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Abstract: The aim of this study was to enhance and maintain bioelectricity generation from
distillery spent wash using a microbial fuel cell (MFC). Electrode materials play a critical
role in the generation of bioelectricity in MFCs. Utilizing double oxidant-treated carbon
felts in MFC applications increased current density to 749.56 mA /m? and increased peak
power density to 125.23 mW /m?. Electrochemical impedance spectroscopy (EIS) analysis
further verified the improved electrocatalytic activity observed in the oxidized carbon felt,
consistent with the findings from cyclic voltammetry (CV) and polarization curves, thereby
confirming the enhanced performance of the oxidized carbon felt electrode. Overall, the
study highlights the significance of electrode morphology and surface modifications in
influencing microbial adhesion, electron transport, and the overall efficiency of fuel cells
using distillery spent wash as a substrate.

Keywords: carbon felt; oxidized carbon felt; microbial fuel cell; spentwash; power density;
current density

1. Introduction

Sugar cane molasses is the most crucial raw material in the alcohol industry. After
using raw materials, the process releases a significant amount of effluent, ranging from
8 to 15 L for every liter of alcohol produced, which poses a substantial threat to the
environment [1,2]. Distilleries using molasses produce an effluent with high organic
matter (COD: 65,000-130,000 mg/L), high mineral concentration, dark brown color, and
odor similar to burnt sugar. Various techniques, including evaporation, electrolysis, and
fermentation (aerobic and anaerobic), have been used to treat and dispose of distillery spent
wash. Bioelectricity production via microbial fuel cells (MFCs) is becoming increasingly
important within the research community [3]. An MFC, a hybrid bioelectrochemical reactor,
creates electrical energy by oxidizing organic substances with the aid of bacteria. The MFC
is designed to recover energy from wastewater and comprises two chambers: an anode
and a cathode. In the anode chamber, microbial biomass oxidizes the organic matter in
wastewater, and in the cathode chamber, atmospheric oxygen is reduced [4,5].

In the last few years, MFCs have emerged as a relatively new option, serving the
purpose of biological treatment and power generation. Although MFCs offer great promise
for various applications, they still encounter specific bottlenecks that underscore the urgent
need to enhance their performance. It is essential to enhance electricity generation in
MECs for practical applications, and various factors influence this process, such as anode
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and cathode materials, wastewater characteristics, and the overall design of MFCs [6].
The performance of fuel cells relies heavily on the material used for anode and cathode
electrodes, particularly the anode material, and plays a pivotal role in the power generation
of microbial fuel cells (MFCs). It provides a surface for bacterial adhesion and facilitates
the transfer of electrons generated during redox reactions [7]. The crucial prerequisites
for potential anodes include enhanced power generation, electrocatalytic activity, surface
suitability for bacterial adhesion, and biological affinity. Therefore, modifying anode
materials is promising for mitigating potential losses. Owing to the modification of anode
materials, both the physical and chemical properties of anodes change, leading to a better
surface area for bacterial adhesion, thereby increasing the microbial adhesion, electron
transport, and overall efficiency of microbial fuel cells [8,9].

Researchers have initiated efforts to introduce impactful modifications in anode mate-
rials. Carbon materials used as electrodes possess certain inherent drawbacks, including
a limited presence of oxygen-containing functional groups on their surfaces and insuffi-
cient accessible surface area. These factors lead to the electrodes having less than optimal
physical and electrochemical properties [10]. In one investigation, the effectiveness of
various oxidative surface treatments—namely acid, electrochemical, and thermal—was
examined for their role in activating carbon surfaces. The study authors concluded that
carbon fibers treated with acid oxidation exhibited superior performance, primarily due to
their enhanced interfacial adhesion properties [11]. One study examined the performance
of dual-chamber microbial fuel cells utilizing carbon fiber (CF) anode surfaces treated
with nitric acid (CF-HNOj3) for the inclusion of oxidative functional groups. The modified
anodes demonstrated superior performance compared to bare electrodes. Specifically, CF-
HNO;3; modification resulted in a 2.88-fold increase in maximum power density, achieving
193 mW /m?, in contrast with the bare electrode anode, which exhibited a power density
of 67 mW /m? [12]. A study examining the process of the electrochemical activation of
commercial carbon cloth was performed using various acidic solutions, specifically 0.1 M
H,S04, 0.1 M HCI, and 0.1 M HNO3. Results from electrochemical experiments indicated
that the carbon cloth treated with these acids achieved a notably higher peak current than
the untreated carbon cloth [13]. In a recent investigation, a novel high-performance anode
was synthesized, comprising tricobalt tetraoxide (Co3O4) combined with a Y molecular
sieve (Co304/Y). The study examined the influence of the Co30O4 ratio and the effects
of hydrofluoric acid (HF) modification on the performance of the Co304/Y composite.
Remarkably, the H-CozO4/Y-CC variant demonstrated superior power generation perfor-
mance, achieving a maximum stabilized output voltage of 448 mV, a peak power density
of 1179 mW/m?, and the lowest apparent internal resistance recorded at 466 Q) [14]. In
addition, the inclusion of an ammonium group on the anode significantly enhances the
power density and current density of the microbial fuel [15]. Modifying the anode electrode
surface with acid, which is based on soil, coal, and other sediments (humic acid), and
electrically depositing riboflavin, the microbial fuel cell (MFC) demonstrated outstanding
electrocatalytic activity and reduced internal resistance [16]. An investigation was con-
ducted to explore the impact of chitosan substrate and its nanometric form on the green
energy yield of sediment microbial fuel cells (SMFCs). The researchers transformed chi-
tosan microstructures into nanostructures and incorporated them as substrates in SMFCs.
The findings demonstrated that SMFCs enhanced with nanochitosan achieved maximum
power and current densities of 59.48 mW /m? and 290.45 mA /m?, respectively [17]. Also,
many researchers have aimed to enhance power generation from microbial fuel cells (MFCs)
by incorporating conductive materials into the anode, such as nanomaterials [18-21]. While
substantial advancements in MFC performance have been documented, the associated
modification techniques require either sophisticated equipment or multi-step processes,
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coupled with prolonged treatment durations. These factors would inevitably escalate
MEC production costs and hinder their widespread implementation [22]. Also, microbial
fuel cell (MFC) performance is largely influenced by the substrate, which is vital for the
metabolic functions of the microbes within the system. The majority of existing research
has focused on the application of oxidative surface treatments using synthetic wastewater
as the substrate, which is known to enhance microbial activity. Nonetheless, the explo-
ration of oxidative surface treatment in combination with industrial wastewater remains
insufficiently addressed in the literature.

Taking these factors into consideration, this study aimed to enhance bioelectricity
production from distillery wastewater, called spentwash, as a substrate in microbial fuel
cells (MFCs) by oxidizing carbon felt using a combination of double oxidants, namely
HNOj3 and H;O,. The performance of oxidized carbon felt (CF) was compared with a
similar MFC setup using bare CF as the anode electrode. The focus was on assessing the
efficiency of the MFC in terms of circuit voltage without an external load and enhancing
power generation. Additionally, the morphology of the electrodes and the membrane
before and after operation were examined using scanning electron microscopy, impedance
spectroscopy, and cyclic voltammetry to assess MFC performance.

2. Materials and Methods
2.1. Chemicals and Materials

The synthetic wastewater used for MFC inoculation was produced as follows (per L
of DI water): 1000 & 10 mg glucose, 85 £ 5 mg protein, 25 £+ 5 mg NaHCO;3, 14 £+ 5mg
KH;POy, 60 £ 5 mg NHyCl, 20 £ 3 mg CaCly, and 25 £ 3 mg MgSOy. The synthetic
wastewater had a pH of 7.24, and a 0.1 M potassium phosphate buffer solution was used to
reduce the pH. All chemicals (AR grade) used to prepare the synthetic wastewater were
procured from Finar Chemicals, Ahmedabad, India. Synthetic wastewater was prepared
using demineralized water. The distillery spent wash used in the present study was
procured from the local sugar industry in Chalthan, Surat, India.

2.2. Preparation of Electrodes

A mixed solution comprising HNO3; and H,O, was initially prepared. The concen-
tration of HNOj3; and H,O, was 15 mol L~! and 7.5 mol L~!. Prior to modification, the
carbon felt electrode surfaces underwent a pretreatment process. This procedure entailed
immersion in a dilute HCl solution for 2 h, followed by 2 h of acetone sonication. The
pretreated carbon felt were subsequently rinsed with deionized water and subjected to
drying at 60 °C for 24 h. Following pretreatment, the carbon felts were immersed in the
HNOj3 and HyO; mixture and ultrasonically dispersed at ambient temperature for 0.5 h.
The carbon felt was then heated in air at 450 °C for an additional 0.5 h. To obtain the desired
carbon felt, the treated material was allowed to dry overnight at 60 °C (Figure 1).

]

. Anode Cathode

Sonication Drying
CF immersed in Thermal T Oxidized

5 MFC operation
HNO3 & H202 Treatment CF with modified CF

Figure 1. Schematic of the preparation of electrodes.
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2.3. Microbial Fuel Cell Setup

The study used a 100 mL MFC setup. The double-chambered MFC was made of
borosilicate glass. The volume of both the anode and cathode chambers was 100 mL, with
a working volume of 80 mL. Carbon felt with a geometric area of 2 x 5 cm? was used as
an electrode in both chambers. The anode and cathode chambers were connected exter-
nally using copper wire. A proton exchange membrane (Nafion 117; Vinpro Technologies,
Hyderabad, India) was used to separate the anode and cathode chambers. The anode sub-
strate was distillery spent wash, and the cathode solution was analytical-grade potassium
ferricyanide 0.2 g/L. Wetland sediment was used to inoculate the anode chamber, and the
setup used in this study is shown in Figure 2.

Anode Cathode

Figure 2. Microbial fuel cell setup.

The membrane was coupled with both chambers using a nozzle gasket arrangement
with a screw fitting. Both chambers were equipped with two sampling ports. The cathode
chamber was left open to maintain an aerobic environment and the anode chamber was
sealed to maintain an anaerobic anode environment. Two sets of MFCs were prepared, one
with a bare carbon felt electrode, designated MFC-1, and the other with an oxidized carbon
felt electrode, designated MFC-2.

2.4. Calculation and Analysis

The voltage between the two chambers was recorded daily. A digital multimeter (Rish
Multi 125, Rishabh Instruments, Nashik, India) was used to record the voltage. The current
density was determined using V/RA (where A = anode surface area, V = voltage, and
R = resistance). Py= V2/RA was used to calculate the power density. The characterization
of the current as a function of the cell voltage was performed by utilizing a polarization
curve. To achieve maximum power output, it is crucial to minimize voltage reduction as
the current increases. Consequently, the microbial fuel cell (MFC) underwent closed-circuit
voltage testing across a range of external loads from 50 to 500 ). The redox activities of
the anode and cathode chambers of the MFC were evaluated through cyclic voltammetry
analysis (M204, Metrohm Autolab with 10A Booster, Herisau, Switzerland). Voltammetry
was performed by applying a scan rate of 5 mV /s over a voltage range of -1 Vto+1V
to the enriched carbon felt as the working electrode, and the reference electrode was
Ag/AgCl. Electrochemical impedance spectroscopy (EIS) was employed to elucidate the
ohmic resistance and charge-transfer impedance. This analytical method involves the
implementation of an alternating current potential at a 0.05 V amplitude and a frequency
spectrum spanning from 100,000 to 0.1 Hz. Experiments were carried out in an aqueous
solution of 3 M KCl, employing each carbon cloth electrode under investigation as the
working electrode, alongside an Ag/AgCl reference electrode with a potential of 0.197 V.
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The morphologies of the prepared electrodes and membrane fouling were examined using
SEM (JSM-6380LV, JEOL Ltd., Tokyo, Japan).

3. Results
3.1. Electrode Characterization

The morphological characteristics of the prepared electrodes were investigated using
scanning electron microscopy at multiple magnification levels. It was observed that macro
pores, cracks, collapsed filaments, or any other macroscopic surface impairment were
absent, and large numbers of smooth and clean carbon fibers were observed on untreated
carbon felts (Figure 3a). In addition, the SEM image of oxidized carbon felt resulted in a
rough surface compared to the simple smooth surface of the untreated electrode. A clear,
visible, scattered, and rough oxidized carbon surface enhances the overall surface area for
microbial adhesion (Figure 3b).

Figure 3. SEM images for (a) raw carbon felt and (b) oxidized carbon felt.

3.2. Voltage and Power Generation

The initial operation of the microbial fuel cell was conducted under open-circuit volt-
age conditions. This configuration represents the theoretical maximum voltage attainable
by the system in ideal circumstances and remains unaffected by the flow of electric current
through the circuit. There is no load connected to it, meaning there is infinite resistance.
During the initial operational phase, synthetic wastewater was used as the anolyte medium
for both MFC-1 and MFC-2. Initially, stable voltage was obtained in 7 days (0.620-0.650 V)
of retention time, meaning that the carbon felt in both MFCs became thoroughly infused
with bacterial culture. After this, the synthetic wastewater was replaced with 5000 mg/L of
COD strength spentwash [23]. The experimental results revealed that the maximum open-
circuit voltage (OCV) attained by the two microbial fuel cell systems differed significantly.
MEFC-1 reached its peak OCV of 0.454 V on day 5, while MFC-2 demonstrated superior
performance with a maximum OCV of 0.702 V during the same period (Figure 4).

0.8 —®— MFC-2
]|—e— MFC-1

Days

Figure 4. Open circuit voltage for MFC-1 and MFC-2.
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Subsequently, a reduction in voltage was observed, indicating the necessity for in-
troducing fresh inoculum to sustain metabolic functions [24]. The characterization of
current as a function of cell voltage was accomplished through the utilization of a polar-
ization curve. During close circuit conditions, the voltage remained relatively constant at
1.815 £ 0.035 V when the resistance was decreased from 500 (2 to 153 (). A sharp decline
in voltage was observed upon further reduction in the external load from 153 to 50 Q).
This finding suggests that maintaining an external load of 153 () enables the generation
of substantial current with minimal voltage drop. As a result, an external resistance of
153 () was selected for subsequent experimental investigations. The experimental results
revealed peak current densities of 517.85 mA /m? and 749.56 mA /m? for MFC-1 and MFC-2,
respectively (Figure 5a), with corresponding peak power densities of 44.42 mW /m? and
125.23 mW /m? (Figure 5b). Subsequently, both microbial fuel cells experienced a reduc-
tion in these parameters. This decrease may be attributed to membrane fouling, which
potentially influences several factors, such as ion exchange capacity and proton transfer
conductivity [25]. The elevated power density observed in MFC-2 may be attributed to
enhanced microbial attachment, which facilitates improved electron transfer mechanisms
and consequently diminishes the system’s internal resistance [26,27].
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Figure 5. Polarization curve for (a) MFC-1 and (b) MFC-2.

3.3. Cyclic Voltammetry (CV)

At the conclusion of the experiments, the electrochemical characteristics of the micro-
bial fuel cell (MFC) were assessed by utilizing cyclic voltammetry methodology. The redox
activities of the anode and cathode chamber were evaluated through cyclic voltammetry
analysis. Voltammetry was employed to examine the electrochemical characteristics of the
system. This analytical technique involved the application of a potential sweep ranging
from —1 V to +1 V at a rate of 5 mV/s. The experimental setup utilized enriched carbon
felt as the working electrode and Ag/AgCl as the reference electrode. Cyclic voltammetry
analysis yielded distinct redox peaks for both MFC-1 and MFC-2, with the latter exhibiting
more pronounced electrochemical activity (Figure 6). The observed redox potentials and
corresponding current intensities for MFC-1 were (0.68 V, 0.0082 A) and (—0.23 V, —0.036 A),
while MFC-2 displayed redox characteristics at (0.77 V, 0.012 A) and (—0.23 V, —0.005 A).
Higher redox peaks in MFC-2 are attributed to higher capacitive currents [28]. Also, shal-
low redox peaks were observed with MFC-1, indicating lower capacitive currents and less
metabolic activity by microbes [29,30]. One way to describe the electrode’s capacitance is
by measuring the closed area of the CV curve [31]. The observed increase in anode capacity
may be attributed to the charge storage capabilities of the bacterial cytoplasmic surface
and the presence of redox enzymes within the cell membrane. The identified redox peak
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exhibited consistency with previously reported values [32-34]. The observed outcome
aligns with the enhanced cyclic voltammetry plot and polarization characteristics.
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Figure 6. Cyclic voltammetry profile.

3.4. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed to quantify impedance.
This was accomplished by employing an alternating current potential with a 0.05 V am-
plitude across a frequency spectrum ranging from 100,000 to 0.1 Hz. The Nyquist plot
in Figure 7 illustrates the relationship between the real and imaginary impedance values.
The experimental spectra underwent fitting to an equivalent circuit model. Figure 8 illus-
trates the Ry (CPE(R;W)) configuration employed for this purpose. This model comprises
solution resistance (Rs), charge transfer resistance (R;), Warburg diffusion resistance (w),
and constant phase elements (CPE). CPE components were utilized instead of pure capaci-
tors to account for the electrodes” porous nature and the system’s distributed capacitive
response. ZSimpWin 3.10 software (Echem, Ann Arbor, MI, USA) facilitated the fitting of
experimental spectra to this equivalent circuit model. The charge transfer resistance (Rct) of
an electrodes serves as a key metric for assessing the activation energy required for redox
reactions. A higher Rt value corresponds to a greater activation barrier, while a lower
value indicates a reduced barrier. In this investigation, the enhanced biofilm formation
and electrochemical activity resulted in a lower R value of 1034 () for MFC-2, compared
to 1595 Q) for MFC-1. It is noteworthy that the Rt value of MFC-1 was 54.25% greater
than that of the modified anode MFC-2. Electrochemical impedance spectroscopy analysis
revealed multiple arcs across various frequency ranges. The initial arc was observed at
higher frequencies, spanning from 100 kHz to 630 kHz. In the case of MFC-2, a semicircular
arc was detected at an intermediate frequency of 501 Hz. Furthermore, a low-frequency arc,
oriented at an approximate angle of 45° on the complex plane, was identified. This latter
arc is indicative of mass transport limitations and can be attributed to diffusional processes
occurring within the system [35]. The area of the semicircle represents the impedance of
the MFC [36]. The diameter of the semicircle, representing the electrode charge transfer
resistance (Rt), provided insights into the charge transport mechanisms and phenomena
occurring at the electrode-electrolyte interface [37]. Modification of electrodes was induced
by acids, heat, and advanced electrochemical oxidization oxides [38,39]. MFC-2 showed a
considerably lower charge transfer resistance than bare MFC-1. The lower charge transfer
resistance could be attributed to an increased number of carboxylic groups, which ben-
efited from the formation of an intense biofilm. This observation aligns with the cyclic
voltammetry and polarization curve data, further corroborating that oxidized carbon felt is
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a superior choice for promoting anodic power generation, thus confirming the enhanced
performance of MFC-2.
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Figure 8. Equivalent circuit model.

3.5. Membrane Fouling

The results indicate that the membrane exhibited a mosaic-like structural configuration.
During long-term MFC operation, the proton exchange membrane is easily contaminated
by microbes, extracellular polymers, and inorganic salts, impairing MFC effectiveness [40].
Several studies have demonstrated that fouling can potentially modify the ion exchange
capacity and permeability of membranes through physical obstruction [41]. Evidence
suggests that the fouling process of the cation exchange membrane (CEM) is exacerbated by
biopolymers derived from biocatalysts and cations present in the electrolyte solution. This
enhancement in biofouling is believed to result from the formation of intermolecular bridges
connecting organic foulants with cations, thereby intensifying the accumulation of undesir-
able substances on the CEM surface [42,43]. The experimental results revealed that MFC-1
and MFC-2 achieved maximum power densities of 44.42 mW/ m? and 125.23 mW/m?,
respectively. Subsequently, both fuel cells experienced a decline in these values. Membrane
fouling, which may lead to decreased efficiency, can be attributed to several factors. These
include the encapsulation of bacterial cells within extracellular polymeric matrices, the
accumulation of sludge components, and the formation of inorganic salt precipitates on
the membrane surface. Scanning electron microscopy (SEM)analysis of the membrane was
conducted before and after operation (Figure 9a—c), providing visual evidence of membrane
fouling, which negatively influences the efficacy of (MFCs) efficacy. This observation is con-
sistent with results obtained from other electrochemical techniques, including open-circuit



Electrochem 2025, 6, 12

9o0f11

voltage (OCV) measurements, polarization curve analysis, cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS).

Figure 9. SEM images for (a) Raw Nafion 117; (b) MFC-1 Nafion 117 (after use); and (¢) MFC-2 Nafion
117 (after use).

3.6. Limitations and Future Scope

Numerous design configurations exhibit significant limitations, including elevated in-
ternal resistance, suboptimal electrode spacing, and undesired anolyte—catholyte exchange
across the proton exchange membrane (PEM) during scale-up and extended operation.
Furthermore, the identification of economically viable electrode materials and PEM compo-
nents (when applicable) for microbial fuel cells (MFCs) remains a substantial challenge. An
additional hurdle involves the selection of appropriate electroactive microorganisms, as
the interaction between microbial surface charges and electrode surface charges plays a
crucial role in determining suitable materials for MFC systems. Consequently, extensive
research efforts are required to address these obstacles and improve the overall efficacy
of MFCs before their implementation at an industrial scale. To mitigate these challenges,
several promising options for future research and development emerge. These include
the creation of novel electrode materials exhibiting enhanced conductivity, the synergistic
integration of MFCs with alternative renewable energy technologies such as solar and wind
power to form hybrid systems, and the utilization of co-cultures or genetically engineered
microorganisms to optimize overall system efficiency and performance.

4. Conclusions

The experimental findings reveal that the oxidation of carbon felts with HNO3; /H,0O,
led to an elevated open-circuit voltage (OCV) in MFC-2 (0.702 V), likely attributable to
augmented biofilm formation and enhanced electron transport mechanisms. Addition-
ally, MFC-2 demonstrated a current density of 749.56 mA/m? and a power density of
125.23 mW/m?. A reduction in charge transfer resistance (Rct) to 1034 Q was observed in
MFC-2, compared to 1595 () in MFC-1, indicating superior metabolic activity and electron
transfer. The redox potentials and corresponding current intensities were measured at
(0.68'V,0.0082 A) and (—0.23 V, —0.036 A) for MFC-1, while MFC-2 exhibited characteristics
of (0.77 V, 0.012 A) and (—0.23 V, —0.005 A), suggesting more pronounced redox peaks
in the latter. These results substantiate the enhanced efficiency and performance of oxi-
dized carbon felts in MFC-2, emphasizing the importance of electrode morphology and
surface modifications in promoting microbial adhesion, facilitating electron transport, and
optimizing overall MFC performance.
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