Ahn (2015), who reported an
EE of 13.8 % at the point of maximum CE [64].

3.3.1. Influence of OLR on the electricity generation

MFC-1 and MFC-2 were operated at various organic loading rates (OLRs) ranging from 0.34 to 8gCOD/L-d. MFC-1 was operated at
an external resistance of 200Q, whereas MFC-2 was operated at an external resistance of 50Q. Fig. 8 shows the voltage, power density,
and current density was measured as a function of OLR when a two-chamber MFC was used in batch mode to treat wastewater from an
edible vegetable oil refinery. Fig. 8 clearly shows that in MFC-1, as the OLR increased from 0.34 to 1.34gCOD/L-d, the voltage
generated increased from 0.273 to 0.783V, which is an increase of over 90 %. Similarly, in MFC-2, as the OLR increased from 0.34 to
4gCOD/L-d, the voltage generated increased from 0.563 to 1.117V, which is also an increase of over 90 %.

The reason for this is that higher OLRs can effectively provide more materials for electrogenic bacteria to use, thereby promoting
chemical energy recovery. However, as the OLR increased from 1.34 to 8gCOD/L-d in MFC-1 and from 4 to 8gCOD/L-d in MFC-2, the
power density, current density and voltage generated in both systems decreased. The rate of reduction was greater in MFC-1 than in
MFC-2. This suggests that an extremely high OLR can lead to the accumulation of volatile fatty acids in the MFCs due to the reduced
interaction time between microorganisms and substrate, as well as limitations in mass transfer. As a result, this can inhibit power
generation in the MFC. In addition, increased OLR in the anode chamber can lead to a higher probability of membrane fouling, which
can have a negative impact on voltage generation. Furthermore, the presence of higher OLR leads to an increase in the activity of
methanogenic microorganisms. This increase has a negative effect on the power generation capacity of electrogenic bacteria [44].
Therefore, the MFC may reach its highest voltage output at a certain OLR. However, when the OLR exceeds this threshold, the voltage
output decreases. The study found that the MFC-1 can handle a maximum load of 1.34gCOD/L-d of edible vegetable oil refinery
effluent, while the MFC-2 can handle up to 4gCOD/L-d. Therefore, loading rates of 1.34gCOD/L-d and 4gCOD/L-d were chosen for
MFC-1 and MFC-2, respectively, as these rates resulted in the highest power generation. When comparing the performance of the anode
catalyst nano-pumice with the MFCs published in the literature (I. Gajda et al., 2020; R. Aryal et al., 2019; Y. Wang et al., 2020; X. Xing
et al., 2020), it is evident that the former exhibits superior performance [57,65-67].

The coulombic efficiency (CE) in MFC-1 decreased with increasing OLR from 41 + 2 % at 0.34gCOD/L-d to 9 + 1 % at 8gCOD/L-d.
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Similarly, the CE in MFC-2 decreased from 79 + 5 % to 19 + 2 % (Fig. 9). There was also a decrease in EE with increasing organic
loading. The presence of a highly saturated anode surface can lead to the stimulation of side populations such as methanogens and
heterotrophs. These populations can then compete with the electrogenic bacteria for substrates, ultimately reducing the activity of the
electrogenic microorganisms. Electrogenic bacteria show superior dominance over other microbial communities at lower OLRs.
Furthermore, at higher OLRs, current production is limited by a decrease in the rate of electron transfer from the supplied organic
matter. At higher OLRs, a smaller proportion of the substrate is used to produce electricity [21]. Also, Energy efficiency (EE) decreased
as OLRs increase (in MFC-1 from 18 + 3 % at 0.34gCOD/L-d to 3 + 0.7 % at 8gCOD/L-d and in MFC-2 from 32 + 2 % at 0.34gCOD/L-d
to 10 + 1 % at 8gCOD/L-d). The highest CE was obtained in MFC-2, where the electrode catalyst was consisted of nanoparticles (NP).
This configuration facilitated the utilization of a greater proportion of organic matter by electrogenic bacteria, which were able to
adhere to the larger surface area of the anode provided by the NP. As a result, there was an efficient transfer of electrons and protons
occurred between the bacteria and the electrode. The findings of this work were consistent with previous research conducted by X. M.
Li et al. [68], K.B. Ghoreishi et al. [69], and M. Ghasemi et al. [70], where a CE of 63.4 %, 16 %, and 21 % was recorded, respectively.

3.3.2. COD removal

The measure of organic matter removal efficiency in MFCs is often represented in terms of COD removal. Fig. 10 shows the COD
removal efficiency of the MFC during the process of power production and wastewater treatment at various OLRs. It was found that in
MEFC-1, the COD removal efficiency was 66 + 3 % when the OLR increased from 0.34 to 1.34gCOD/L-d. However, in MFC-2, the COD
removal efficiency was 94 + 2 % when the OLR grew from 0.34 to 4gCOD/L-d. The further reduction in COD in MFC-2 can be
attributed to the nano-pumice electrode catalyst, which provides a large surface area and many sites for bacterial adhesion, promoting
the formation of a biofilm. This in turn enhances the bio-electrocatalytic oxidation of the organic substrate, resulting in improved COD
removal. However, in MFC-1, when OLRs ranged from 1.34 to 8gCOD/L-d, and in MFC-2, when OLRs ranged from 4 to 8gCOD/L-d, this
situation resulted in a decrease in COD removal efficiency to about 34 + 2 % in MFC-1 and 68 + 6 % in MFC-2. This can be attributed to
the suppression of microbial activity due to the increased organic loading in the MFCs. The decrease in COD removal efficiency in MFC-
2 was less significant compared to MFC-1, which can be attributed to the larger anode surface area in MFC-2. The results of this work
was consistent with our prior findings that the production of power from MFCs had a significant correlation with the strength of
wastewater, specifically the concentration of COD [45]. The findings of this study provide superior results compared to the studies
conducted by S. Zou et al. (2018) [71], N. Yang et al. (2018) [72], and Y. Wu et al. (2017) [73], which showed COD removal effi-
ciencies of 69 %, 89 %, and 64 % respectively.

3.3.3. Nutrients (NH4-N and P) removal

Nutrient pollution is a common issue in numerous industrial wastewaters. The impact of OLR on the removal of nutrients (ammonia
and phosphorus) from the incoming flow of the two-chamber MFC was investigated as shown in Fig. 10. Based on the data presented, it
can be observed that in MFC-1, there was an increase in the removal of NH-N and P in the anode effluent as the OLR increased from
0.34 to 4gCOD/L-d. Similarly, in MFC-2, there was an increase in the removal of NH;-N and P in the anode effluent as the OLR
increased from 0.34 to 5.37gCOD/L-d. In MFC-1, the removal effectiveness of NH4-N ranged from 16 + 2 % to 57 & 6 %, with a
maximum of 57 + 6 %. Similarly, the removal efficiency of P ranged from 12 + 1 % to 48 + 3 %, with a maximum of 48 + 3 %. The
removal efficiencies of NH{-N and P in MFC-2 ranged from 42 + 2 % to 85 = 4 %, with a maximum of 85 + 4 % for NH4-N and from 27
+ 3% to 76 + 5 %, with a maximum of 76 + 5 % for P. In MFC-1, when the OLR was increased to 8gCOD/L-d, the values decreased to
34 + 2% and 29 + 1 %, respectively. In MFC-2, when the OLR was increased to 8gCOD/L-d, the values decreased to 45 + 3 % and 41
+ 4 %, respectively. Bacterial growth facilitated the removal of NH-N and P in the anode chamber via microbial action. As depicted in
Fig. 10, MFC-2, equipped with nano-pumice catalyst, showed the maximum efficiency in removing NH4-N and P. The use of nano-
pumice as an anode catalyst resulted in the formation of a biofilm due to the increased surface area available for bacterial adhe-
sion. In addition, some of the NHZ-N losses occurred through movement of NHJ ions across the Proton Exchange Membrane (PEM)
from the anode to the cathode. This could potentially serve as a method for eliminating NH4-N in the MFCs [74].

The use of nitrogen (N) and phosphorus (P) for biomass growth is determined by the organic to nutrient ratio (COD:N:P) in the
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Fig. 9. MFC performance with different anodes in various organic loading rates (coulombic efficiency and energy efficiency).
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context of treating biodegradable organic waste in wastewater treatment. In this situation, an increase in OLR could lead to an increase
in the biological nutrients uptake. In addition, studies have indicated that the nutritional requirements for microbial growth in high-
strength organic wastewater (with a COD greater than 4000 mg/L) are greater than those in low-strength organic wastewater [24]. The
findings of this study indicate that the implementation of a two-chamber MFC can effectively reduce the levels of nitrogen and
phosphorus in wastewater treatment plants, which is in line with previous studies [17,19].

3.3.4. Sulfate (SO%’) removal

Sulfate is a prevalent pollutant present in wastewater from edible vegetable oil refineries. Elevated levels of sulfate have adverse
effects on both the ecosystem and human health. The concentration of SOF~ in the effluent from the anode of the MFC was measured at
various OLRs during the electricity production process and the results are depicted in Fig. 11. The removal efficiencies of SOF~
improved as the OLR increased from 0.34 to 4gCOD/L-d, reaching values of up to 45 & 3 % in MFC-1 and 68 + 6 % in MFC-2. The MFC-
2, equipped with a catalyst of nano-pumice, exhibited the most effective removal of SO3 . In MFC-1, when the OLR was increased to
8gCOD/L-d, the values decreased to 25 + 2 %. However, in MFC-2, the values plummeted to 38 + 4 %. Thus, it is evident that an
increase in OLR could lead to a decrease in the removal efficiency.

Certain microorganisms, such as sulfate-reducing bacteria (SRB), can utilize the sulfate contained in wastewater the sludge as the
ultimate electron acceptor. The sulfate is then converted to sulfide. Sulfide exhibits electrochemical activity at the anode and un-
dergoes oxidation to form elemental sulfur. This sulfur is then deposited on the electrode surface, resulting in power generation [61].
This particular type of MFC exhibits higher current density compared to other types and does not require the use of heterogeneous
mediators, as redox sulfate or sulfide serve as mediators. The findings align with the research conducted by J.M. Morris et al., on the
impact of nitrate and sulfate on electricity generation in MFC [75]. Additionally, G. Hernandez-Flores et al., explored the use of fusion
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Fig. 11. Sulfate, TSS and TDS removal efficiency in MFC-1 and MFC-2 during in various organic loading rates of the edible vegetable oil re-
finery wastewater.



F. Eslami et al. Heliyon 10 (2024) e40495

of alternating membranes instead of Nafion in MFC [76], and the production of energy from leachate using anion exchange membrane
MFC [771].

3.3.5. TSS and TDS removal

The wastewater from the edible vegetable oil refinery was found to have elevated levels of solid concentrations. The treatment
efficiencies of both MFC-1 and MFC-2 were evaluated based on the removal of TSS and TDS, using an organic load ranging from 0.34 to
8gCOD/L-d. Experimental data collected during the procedure showed a significant decrease in TSS and TDS. Fig. 11 shows that MFC-1
achieved a maximum reduction of 65 + 3 % in TSS and 61 + 1 % in TDS with an organic loading of 2.67gCOD/L-d. On the other hand,
MFC-2 achieved a higher reduction of 81 + 2 % in TSS and 73 + 1 % in TDS at the same organic loading. The removal efficiencies of
TSS and TDS were higher in MFC-2 compared to MFC-1 due to the larger electrode surface area, which allowed for more attachment
sites for electrogenic bacteria in MFC-2. When the organic loading exceeded 2.67gCOD/L-d, the removal of TSS and TDS declined in
both MFC-1 and MFC-2. However, the decrease was more pronounced in MFC-1. The results indicate that the removal efficiency of TSS
and TDS is influenced by the organic loading. TSS removal is achieved through the process of biodegradation in the MFC. At higher
OLRs, this process is accompanied by the deposition of fermentative products and the performance of the anode chamber as a sus-
pended anaerobic growth reactor. Additionally, complex colloidal and organic materials are degraded through a biological catalysis
process. The reduction of TDS was attributed to the anaerobic process occurring in the cell metabolism of electrogenic bacteria and the
existence of electroactive biofilms in the MFCs, which promoted the establishment of bioelectrogenic conditions. Moreover, the sig-
nificant reduction in dissolved solids is probably due to the greater presence of easily degradable substances in the undiluted
wastewater, resulting in increased microbial competition. The study conducted by T. Aswin et al. (2017) [78] found that the removal
effectiveness of TSS and TDS in leather effluent was 66 % and 50 % respectively, while in dairy effluent it was 73 % and 58 %
respectively. These values are lower than the findings of the current study. T. Karuppiah et al. found a maximum reduction of 68 % in
TSS [79], whereas A.J.O. Al-saned et al. (2020) claimed the removal of 79.3 % of TSS and 62.5 % of TDS [80].

4. Conclusions

This work emphasizes the use of pumice obtained from pumice mine waste as a low-cost anode catalyst in MFCs, while also
recognizing its local mineral properties. Nanoscale pumice was prepared and used. Nano-pumice increases the surface area of the
anode, allowing for better adsorption of microorganisms to create a biofilm. It also improves bio-catalytic activity and facilitates
efficient electron transfer, ultimately increasing the efficiency of anodes in MFCs. The use of this nano-pumice-modified anode can lead
to a significant increase in the OCV (33 %) of the MFC, resulting in a much higher power production. In addition, it can effectively
minimize the pollution levels during the treatment process. The use of nano-pumice as an anode catalyst in the MFC treating edible
vegetable oil refinery wastewater resulted in the highest power density (30+4W/m®%), CE (79 £ 5 %), EE (32 + 2 %), and COD removal
(94 £ 2 %). T This indicates that the use of nano-pumice, a local mineral and low-cost catalyst, not only enhanced the anode per-
formance in electricity generation and CE, but also significantly reduced the start-up time. Therefore, due to its simple design, reduced
cost and increased power generation capacity, it has the potential to be used in future large-scale BES with improved efficiency and
optimal cost-effectiveness.
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