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Abstract 
Microbial fuel cells (MFCs) provide a cohesive approach to treating hypersaline wastewater 
and generating renewable energy. This research assessed the efficacy of halophilic Bacillus 
clausii J1G-0%B supplemented with acetate, lactate, or citrate at doses of 10, 30 and 
50 mM. The half-cell investigation included cyclic voltammetry, diagnostics of the rate-
determining step, electron transfer rate constant (kₛ), pH profiles, and ammonia buildup. 
Comprehensive cell testing, including assessments of output voltage, peak power density, 
and biofilm mass, was also performed. In comparison to the control, all carbon sources 
enhanced the electrochemical response by 184.56 to 378.23 %, due to bacterial-electrode 
electron transfer, diffusion-limited kinetics, and the involvement of cytochromes a₃, b, c 
and/or c₁ in B. clausii. The MFC system generated an average voltage ranging from 33.64 
to 77.87 mV and achieved a maximum power density between 19.19±3.11 and 
58.16±3.54 mW m-². Within the tested range, the highest acetate concentration (50 mM) 
produced the largest electrochemical response, yielding kₛ of 1.888±0.002 s⁻¹, an average 
voltage of 486.94 mV, and a power density of 58.16±3.54 mW m-². The results demonstrate 
that targeted carboxylate supplementation significantly improves electron transport and 
energy recovery in high-salinity microbial fuel cells, underscoring its viability for waste 
cleanup and energy generation during energy shortages and environmental contamination. 
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Introduction 

Saline wastewater, such as that generated by the fish and seafood sector, poses a considerable 

global environmental concern due to its elevated organic load and salinity, which may impair the 

efficacy of traditional biological processes [1]. Microbial fuel cells (MFCs) have emerged as a 
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promising bioelectrochemical method for treating saline wastewater while simultaneously 

recovering renewable electrical energy, providing an integrated solution for pollution management 

and sustainable energy generation [2-4]. Nonetheless, the performance of MFCs under elevated 

salinity conditions is constrained by reduced electron-transfer efficiency, increased internal 

resistance, and erratic bioelectrocatalytic activity. A study by Vijay et al. [5] showed that halophilic 

anodes produced more power than freshwater bacteria-based anodes when supplied with 

saltwater, thereby supporting the use of halophilic microorganisms in harsh settings. Halophiles 

such as Bacillus clausii J1G-0%B, extracted from Madura salt ponds devoid of bittern fractions, 

exhibit physiological adaptations that facilitate growth and metabolic processes at elevated salt 

concentrations, which usually suppress standard electrogenic bacteria [6]. While bacilli are not often 

classified as classical electrogenic bacteria, several studies indicate that some strains may produce 

c-type cytochromes involved in extracellular electron transport. Although the salt resistance of 

these strains has been extensively researched, a thorough assessment of their electron transport 

dynamics in MFC setups remains notably scarce. 

Research pertaining to B. clausii-based MFCs has been increasing. Recent studies have examined 

the influence of different salinity levels on the performance of B. clausii in MFCs, with optimal 

performance observed at 10% w/v NaCl [7]. Additionally, other research indicates that the 

incorporation of various nitrogen sources also impacts the electrobiological activity and electrical 

output of B. clausii-based MFCs [8]. Consequently, an unexplored research area is the function of 

carbon sources, especially simple carboxylates, in regulating electron transport and biofilm 

development in halophilic microbial fuel cell systems. 

The availability of substrates is a crucial determinant of the operating efficiency of MFCs. Acetate 

and lactate are basic fermentation byproducts and electron donors often used by diverse anodic 

bacteria, facilitating a direct metabolic route to proton and electron production for current 

generation [9]. Sodium citrate has been shown to enhance electrical output and coulombic 

efficiency [10]. While these carboxylates have been thoroughly assessed in traditional MFC systems, 

research on their impact on halophilic electrogenic bacteria, namely B. clausii J1G-0%B, is scarce. 

The impact of varying carbon source concentrations on electron transfer kinetics, biofilm formation, 

and electrochemical performance in high-salinity environments remains inadequately understood. 

Due to the reduced power production and instability of MFC activity in hypersaline environments, 

strategies to sustain microbial metabolism and enhance anodic electron transfer are critically 

required. Supplementation with basic carboxylates such as acetate, lactate, or citrate provides an 

effective means to improve carbon availability and bioelectrocatalytic stability. Nonetheless, most 

prior research has focused on freshwater or low-salinity environments, thereby limiting its 

applicability to halophilic MFCs. 

The management of high-salinity wastewater faces two principal challenges: osmotic pressure, 

which limits microbial proliferation, and the limited supply of electron donors that can be effectively 

used for extracellular respiration. Carboxylates, including acetate, lactate, and citrate, are organic 

metabolites often present in diverse high-salinity industrial effluents, such as those from 

fermentation, food and beverage, and chemical manufacturing. These chemicals serve as readily 

biodegradable substrates for halophilic bacteria and provide electron donors via catabolic routes 

directly associated with the cell's electron transport chain. In current-generating bacteria, 

carboxylates may augment the synthesis of endogenous redox mediators, improve electron transfer 

to the anode surface, and regulate cellular metabolism under hyperosmotic circumstances. 
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Consequently, using carboxylates as an alternative carbon source may augment the efficacy of saline 

wastewater bioremediation and improve the electrogenic performance of MFCs. 

This study investigates the influence of acetate, lactate, and citrate supplementation (10, 30 and 

50 mM) on the electrochemical performance of microbial fuel cells (MFCs) employing Bacillus clausii 

J1G-0%B under hypersaline conditions (10 % w/v NaCl). While acetate is widely used as a model 

substrate in MFC research, quantitative electrochemical-biological analyses under hypersaline 

environments remain limited, and the extracellular electron transfer (EET) kinetics of halophilic 

bacteria have not been systematically resolved. The present work advances the field in three key 

aspects. First, it provides the first systematic evaluation of specific carboxylates as regulators of EET 

in halophilic B. clausii. Second, it integrates half-cell electrochemical kinetic analysis, via Laviron-

derived heterogeneous electron transfer rate constants (kₛ) and rate-determining step diagnostics, 

with full-cell MFC performance metrics, thereby establishing a mechanistic connection between 

interfacial electron transfer kinetics and device-level power output. Third, it quantitatively 

correlates kₛ, maximum power density (MPD), and biofilm characteristics to demonstrate that 

electrochemical efficiency, rather than biomass accumulation alone, governs system performance 

under hypersaline stress. By combining electrochemical kinetics, full-cell performance evaluation, 

and metabolic indicators (pH variation and ammonia production), this study provides new insights 

into how carboxylate substrates regulate electron transfer pathways in halophilic MFC systems. 

Experimental  

Materials 

The halophilic bacterium Bacillus clausii J1G-0%B, previously isolated from Madura salt ponds [6], 

was used as the inoculum. Culture media components included NaCl (Pudak Scientific), tryptone 

(Merck), yeast extract (Merck), MgSO₄·7H₂O (Merck), KCl (Merck), and FeCl₃ (Merck). Acetic acid, 

lactic acid, and citric acid (all Merck, analytical grade) were used as supplementary carbon sources, 

while NaOH (Merck) was applied for pH adjustment. Trisodium citrate (Merck) was included as a 

buffering agent, and an ammonia reagent kit (Monitor) was used to support analyses. All solutions 

were prepared with distilled water.  

Cultivation of halophilic bacteria 

The halophilic bacterium Bacillus clausii J1G-0%B was cultivated in a liquid halophilic medium 

containing 5 % (w/v) NaCl, 0.05 g tryptone, 0.025 g yeast extract, 1.0 g MgSO₄·7H₂O, 0.15 g KCl, 

0.15 g trisodium citrate, and 0.018 g FeCl₃ per 50 mL of distilled water [6]. The medium was sterilized 

by autoclaving at 121 °C for 15 min before use. This basal medium was used for bacterial pre-culture 

and half-cell experiments. 

A single colony from a slant agar stock was inoculated into 50 mL of sterile halophilic medium 

and incubated at 37 °C with shaking at 150 rpm until the optical density (OD₆₀₀) reached 0.5 

McFarland, which served as the inoculum. 1 vol.% of this inoculum was transferred into 50 mL of 

fresh halophilic medium and cultured under the same conditions. OD₆₀₀ was measured every 8 h for 

72 h using a UV-Vis spectrophotometer to monitor bacterial growth. After 72 h, the culture was 

supplemented with fresh halophilic medium with a modification of 10 w/v NaCl, and one of the 

carboxylate substrates (acetate, lactate, or citrate at 10, 30 or 50 mM). In this process, 10 % w/v 

NaCl created hypersaline conditions in the culture, and the process was run as fed-batch. The pH 

was adjusted to neutrality with 2 M NaOH, and the final volume was brought to 100 mL. Growth 

was monitored for an additional 5 days at 8-h intervals to establish growth curves under each carbon 
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source condition. The initial concentration of the culture followed the 0.5 McFarland standard, or 

equivalent to an absorbance of 0.08 to 0.1 at a wavelength of 600 nm (visible range). 

For electrochemical experiments, a 1 vol.% inoculum was transferred into 50 mL of halophilic 

medium and incubated at 37 °C with shaking at 150 rpm for 72 h. The culture was then supplemented 

with fresh medium (50 mL) containing NaCl (7.5 g), tryptone (0.1 g), yeast extract (0.05 g), and one of 

the carbon sources (acetate, lactate, or citrate at 10, 30, or 50 mM). The pH was adjusted to neutrality, 

resulting in a total volume of 100 mL. These cultures were subjected to half-cell electrochemical 

measurements at t = 0 h and t = 72 h, followed by analysis of pH and ammonia concentration. 

Half-cell electrochemical analysis 

Electrochemical characterization of Bacillus clausii J1G-0%B cultures supplemented with acetate, 

lactate, or citrate was conducted using a single-chamber, three-electrode configuration. A glassy 

carbon disk (working electrode, WE), Ag/AgCl (reference electrode, RE), and stainless steel (counter 

electrode, CE) were immersed in the bacterial suspension within a Schott flask connected to a poten-

tiostat (Rodeostat, USA). Cyclic voltammetry was performed to evaluate the electron transfer behavi-

our of bacterial cultures before and after incubation. Measurements were conducted within a poten-

tial window of -1.0 to +1.0 V vs. Ag/AgCl, with an initial scan rate of 0.1 V s⁻¹. To further probe electron 

transfer kinetics, post-incubation scans were conducted at varying rates from 0.1 to 1.6 V s⁻¹ [11]. 

Current density was normalized to electrode surface area, and redox peak positions and intensities 

were extracted for subsequent analyses. The rate-limiting process was evaluated by plotting peak 

current density (jₚ) obtained from CV against the applied scan rate (). Linearity of jₚ vs. ν indicated a 

surface-controlled electron transfer, whereas deviation suggested diffusion-controlled processes. 

The heterogeneous electron transfer rate constant (kₛ) was calculated using Laviron’s method [12]. 

Briefly, the relationship between peak potential separation (ΔEₚ) and log  was fitted according to 

Laviron’s equation to estimate kₛ values, assuming quasi-reversible electron transfer conditions. 

Metabolic byproducts were monitored by measuring culture pH using a calibrated pH meter. 

Ammonia concentrations were determined using a commercial ammonia detection kit (Monitor, 

Indonesia), with results expressed in ppm based on colorimetric calibration. These analyses provided 

supporting evidence of microbial metabolic activity under different carbon source conditions. 

Full-cell experimental setup and analysis 

Full-cell experiments were conducted to evaluate the effect of acetate, lactate, and citrate sup-

plementation on the performance of MFCs inoculated with Bacillus clausii J1G-0%B. Bacterial cultures 

prepared as described in the previous section were used as anolytes in custom-built single-chamber 

polyacrylic MFC reactors (working volume 28 mL). Carbon felt electrodes (diameter 5 cm, thickness 

0.5 cm) were employed as both anode and cathode materials, separated by a Nafion® 117 proton 

exchange membrane (DuPont). The reactors were operated under fed-batch conditions at 27 to 30 °C.  

Cell voltage was continuously recorded across an external resistance of 1 kΩ using a digital 

multimeter (UNI-T UT61E) connected to a data acquisition system. Each cycle was operated for 72 h, 

and the experiment was repeated over three successive cycles. Voltage-time profiles were used to 

assess the stability and reproducibility of power generation under varying carbon-source conditions. 

Following the final cycle, polarization experiments were performed by varying external resistances 

from 10 MΩ to 10 Ω. The current (I) was calculated from Ohm’s law (I = V/R), and the corresponding 

power (P) was obtained from P = IV. Power density was normalized to the projected anode surface 

area. Maximum power density (MPD) was determined from the peak of the power density vs. 

current density curve [13]. 
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Biofilm formation on the anode was assessed by comparing the mass of carbon felt electrodes 

before and after MFC operation. Prior to use, anodes were dried at 60 °C to constant weight and 

the initial mass was recorded. After the operation, electrodes were carefully removed, gently rinsed 

with sterile 0.9% NaCl solution to remove loosely attached salts and planktonic cells, and dried again 

under the same conditions before re-weighing. The difference between the final and initial mass 

was attributed to biofilm accumulation on the electrode surface. 

Statistical analysis 

All measurements were performed in triplicate, and the results are reported as mean ± standard 

deviation 

Results and discussion 

Analysis of the growth curve for Bacillus clausii J1G-0%B  

The growth curve of Bacillus clausii J1G-0%B, supplemented with acetate, lactate, and citrate, was 

assessed by measuring optical density at 600 nm wavelength (OD₆₀₀) in a fed-batch system [14], using 

UV-Vis Shimadzu UV-1280 (Kyoto, Japan). The two-stage development seen in the control culture 

(Figure 1a) included stage 1 with halophilic medium and stage 2 with modified halophilic media, 

characterized by an initial lag phase ( 0 to 8 h), exponential growth lasting up to 48 hours, and a 

stationary phase extending to 72 h. Following the introduction of the new medium at 72 h, the 

bacteria resumed the logarithmic phase, with a brief acclimatization period, and subsequently 

reached the stationary phase by 144 h [15].  

 
Figure 1. Two-stage growth and carbon-source response: (a) batch culture in halophilic medium (Stage 1) for 
72 h followed by a medium switch at another 72 h initiating Stage 2 at OD600; (b-d) Stage-2 growth in basal 

medium supplemented with (b) acetate, (c) lactate or (d) citrate at 10 (■), 30 (●) or 50 mM (▲) 

This trend illustrates B. clausii's capacity to sustain metabolic activity despite variations in 

nutrition availability, a crucial trait for halophilic bacteria in MFC systems. Acetate supplementation 
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(Figure 1b) yielded better growth at 10 mM (OD₆₀₀ = 1.78±0.01), whereas dosages of 30 to 50 mM 

reduced growth due to osmotic stress and potential uncoupling effects [16]. Lactate (Figure 1c) 

exhibited a distinct pattern: best growth was seen at 30 mM (2.23±0.02), suggesting that this 

intermediate concentration is more congruent with the physiological tolerance of B. clausii [17]. In 

the case of citrate (Figure 1d), higher growth occurred at concentrations of 10 to 30 mM, while a 

decline was seen at 50 mM, consistent with findings indicating elevated citrate levels may disrupt 

aerobic respiration and carbon metabolism within the Krebs cycle [18,19]. 

Nevertheless, elevated OD₆₀₀ did not consistently correlate with MFC performance. Numerous 

studies indicate that elevated cell density may be offset by a reduction in the proportion of 

electroactive cells, thereby decreasing electron transfer efficiency [20]. Consequently, the analysis of 

growth curves must be coupled with the electrochemical response to understand the substrate's role 

in electrogenic activity, rather than focusing solely on cellular proliferation. At 72 h, most cultures 

enter the stationary phase, during which metabolic activity and electron production begin to 

decline [21]. Consequently, 72 hours was selected as the operational endpoint in MFC testing, 

signifying the culture stage prior to a notable reduction in electrogenic ability. 

Half-cell characteristics  

Figures 2a to 2i depict voltammograms from cyclic voltammetry analysis before to and after 

incubation (t = 0 and t = 72 h) for each modification of carbon source (acetate, lactate, and citrate). 

The increase in redox peak intensity at 72 hours, shown by the yellow square, corroborates that 

Bacillus clausii J1G-0%B maintained prolonged metabolic activity throughout the incubation period. 

This action led to increased electron transport and the buildup of electroactive chemicals as the cells 

proliferated. 

The changes in redox peaks for acetate (Figures 2a to 2c) and lactate (Figures 2d-f) between 0 

and 72 h were minimal, suggesting that both substrates are rapidly digested, resulting in a consistent 

electroactive response. Conversely, the citrate variation (Figures 2g to 2i) exhibited a much greater 

disparity in redox peaks. This suggests that citrate metabolism is more sluggish and intricate, leading 

to more variability in the kinetics of electron generation and transfer over the incubation period. 

The structural complexity of citrate, in contrast to acetate and lactate, is recognized to diminish the 

efficiency of electron generation and transmission by bacillus [22]. 

The oxidation potentials of acetate and lactate at different concentrations vary from 0.167 to 

0.293 V against Ag/AgCl (0.364 to 0.490 V vs. SHE), may be associated with terminal oxidase-related 

cytochromes (e.g. a₃ or b) redox reaction: cytochrome a₃ (Fe³⁺) + e⁻ → cytochrome a₃ (Fe²⁺). The 

maximum oxidation potential of citrate is 0.321 to 0.366 V relative to Ag/AgCl (0.518 to 0.563 V vs. 

SHE), remaining within the same redox range but exhibiting a greater peak amplitude, indicative of 

the extended dynamics of citrate metabolism. The reduction potential of 10 mM acetate and lactate 

ranged from 0.037 to 0.054 V relative to Ag/AgCl (0.234 to 0.251 V vs. SHE), consistent with redox-

active heme-containing proteins reported for bacterial respiratory chains, such as cytochrome c/c₁ 

redox reaction: cytochrome c₁ (Fe³⁺) + e⁻ → cytochrome c₁ (Fe²⁺). At lactate and citrate concentrations 

of 30-50 mM, the reduction potential rose to 0.059 to 0.087 V relative to Ag/AgCl (0.256 to 0.284 V 

vs. SHE), indicating the participation of cytochrome c₁. Simultaneously, 10 mM citrate exhibited a 

reduction potential of −0.074 V relative to Ag/AgCl (0.123 V vs. SHE), indicating a cytochrome b redox 

reaction: cytochrome b (Fe³⁺) + e⁻ → cytochrome b (Fe²⁺). 
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Figure 2. Cyclic voltammetry of halophilic MFCs before and after Stage-2 incubation with carboxylates. Panels 

are labelled as in the figure: (a-c) acetate at 10, 30 and 50 mM; (d-f) lactate at 10, 30 and 50 mM;  
(g-i) citrate at 10, 30 and 50 mM, all at scan rate 100 mV s-1. Black traces are the raw forward/reverse sweeps 

before incubation; the red trace is the CV after Stage-2 incubation in the indicated carboxylate;  
yellow squares mark anodic and cathodic peak positions 

The redox profiles across different carbon sources exhibited a uniform pattern, consistent with 

other results. Modestra and Mohan [23] documented the standard redox potentials of Bacillus spp. 

as 0.237 V (cytochrome c), 0.408 V (cytochrome c₁), and 0.620 V (cytochrome a₃) relative to the 

standard hydrogen electrode (SHE). Research conducted by Christwardana et al. [7,8] demonstrated 

a broader range, from -0.460 to 0.317 V vs. SHE, substantiating the participation of cytochrome b to 

cytochrome a. Minor discrepancies across investigations are likely attributable to changes in pH, 

metabolite accumulation, electroactive cell density, and adsorption processes on the electrode 

surface [24]. The variations and magnitudes of the redox peaks in this research not only indicate the 

distinct metabolic pathways of each substrate but also demonstrate the influence of biochemical 

variables in the electrode microenvironment on microbial electron transfer. 

Cyclic voltammetry investigations at diverse scan rates (0.1 to 1.6 V s-1) demonstrated an increase 

in peak current with increasing scan rate. This response illustrates the MFC system's sensitivity to 

potential changes, and the resulting voltammograms were subsequently used for further analysis, 

including characterization of the rate-determining step (RDS) and determination of the electron 

transfer rate constant (ks) [7]. 
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Figure 3. Cyclic voltammograms (CVs) of halophilic MFC anodes after Stage-2 incubation under various scan 
rates. Panels are labelled as in the figure: (a-c) acetate at 10, 30 and 50 mM; (d-f) lactate at 10, 30, 50 mM; 

(g-i) citrate at 10, 30 and 50 mM. Within each panel, the coloured traces are CVs recorded  
at scan rates 100 to 1600 mV s-1 

The alterations in the redox peaks corresponding to each scan rate change (Figure 3a to 3i) 

demonstrate the hallmark features of a quasi-reversible system. Augmenting the scan rate intensifies 

the overpotential effect, which arises when electron transport lags behind the acceleration of the 

applied potential. Under these circumstances, the system requires a higher oxidation potential and a 

more negative reduction potential to sustain the redox process, leading to a greater peak shift at 

higher scan rates [25]. 

With increasing overpotential, the voltammogram becomes more asymmetric, and the peak 

potential difference exceeds the theoretical value of 57 mV for a reversible one-electron process. This 

signifies that at higher scan rates; the redox process is progressively influenced by kinetic constraints 

and ceases to exhibit perfect reversible conditions. As a result, the correlation between peak current 

and the square root of scan rate ceases to be linear, rendering the Randles-Ševčik equation unsuitable 

for analysing the system under these circumstances. The existence of overpotential does not inherently 

indicate that the reaction is irreversible. The extent of reversibility may be assessed by the ratio of the 

peak oxidation current to the reduction current (Ipa/Ipc). The electrochemical response in this system is 

quasi-reversible, with biofilm growth and diffusion constraints affecting it [26]. 
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Figure 4. Scan rate dependence of peak current density to diagnose the rate-determining step in halophilic 

MFC anodes after Stage-2 incubation. Panels are labelled as in the figure: (a-c) acetate at 10, 30 and 50 mM; 
(d-f) lactate at 10, 30 and 50 mM; (g-i) citrate at 10, 30, 50 mM 

Rate-determining step (RDS) analysis demonstrated that all changes in carbon sources showed a 

nonlinear peak-current-scan rate correlation (Figure 4a to 4i), indicating that the redox process at 

the bacteria-electrode interface is governed by a diffusion-limited mechanism. This indicates that 

the electron transfer rate is not exclusively controlled by the applied voltage but rather depends on 

the diffusion of endogenous mediators or cytochrome species to the electrode surface before the 

reaction occurs [27]. The diffusion constraint significantly constrains current output in MFC systems. 

Compared with citrate, the RDS patterns for the acetate and lactate variants showed a greater 

propensity for linearity, indicating enhanced electron-transfer kinetics. This aligns with the more 

straightforward and compatible metabolic roles of acetate and lactate in the B. clausii respiratory 

pathway, hence reducing diffusion barriers during substrate oxidation. Citrate showed the most 

pronounced deviation from linearity, indicating a markedly diffusion-limited mechanism. 

Consequently, acetate and lactate provide superior kinetic conditions for the electrochemical 

performance of MFCs compared to citrate. 

The investigation of ks was conducted using Laviron's [12] methodology to clarify the electron 

transfer mechanism and electrochemical characteristics of the MFC system. A high ks value signifies 

accelerated electron transport between B. clausii J1G-0%B cells and the electrode, hence 

immediately enhancing the maximum voltage and power density attained by the MFC [7,12,21]. 
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Consequently, ks served as the principal metric for comparing the control system with systems 

supplemented with carbon in the form of acetate, lactate, or citrate. 

The calculations indicated that 50 mM acetate supply yielded the greatest ks, measuring 

1.888±0.002 s⁻¹, followed by 50 mM lactate and intermediate concentrations of acetate and lactate 

(Figure 5a to 5i). The addition of all carbon sources enhanced ks by 184.56 to 378.23 % relative to 

the control (0.395±0.001 s⁻¹), therefore indicating that carboxylate supplementation significantly 

increased the electron transfer capacity of B. clausii at the anode. This augmentation aligns with the 

enhanced availability of electrons from the catabolic routes of acetate, lactate, and citrate [9]. 

Acetate demonstrated enhanced electrochemical performance owing to its direct conversion to 

acetyl-CoA, which effectively integrates into the Krebs cycle, facilitating the production of more 

stable endogenous reductants and mediators [22]. Lactate exhibited the same pattern, necessitating 

first conversion to pyruvate before to accessing the identical route [4]. Conversely, citrate 

demonstrated the lowest ks value at elevated concentrations (50 mM), suggesting constraints in 

citrate metabolism by B. clausii and possible disturbances in cellular homeostasis, encompassing 

osmotic stress and diminished enzymatic activity related to respiration [4,22]. These circumstances 

increase electron-transfer resistance and diminish redox efficiency. Acetate offers the most 

straightforward and efficient metabolic route for facilitating electron transport, followed by lactate, 

while citrate presents metabolic constraints that hinder ks attainment at elevated concentrations. 

 
Figure 5. Laviron plot of halophilic MFC bioanodes after Stage-2 incubation. Panels are labelled as in the figure: 

(a-c) acetate at 10, 30 and 50 mM; (d-f) lactate at 10, 30 and 50 mM; (g-i) citrate at 10, 30 and 50 mM 
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pH is a critical factor in evaluating the metabolic stability and electrochemical efficacy of micro-

organisms in microbial fuel cells (MFCs). Alongside electron production, halophilic bacteria generate 

organic acids, ammonia, and various metabolites that can alter the medium's pH during incubati-

on [28,29]. The pH fluctuations recorded for each carbon source are illustrated in Figures 6a to 6c. 

 
Figure 6. pH of halophilic MFC anolytes before and after Stage-2 incubation with various carboxylates:  

(a) acetate at 10, 30 and 50 mM; (b) lactate at 10, 30 and 50 mM; (c) citrate at 10, 30 and 50 mM 

The use of acetate elevated pH throughout incubation, whereas lactate and citrate reduced it. This 

signifies variations in catabolic pathways: acetate metabolism by B. clausii J1G-0 %B yields more 

alkaline metabolites, whereas lactate and citrate catabolism generate more acidic metabolites. The 

lowering trend in pH becomes more pronounced at higher substrate concentrations, suggesting that 

increased carboxylate availability increases the metabolic burden and organic acid production [28]. 

The pH range (6.08 to 7.59) was close to neutrality, aligning with the ideal growth range for Bacillus 

spp. [30], so demonstrating that the culture remained physiologically active. 

Ammonia serves as an indication of nitrogen metabolism from tryptone/yeast extract and to 

monitor possible buildup that may influence the pH established during incubation. Ammonia is 

produced by the deamination of amino acids derived from the nitrogen source (tryptone), and its 

presence serves as an indirect indicator of bacterial metabolic activity associated with electron 

transfer [29]. Acetate variations yielded the greatest ammonia concentrations (0.35 to 0.75 ppm), 

followed by lactate (about 0.25 ppm) and citrate (0.20 to 0.25 ppm). This trend aligns with prior 

electrochemical findings, suggesting that acetate metabolism induces the most physiological activity 
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and metabolite synthesis, followed by lactate and citrate. Overall, our data demonstrate that the 

pH response and ammonia generation are linked with the metabolic activity levels of B. clausii J1G-

0%B towards each carbon source. 

Full-cell characteristics 

The voltage difference between the anode and cathode indicates the quantity of electrochemical 

energy obtainable from bacterial metabolism in the MFC circuit [21]. Figures 7a-7c illustrate the 

voltages produced during three cycles of fed-batch operation, each lasting 72 hours. 

 
Figure 7. Cell voltage-time profiles of halophilic MFCs during Stage-2 incubation with various carboxylates:  

(a) acetate, (b) lactate, (c) citrate 

In the case of the acetate and lactate substrates (Figure 7a to 7b), B. clausii J1G-0%B demonstrated 

a characteristic pattern of an adapting system: the starting voltage at hour 0 was minimal, then rose 

steadily until the conclusion of the first cycle at hour 72. This pattern recurred in the second and third 

rounds, with the starting voltage remaining low while escalating more quickly in subsequent cycles. 

This augmentation signifies the development of the anode biofilm and enhanced electron-transfer 

efficiency as electrogenic consortia form on the electrode surface. 

Conversely, with citrate (Figure 7c), the initial voltage at hour 0 exceeded that of the other two 

substrates. The voltage thereafter diminished or steadied until the conclusion of each cycle. This 

pattern was uniform over all three observed cycles. The elevated initial voltage in citrate is believed 

to stem from transient capacitive charging, attributed to its three carboxylate groups that enhance 
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double-layer capacitance and promote temporary charge buildup at the electrode interface [10,31]. 

This capacitive effect is temporary and dissipates after the charge is discharged during MFC operation. 

The mean voltage escalated with each cycle across all substrate categories. The decreased 

voltage in the first cycle indicates a physiological adaptation period and the absence of stable biofilm 

formation. In the second cycle, the elevated voltage indicates increased metabolic activity and 

enhanced electron transfer within the biofilm. The apex transpired during the third cycle, 

characterized by a substantial rise in voltage as a mature biofilm developed and electron transport 

channels became more efficient [32]. This pattern aligns with the kinetics of electrogenic biofilm 

formation often seen in MFC systems. 

The greatest average voltage recorded was 77.87 mV at 50 mM acetate, followed by 65.61 mV 

at 50 mM lactate and 59.48 mV at 30 mM citrate. The findings demonstrate that acetate is the most 

effective substrate for B. clausii J1G-0%B in producing electrogenic activity. This aligns with prior 

electrochemical research indicating the peak ks value at 50 mM acetate [22]. Biochemically, acetate 

has the most straightforward metabolic route, immediately entering the TCA cycle via acetyl-CoA, 

hence facilitating a more steady and efficient electron flow. Lactate and citrate need supplementary 

oxidation processes, which impede electron transport and diminish average voltage performance. 

The observations confirm that the presence of metabolically suitable substrates is essential in 

influencing the electrogenic capacity of halophilic bacillus-based MFCs and highlight the significance 

of mature biofilms as a crucial component in MFC performance. 

The study of maximum power density (MPD) was used to determine the ideal operating point at 

which the MFC generates peak power output. This measure delineates the correlation between 

voltage and current across different external loads, hence indicating the system's internal 

resistance, energy conversion efficiency, and the stability of the electrochemical process throughout 

operation [21]. Figures 8a to 8c illustrate the MPD findings for each change in carbon substrate. 

The acetate and lactate variants had the highest MPD at 50 mM, followed by 30 and 10 mM. This 

trend demonstrates that elevated substrate concentration enhances the availability of electrons from 

bacterial catabolism, thereby augmenting power density [9]. Nonetheless, this impact does not 

remain linear forever. The higher MPD value for the citrate substrate was attained at 30 mM, but 50 

mM yielded worse performance. This occurrence indicates a physiological tolerance threshold for 

citrate, which, at elevated concentrations, may disrupt cellular homeostasis and induce osmotic 

stress, thereby diminishing electron flow and electrochemical efficiency [33]. Moreover, citrate 

metabolism is more complex and requires additional pathways before entering the TCA cycle, thereby 

reducing the electron transfer rate relative to acetate and lactate. 

The maximum power density was quantitatively greatest at 58.16±3.54 mW m-² for 50 mM 

acetate, followed by 38.36±4.25 mW m-² for 50 mM lactate and 26.88±3.86 mW m-² for 30 mM 

citrate. The use of 50 mM acetate yielded relatively high performance due to its simple molecular 

structure, which facilitates rapid conversion to acetyl-CoA, thereby producing a steady NADH/FADH₂ 

flux and enhancing electron transfer to the anode [22]. The alignment of these findings with earlier 

half-cell studies, which similarly exhibited optimal electrochemical performance at 50 mM acetate, 

substantiates that acetate is the most suitable substrate for B. clausii J1G-0%B metabolism and the 

most efficacious in facilitating electrogenic biofilm development. 

Nonetheless, 50 mM lactate and 30 mM citrate generated substantial MPD and have the potential 

to serve as alternate substrates in halophilic Bacillus-based MFC systems. This illustrates the metabolic 

versatility of B. clausii J1G-0%B, albeit the peak electrogenic efficiency was attained on acetate. 
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Figure 8. Power-current characteristics of halophilic MFCs during Stage-2 incubation with various 

carboxylates: (a) acetate, (b) lactate, (c) citrate and (d) maximum power density as a function of substrate 
concentration for carboxylate in a Bacillus clausii J1G-0%B-based MFCs 

The MPD achieved in this work (58.16 mW m⁻²) is inferior to other reports of consortium-based 

halophilic MFCs functioning at salinities of 20 to 70 g L⁻¹ (162-570 mW m⁻²). This investigation was 

conducted under hypersaline conditions of 100 g L⁻¹ NaCl (about 10 %), which is considerably greater 

than most other reports, as shown in Table 1 [2,5,34-38]. At this salinity level, high osmotic pressure 

requires microorganisms to expend metabolic energy to maintain cellular homeostasis, potentially 

reducing the proportion of electrons available for EET. Beyond salinity, most research on elevated 

MPDs uses microbial consortia and platinum or Pt/C-based cathodes, known for their exceptional 

catalytic activity in oxygen reduction. This research employed a pure culture of Bacillus clausii J1G-

0%B and a carbon electrode, omitting the use of specialized catalytic materials like platinum on the 

cathode. This disparity directly influences the kinetics of the cathodic reaction and the internal 

resistance of the system, resulting in an elevated MPD value. Nonetheless, compared with a previously 

documented single-culture Bacillus circulans BBL03-based MFC (17.42 mW m⁻²), this system exhibits 

a notable enhancement in power output, even at elevated salt levels. The primary contribution of this 

study is the demonstration of electron transfer viability under extreme hypersaline conditions using 

pure cultures, providing a more controlled mechanistic foundation for understanding EET regulation 

under elevated osmotic pressure. 
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Table 1. Comparative analysis of halophilic MFC performance under varying operating conditions 

Anode Cathode Microbes 
Reactor 

type 
Salinity, g L-1 

Maximum power 
density, mW m-2 

Ref. 

Carbon felt Carbon felt 
Halophilic exo-

electrogenic 
consortium bacteria 

Dual 
chamber 

40 162.09 [5] 

Carbon 
brush 

Pt coated carbon 
cloth 

Halophilic consortium 
bacteria 

Single 
chamber 

37.7 165 [34] 

Carbon 
brush 

Pt crystal coated 
carbon cloth 

Halophilic consortium 
bacteria 

Single 
chamber 

69.5 570 [35] 

Stainless 
steel mesh 

Graphite felt 
Halophilic consortium 

bacteria 
Double 

chamber 
58.44  

(1 M NaCl) 
207.05 [36] 

Carbon 
brush 

Pt crystal coated 
carbon cloth 

Halophilic consortium 
bacteria 

Single 
chamber 

46 420 [2] 

Carbon felt 
Pt/C coated 
carbon cloth 

Halophilic electroacti-
ve consortium bacteria 

Double 
chamber 

20 276 [37] 

Carbon felt Pt-coated carbon 
Bacillus circulans 

BBL03 
Double 

chamber 
- 17.42 [38] 

Carbon felt Carbon felt 
Bacillus clausii J1G-

0%B 
Single 

Chamber 
100 58.16 

This 
work 

 

Figure 8d shows the relationship between substrate concentration and maximum power density 

(MPD for three carboxylates: acetate (black curve), lactate (red curve), and citrate (blue curve). Each 

curve exhibits a nonlinear response, reflecting the interrelationships among substrate availability, 

microbial metabolism, and electron-transfer efficiency at the anode. The acetate curve shows a nearly 

monotonic increase in MPD with increasing concentration, reaching a peak value at 50 mM. This trend 

indicates that acetate can be efficiently metabolized by Bacillus clausii J1G-0%B via direct conversion 

to acetyl-CoA, thereby providing a stable, continuous supply of electrons for extracellular electron 

transfer processes. The absence of a decrease in MPD at high concentrations indicates good physio-

logical tolerance to acetate across the tested concentration range. In contrast, the lactate curve shows 

a moderate increase in MPD with concentration, but with a gentler slope than that of acetate. This 

suggests that although lactate can function as an electron donor, the need for initial conversion to 

pyruvate before entering the TCA cycle limits the rate of electron generation and the efficiency of 

energy conversion at higher concentrations. The citrate curve exhibits a bell-shaped behaviour, with 

maximum MPD reached at intermediate concentrations, then decreasing at higher concentrations. 

This pattern indicates metabolic and physiological limits to citrate utilization, possibly related to the 

complexity of the metabolic pathway, osmotic imbalance, or disruption of cellular homeostasis at high 

concentrations. The decrease in MPD at high citrate concentrations confirms that increased substrate 

availability does not necessarily translate to improved electrochemical performance. The differences 

in curve shapes confirm that the type of substrate and its metabolic route directly control the 

maximum power density, with acetate being the most effective substrate, followed by lactate, while 

citrate shows limitations at high concentrations. 

The biofilm mass on the anode reflects the density and distribution of B. clausii J1G-0 % B cells, 

which are essential for electron transfer and energy production in MFC systems. Effectively 

structured biofilms are not always the thickest; instead, they exhibit elevated electrochemical 

activity and decreased diffusion resistance [34]. Consequently, biofilm mass serves as a metric for 

the durability and enduring stability of bacterial electrogenic activity [21]. 

Following washing to remove salt, the dry biofilm mass varied with the type and concentration 

of carbon. It is seen from Figure 9 that 50 mM biofilm exhibited a mass of 0.36±0.06 g in acetate, 

which was smaller than the 10 mM biofilm mass of 0.92±0.05 g, however produced substantially 
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more power. This suggests that high concentrations of acetate promote the development of thinner 

yet more electroactive biofilms, aligning with existing research on thin, high-conductivity biofilms 

associated with Bacillus-based anodes [39]. 

 
Carboxylates type 

Figure 9. Biofilm mass on MFC anodes after Stage-2 incubation with carboxylates. Final biofilm mass harvested 
from anodes following Stage-2 incubation in acetate, lactate, or citrate at 10 mM, 30 mM and 50 mM 

The biofilm mass with lactate remained largely unchanged over the concentration range (0.77 to 

0.79 g), suggesting that lactate did not substantially influence biomass growth. The improvement in 

electrical performance at higher concentrations is likely attributable to improved electron-transfer 

efficiency rather than to increased biofilm thickness. The established biofilm is metabolically active, 

although there is no mass gain. Conversely, with citrate, biofilm mass decreased significantly from 

0.65±0.02 g (10 mM) to 0.20±0.03 g at 30 and 50 mM. This reduction was followed by an increase in 

power density, indicating an inverse link between biofilm thickness and cellular function. The direct 

incorporation of citrate into the TCA cycle may enhance electron generation, even under reduced 

biomass, resulting in a sparse biofilm with elevated electrochemical activity. The reduction in mass may 

be linked to ionic stress or the buildup of organic compounds that impede cell growth [39]. 

Results in Figure 9 indicate that the enhancement in MFC performance after the incorporation of a 

carbon substrate is attributable not to an increase in biofilm bulk, but to an improvement in the electro-

chemical quality of the biofilm. Thinner and more porous biofilms exhibit enhanced substrate diffusivity, 

reduced internal resistance, and increased electron conductivity, leading to more efficient charge 

transfer [21,39]. Consequently, biofilm mass is not the only determinant of MFC performance; rather, 

electrochemical parameters are much more critical in assessing B. clausii J1G-0%B-based systems. 

Nexus between electron transfer kinetics, power density, and biofilm characteristics 

The relationship between the kₛ, MPD, and biofilm mass indicates that the performance of the 

Bacillus clausii J1G-0%B-based MFC is determined more by the electrochemical efficiency of the 

biofilm than the amount of biomass alone. Increasing kₛ was consistently accompanied by an 

increase in MPD, particularly in the 50 mM acetate treatment, reflecting that accelerated electron 

transfer at the biofilm-electrode interface directly increases the system's power generation capacity 

(Figure 10a). Conversely, biofilm mass showed a more negative correlation with either kₛ or MPD, 

as shown in Figure 10b. Under 50 mM acetate conditions, relatively thinner biofilms produced the 

higher kₛ and MPD values, indicating that thin, yet highly electroactive biofilms are more advanta-

geous than thick biofilms, which potentially suffer from substrate diffusion limitations and increased 
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internal resistance. This phenomenon confirms that increasing electrogenic activity per unit biomass 

is more important than quantitative cell accumulation. For lactate and citrate substrates, a similar 

pattern was observed, where the increase in MPD was more related to kₛ than to biofilm growth. 

These results indicate that kₛ serves as the primary linking parameter between microbial metabolism 

and MFC power performance, while biofilm mass plays a secondary role and cannot be used as a 

sole indicator of system performance. 

 
Figure 10. Correlation between maximum power density (MPD) and (a) electron transfer rate constant (kₛ), 

(b) biofilm weight in Bacillus clausii J1G-0%B-based MFC anodes 

Conclusions 

This study revealed that the addition of acetate, lactate and citrate significantly enhanced the electro-

chemical performance of a microbial fuel cell (MFC) system using the halophilic bacteria Bacillus clausii 

J1G-0%B. At all evaluated concentrations (10, 30, and 50 mM), the incorporation of carboxylates led to 

marked enhancements in electron transfer characteristics, evidenced by increases in the heterogeneous 

electron transfer rate constant (kₛ), average voltage, and maximum power density relative to the control 

without additional carbon source. The kₛ values rose by 184.56 to 378.23 % compared to the control 

(0.395±0.001 s⁻¹), with the maximum kₛ seen in the 50 mM acetate treatment (1.888±0.002 s⁻¹). 

Comprehensive cell analysis verified the superior performance of these conditions, achieving an average 

voltage of 486.94 mV and a peak power density of 58.16±3.54 mW m-². In comparison, operation with 

50 mM lactate produced a lower average voltage of 474.05 mV and a maximum power density of 

38.36±4.25 mW m-², while 30 mM citrate resulted in 460.54 mV and 26.88±3.86 mW m-². The mass of 

biofilm did not exhibit a linear correlation with electrochemical performance, suggesting that thin but 

electroactive biofilms facilitated superior electron transfer efficiency compared to thicker biofilms. The 

advantage of acetate stems mostly from its straightforward metabolic pathway and its compatibility 

with the Krebs cycle, thereby facilitating more efficient electron generation than lactate and citrate. 

These data affirm that supplementation with simple carboxylates, particularly 50 mM acetate, signifi-

cantly enhances the performance of halophilic MFCs. The findings establish B. clausii J1G-0%B as a viable 

bioelectrocatalyst for hypersaline wastewater treatment, while producing sustainable electrical energy. 
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