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Abstract

:

Energy generation using microbial fuel cells (MFC) and removing toxic metal ions is a potentially exciting new field of study as it has recently attracted a lot of interest in the scientific community. However, MFC technology is facing several challenges, including electron production and transportation. Therefore, the present work focuses on enhancing electron generation by extracting sugarcane waste. MFC was successfully operated in a batch mode for 79 days in the presence of 250 mg/L Pb2+ and Hg2+ ions. Sugarcane extract was regularly fed to it without interruption. On day 38, the maximum current density and power density were recorded, which were 86.84 mA/m2 and 3.89 mW/m2, respectively. The electrochemical data show that a sufficient voltage generation and biofilm formation produce gradually. The specific capacitance was found to be 11 × 10−4 F/g on day 79, indicating the steady growth of biofilm. On the other hand, Pb2+ and Hg2+ removal efficiencies were found to be 82% and 74.85%, respectively. Biological investigations such as biofilm analysis and a recent literature survey suggest that conductive-type pili species can be responsible for energy production and metal removal. The current research also explored the oxidation method of sugarcane extract by bacterial communities, as well as the metal removal mechanism. According to the parameter optimization findings, a neutral pH and waste produced extract can be an optimal condition for MFC operation.
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1. Introduction


Microbial fuel cells (MFC) are a potential bio-electrochemical technique that can generate electricity from chemical energy via the catalytic activities of microorganisms [1,2,3]. They can degrade pollutants while generating electricity and are preferred to other removal methods due to their sustainability, safety, and efficiency. They do not require any external power supply and let out 50–90% less sludge than other bioremediations, thus cutting the cost of sludge removal [4]. They also have a relatively simple configuration which is easy to operate, and have negligible impact on the environment, thus making them an efficient and eco-friendly method to remove toluene from wastewater [5]. This study utilizes a simple MFC setup in a single chamber. Exoelectrogens are bacteria that produce protons (H+) and electrons (e-) at the anodes in simple MFCs. The electrons may also flow to the cathode via an external circuit, where oxygen is reduced before interacting with hydrogen ions and changing into water through a membrane. The biofilm forms on the electrode surface over time due to the microbe’s activity. The biofilm also assists in the passage of electrons from the microorganism to the anode, boosting the pace at which organic contaminants degrade [6,7,8]. The MFC technique has been utilized in many studies to remove both heavy metals and organic pollutants [9,10,11]. Since life is unimaginable without water, it is an essential resource on the planet, and it being accessible in its purest state is crucial for both humans and other living things. Due to its versatile characteristics, such as solubility, strength, etc., water has been referred to as the universal solvent [12,13]. The pollution of water, which is now the most imperative issue facing the entire world, might be due to poor sewage treatment, industrial wastes, marine dumping issues, radioactive waste, agricultural perspectives, etc. The pollution of water has a harmful influence on the surrounding atmosphere, and it may also be accountable for the pollution of the air, which has highly negative consequences for human health. The economic progress and social outlook of the societies or nations that are polluted also suffer because of water pollution’s negative effects. Recently, a study that was issued by the United Nations claimed that the availability of clean water is a problem that affects the whole globe and has become a challenge in the 21st century for the entire planet [14].



Water is polluted when undesirable substances have found their way into bodies of water reservoirs, rendering the water unfit for consumption and other uses. Although, there are a variety of chemical, physical, and mechanical solutions that may be used to address this developing issue. In addition, researchers are still hard at work investigating various new technologies to develop more efficient and cost-effective techniques for water filtration. However, newly developing areas of green technology, such as MFCs, present an opportunity to filter water at a cheap cost, with a high operating efficiency in the removal of impurities and with the capacity to reuse the purified water [15]. Furthermore, the heavy metal contamination of water has become a major environmental problem, such as mercury, lead, cadmium, etc. For example, lead (Pb2+) and mercury (Hg2+) impact our health negatively. Due to their use in petroleum, the mining sector, recycling, and commercial activities, Pb2+ and Hg2+ accumulate in the environment (water resources) [16]. There are some articles in the literature on different techniques of extracting metals during the mining process [17,18]. Children are the most at-risk category when it comes to Pb2+ and Hg2+ exposure [19]. Exposure to Pb2+ and Hg2+ in children can damage the central and peripheral nervous systems, cause impaired hearing, stunted growth, learning disabilities, and the disfunction of blood cells [20,21]. The most recent research found that MFCs are one of the most effective ways to remove heavy metals from water sources, and the selection of focusing on Pb2+ and Hg2+ in the present study was made in accordance with earlier recommendations [22,23,24]. Despite several advancements in MFC, there are still a few challenges that electrochemically limit its efficiency [25,26,27]. Metals are removed by MFCs using an electrochemical principle. However, the generation of electrons by bacterial species seems to be quite minimal, which does not improve the 100% removal of metal ions. In fact, the MFC converts hazardous metal ions to less poisonous metal ions. The generation of electrons depends on the stability of the organic substrate [28]. The type of substrate chosen is a key factor in determining the success of energy generation and the degradation of pollutants due to its impact on bacterial growth in MFC. The production of power is also inhibited when the concentration of substrates exceeds a certain value [29,30].



Several earlier investigations have shown that the highly carbohydrate-rich organic substrate is beneficial to bacterial species such as sugarcane extract [31,32]. The current work focuses on sugarcane waste as an organic substrate for heavy metal removal. The sugarcane culms are ground to produce sugarcane extract. It is mostly made up of 13–15% sucrose, 70–75% water, and 10–15% fiber [33]. Previous research has shown that it is best suited for use as an organic substrate. The present investigation is limited to Pb2+ and Hg2+ removal in high concentrations in wastewater. Many studies used 50 mg/L or 100 mg/L, which is impractical given that many companies release Pb2+ and Hg2+ in substantial quantities. As a result, the current work focuses on high concentrations to evaluate MFC performance.




2. Materials and Method


2.1. Material and Chemical Regaents


Sugarcane waste material, bought from a local market in Penang 11800, Malaysia; pond water (collected from a pond in Bandar Putra Bertam, Penang, 11800, Malaysia); lead nitrate; mercury (II) nitrate monohydrate; phosphate buffer; all of these chemicals were received from Sigma-Aldrich) graphite electrodes (GR series, FUDA 2B Lead, NY, USA); and copper wires.




2.2. Preparation of Sugarcane Extract


The sugarcane waste material was obtained from the local market. To begin, 1 kg of sugarcane waste material was employed in an extraction machine to obtain sugarcane extract. Following the collection of sugarcane extract, filtration was carried out to eliminate impurities, i.e., to obtain pure sugarcane extract. This extract was used as an organic substrate in MFC.




2.3. Supplementation of Metal in Pond Water


The present investigation did not use naturally polluted Pb2+ and Hg2+ wastewater. To produce Pb2+- and Hg2+-polluted wastewater, commercial Pb2+ and Hg2+ (250 mg/L) was mixed with local pond water. The current study refers to metal-supplemented wastewater (MSW-water) after Pb2+ and Hg2+ supplementation. Table 1 shows the physicochemical characteristics of MSW-water compared with pond water.




2.4. MFC Assembly and Operational Process


In the research, a single-chambered MFC was developed, as systematically drawn in Figure 1. The overall capacity was 2000 mL, with a working volume of 1500 mL. The working volume was full of MSW-water (1000 mL) and 500 mL of phosphate buffer solution (pH 7). In this investigation, the cathode was represented by a single electrode that measured 10 cm in height and 1 cm in radius. Multiple anodes were provided by two electrodes, each of which had dimensions of 10 cm high by 1 cm wide (h × r). The electrode had a surface area of 69.13 cm2, according to the calculations. There was a space of 11 cm that separated the anode electrode from the cathode electrode. Copper wire linked the electrodes to permit electrons to flow between them. The anode was fully submerged in the water, while the cathode was partially submerged. Following the passage of two days of open-circuit voltage, a resistance of 1000 Ω was introduced into the system. The voltage value dropped noticeably after adding the external resistance; nevertheless, it gradually recovered after some time had elapsed. When there is no voltage recovery, a higher resistance should be utilized. On the other hand, when there is no substantial change in the voltage’s value, lower values of external resistance should be selected [34]. As the substrate, around 10 mL of sugarcane extract was given to the anode on a daily basis. The sugarcane extract MFC experiment was conducted for 79 days at normal temperatures.




2.5. Analytical and Electrochemical Measurements


Using a multimeter, we acquired a reading once every 24 h to determine the voltage. To convert the voltage data into current (Ampere), Ohm’s law was used. Power density (PD), internal resistance (r), and current density (CD) were calculated by using the equations as described in the literature [35,36]. A polarization curve was produced by using various resistance values from 5000 Ω to 100 Ω, and the slope of the curve was used in order to determine the internal resistance of the MFC.



To study the redox reaction during the whole reaction, a cyclic voltammetry model (CV, -USA) was applied. The surface was computed at a scanning rate of 5 mV/s−1, between +0.8 V to −0.8 V potential range at the 1st, 10th, 30th, 50th, and the 79th day of the MFC reaction. The electrodes used were copper wire (counter), anode (operational), and Ag/AgCl (reference), respectively. The potential difference between the working electrode and the reference electrode was then recorded. The specific capacitance, Cp (F/g), is calculated by adding together all the data for cathode and anode per unit area. Information from the CV calculation was used to obtain this Cp value using Equation (1). However, the area of CV = A, loaded sample quantity in CV instrument = m, potential range of CV = (V2 − V1), and the scan rate of CV (mV s−1) = k.


   C p  =   A   2 m k ( V 2 − V 1 )    



(1)







Apart from CV, electrochemical impedance spectroscopy was also performed at multiple time intervals to measure the resistance effect of the anode towards voltage. EIS analysis was performed on the 31st day in the operative mode of the MFC, from a frequency range of 10,000 Hz to 0.1 Hz. The amplitude of alternating current (AC) was evaluated at 1 mV to minimize the disruption of the steady-state system and to refrain from the attachment of biofilm.




2.6. Pb2+ and Hg2+ Removal Efficiency


The contents of the Hg2+ was analyzed via inductively coupled plasma—optical emission spectroscopy (ICP-OES; PerkinElmer Optima 8000 spectrometer) to study the removal performance. Meanwhile, to study the removal performance of Pb2+, the present study used the atomic adsorption spectrometer (AAS-PerkinElmer AAnalyst 400). A 1.0 mL solution was taken from the anode chamber for Pb analysis based on the sample interval plan. In the case of ICP, we collected 1 mL and diluted it to 5 ppb (part per billion) before passing it to the lab technician for further examination. The ICP and AAS only indicated the concentration that had been converted into insoluble form. This is referred to as removal efficiency in the present study. The samples were collected on the 10th, 30th, 50th, 70th, and the 79th day and the metal contents were analyzed. The percentage of removal efficiency (% RE) was calculated via Equation (2).


  Removal   efficiency   % =   M   i n i t i a l   − M ( f i n a l )   M ( i n i t i a l )   × 100  



(2)




where M(initial) = the initial concentration of metal ions; M(final) = the concentration of metal ions after MFC operation.




2.7. Biofilm Analysis of Anode


Scanning electron microscopy, often known as SEM, was used to evaluate the biofilm’s formation and its stability, development, and surface shape. The SEM photos are critical in establishing the presence of bacterial growth at the anode surface, which is the location of the process that removes Pb2+ and Hg2+ from MSW water.




2.8. Multiple Parameter Optimization


In the studies on optimization, several parameters were simultaneously studied. In this investigation, consideration was given to both the pH and the organic substrate. As a first step, we identified an optimal pH range between 4 and 10 in terms of energy production and metal removal. To achieve the desired pH level, NaOH and H2SO4 were used. Using MSW-water in MFCs, a series of studies with 1000 Ω were performed at room temperature. In these studies, sugarcane extract was used as an organic substrate. After a period of 10 days, the voltage deterioration efficiency across each pH range was determined. In a similar manner, commercial raw sugar was used to compare the effectiveness of sugarcane extract with that of other substrates, such as raw sugar and commercial glucose. Following a period of 10 days, each substrate reading was analyzed. The MSW water utilized had a pH of 7, and the same 1000 Ω of external resistance that were used in the above experiment were employed.





3. Results and Scientific Discussion


3.1. Electrochemical Investigation of MFCs with Sugarcane Extract


The experiment was operated successfully for 79 days with sugarcane extract as the inoculation source for the MFC operation. The operation of the MFCs was run in batch mode, according to Figure 2, to achieve maximum voltage generation. The voltage was at its maximum on the 38th day of the reaction, at 355 mV. We noted a significant peak and, subsequently, a decline in the voltage generation pattern. According to previous literature, the reasons to achieve a maximum voltage are (a) the presence of the fresh inoculation source, which has several active bacterial species and (b) the supply of organic substrate to all types of bacterial species enhances their exoelectrogenic activities [31,32]. According to Fadzli et al. [31,32], fresh wastewater contains a variety of bacterial species, some of which have short life cycles. These became active for a short period following the supply of an organic substrate and generate considerable electrons. They also stated that one of the primary challenges of MFCs is to sustain the life cycle of the bacterial species on a highly carbohydrate-rich organic substrate. After a peak (on day 38), the voltage values dropped to 185 mV. It is speculated that this was experienced because the bacterial species had reached the end of their life cycle [37]. It increased again after a few days until it reached 218 mV on day 49. However, this value did not exceed the first maximum value recorded. Again, after the continued supply of organic substrate, the value rose to 91 mV but still did not exceed the previous maximum value recorded on day 38. After day 60, the voltage decreased constantly until the 79th day, with no signs of increment, indicating that the operation had completed. According to several articles, if the voltage following the continuous supply of organic substrate becomes constant or reaches zero, it signifies that most bacterial species have lost the ability to generate electrons. They can start producing electrons again after a long period of time, but evidence showed that they could not provide the maximum that they did in the beginning. This represents the completion of the MFC operation [9,10,11]. Similar trends were observed by Daud et al. [7] where a maximum of 510 mV was noted in a 30-day operation. They stated that the study used rotten rice as the inoculation source. According to the study, a higher voltage trend was linked to the stability of the inoculation source. In this study, however, the voltage trend was not very high compared with Daud et al. [7]. There are two possible reasons: (i) the lower stability of sugarcane extract or (ii) the presence of a high concentration of Hg2+ and Pb2+. The steady increase in voltage also served as a marker for the effectiveness of the pollutant’s removal. The first maximum voltage (on day 38) indicated the reduction of Pb2+ into Pb(s) and Hg2+ into Hg(s) according to a previous study [38]. Lastly, to obtain mathematical models, we studied the regression analysis of the voltage trend. According to Figure S1, the voltage trend showed coefficient (R2) = 0.02, which means that the regression model accounted for 20% of the observed variability in the target variable. It seems that there is a non-linear variability and a relationship between voltage and time. Figure 2 also proves that, in the beginning, the voltage increased with the passage of time, while it decreased after some time.



Apart from the voltage trend, polarisation studies were carried out to study CD, PD, and voltage relationships, as shown in Figure 3. This was achieved by varying the external resistance. During the functioning of the MFC, individual connections were made between resistance values ranging from 5000 Ω to 100 Ω. The correlation between voltage and CD has been shown to be inverse. The maximum CD value recorded was 86.84 mA/m2, while the maximum PD value achieved was 3.89 mW/m2 at 1000 Ω. A high external resistance value, for instance, 5000 Ω, gave out 1.20 mW/m2. Due to the rapid passage of electrons, low levels of external resistance indicate lower levels of electrical movement stability. The introduction of oxygen from the outside world helped to stimulate the cathodic reaction rate, which, in turn, led to voltage stabilization while increasing the value of resistance. The cell design point was found at 1000 Ω resistance. Several investigations produced consistent results while attempting to characterize the electrochemical analysis of MFC [39,40,41]. Additionally, we considered the regression analysis to provide information for researchers to predict mathematical models. In the case of polarization curves, we found that the voltage R2 was 0.95, while in the case of PD, the R2 was 0.04. R2 is a metric that reveals details about a model’s goodness of fit as shown in Figure S2. It is a statistical indicator of how closely the regression line resembles the real data in the context of regression. It can help to predict the effects of the independent variable on the dependent one through the use of a regression analysis. Depending on how accurate you need to be, an R2 number has to be as high as possible. For example, in scientific investigations, a regression model’s R2 may need to be above 0.95 to be regarded as reliable. If the dataset exhibits severe variability, an R2 of merely 0.3 may be acceptable in other areas [42]. In the present case, the voltage trend of polarization study is seeming a very reliable inverse relationship with CD while the PD also exhibit a linear relationship until a certain point. A high R2 does not, however, automatically indicate a successful regression model. The type of the variables included in the model, how the variables are measured, and how the data is transformed are just a few of the variables that affect how accurate a statistical measure becomes. Therefore, a high R2 might sometimes point to regression model issues. Predictive models should typically avoid having low R2 values. A good model, however, could sometimes display a little value [43].



The electron mobility during MFC operation was investigated by recording CV curves at the various times shown in Figure 4. Forward scan (FS) and reverse scan (RS) current were shown on the CV curve performed on different days. On the 10th day, the FS was 0.4 × 10−5 mA, and the RS current was −0.1 × 10−5 mA. Moreover, the 30th day FS and RS currents were 0.8 × 10−5 mA and −0.3 × 10−5 mA respectively, while the 50th day FS and RS currents were 1.3 × 10−5 mA and −0.7 × 10−5 mA respectively. The highest FS and RS currents were recorded on 79th day, which were found at 5.8 × 10−5 mA and −1.5 × 10−5 mA respectively. This indicates that the oxidation and the reduction rate of the substrate gradually increased and eventually reached the highest peak on the 79th day. The CV graphs show a clear difference from day first to day 79. This current study displayed a maximum oxidation of 0.8 mA, and the reduction rate was found to be −0.8 mA. The CV curves exhibit maximum oxidation and reduction rates throughout the reaction. However, sugarcane extract does not produce a fast reaction in comparison with previous studies. Several researchers follow the same pattern to explain the CV results [9,10,23]. The redox processes that took place throughout the process were reflected in the CV analysis, which showed the catalyzing activity of the bacterial biomass connected to the electrodes at various time intervals. To study the oxidation and reduction processes via various peaks acquired in the CV, MFC was investigated at various time intervals. Considering that the standard reduction potentials (at 25 °C) for Hg2+ and Pb2+ are 0.79 V and −0.13 V, respectively, these values may be used as a guide to extrapolate from the CV curves. If a metal reduction has taken place, the CV will peak at a low value. In the case of the present investigation, the maximum reduction current was used to detect reduction maximums at −0.6 V to +0.8 V on the 79th day. It can indicate the presence of additional species that resulted from the fermentation of organic materials, giving the system a high reduction potential, and raising the possibility that the metals precipitated prior to the measurements. As an example, on the 10th day, 27% of the metals were removed, and on the 79th day, more than 70% of the metals were removed.



The CV results are an essential part of the investigation into the Cp values. The Cp values serve as a measure of the stability of the biofilm as well as the pace at which it forms during MFC operation. The CV curves demonstrate the development of biofilm and stability with time. The sugarcane extract served as the substrate for this study. Cp values that are low prove that biofilm is still growing. Furthermore, increasing Cp values showed that biofilm has high stability on the anode. The Cp values of this study are tabulated in Table 2. It showed that biofilm has high performance. Previous literature reviews also utilized similar theories to explain the formation rate of biofilm and its stability through the interpretation of CV curves [44,45].



Additionally, by plotting the EIS–Nyquist curve, it has been possible to investigate the charge transfer resistance via the MFCs used in this work. The results are shown in Figure 5 below, which was generated once the experiment had been completed. It displays a semi-straight line with a high Z’image (Ohm), which indicates the average rate of the electrons’ transportation. This pattern was observed throughout the whole operation. According to the findings of this study, a straight line with a high Z’image (Ohm) is indicative of a poor electron transportation rate, but a semicircle or semibent line demonstrates a high rate in spite of having a lower Z’image (Ohm) [46]. According to the most recent findings, the semi-bent lines at the beginning of the Z’real (Ohm) signal indicate the electronic activity; however, after that, the straight line suggests that there is not a high level of electronic movement. In general, a low internal resistance and a semicircular shape may be used to figure a high electron mobility. An increase in electronic mobility may result from a decrease in internal resistance relative to external resistance. The present study’s internal resistance was 250 Ω. Overall, the present study presents a moderate electronic mobility. In the EIS study, the R2 value was 0.95, which means the regression model’s R2 is regarded as reliable. Figure S3 shows that the regression model accounts for 95% of the observed variability in the target variable. In general, high R2 means that the model is able to explain more variability. It can be concluded that electron transportation increases with the passage of time, but at certain limits, it shows a decreasing trend.



Conductivity data was also tracked throughout the 79-day MFC operation. The conductivity pattern of the cell in the present investigation is shown in Figure 6. The conductivity of the cell showed an increment from the start (341 mS/cm) until day 50 (1978 mS/cm) but this decreased after day 50 (1878 mS/cm). The values kept oscillating beyond day 60 (day 70: 2368 mS/cm, day 79: 2250 mS/cm). This indicates that the performance of the cell declined due to various factors such as the instability of the bacteria, changes in pH, and insufficient organic substrates. A recent study by Rojas-Flores et al. [47] also displayed the same trend. Figure S4 shows that the R2 was 0.94, indicating a 94% variability in the target variable. It means that there is a general linear relationship between conductivity and time. However, as seen in Figure 6, multiple additional factors are also involved, resulting in some bit reduction in conductivity with the passage of time.




3.2. Biological Characterizations of MFC


Table 3 displays the results of the removal of Pb2+ and Hg2+ in the current study. This study illustrates the interesting results of remediating pond water treated with Pb2+ and Hg2+. The removal efficiency of Pb2+ and Hg2+ increased throughout the MFC operation, reaching a maximum of 82.00 and 74.85% removal efficiency, respectively. These results were found to be comparable with previous studies, giving rise to cautious optimism. As an example, Yaqoob et al. [48] demonstrated that MFCs (using sweet potato as a substrate) were successful in removing around 65.51% of Cd and roughly 60% of Pb. A comparative profile is tabulated in Table 4 to compare the removal efficiency of the present study with earlier studies. According to the most recent data and our literature review, most works reported concentrations of 100 or 200 mg/L, with just a few papers reporting concentrations of more than 200 mg/L. In comparison with prior studies, performance remains significantly better in this study.



The SEM-EDX technique was used to investigate the biofilm formation on the surface of an anode. Biofilms may be considered as “colonies of bacterial species” that have accumulated in a single location. Due to the biofilm’s oxidation of the organic substrate, electrons are transferred from the biofilm to the anode electrode. The majority of a biofilm is composed of 2.5 to 5% bacterial cells, 97% water, and 3.5% to 6% extracellular polymeric substances (EPS’) [54]. Electrons and protons are produced as a by-product of the oxidation process, and EPSs, which are the most important components. The EPSs are made up of 1% to 60% protein, 40% to 95% polysaccharides, 10% nucleic acids, and 40% lipids. EPSs are often used because of their ability to retard the ageing process of biofilms [55,56]. When the organic substrate supply runs out, there is a reduction in the number of EPSs, which leads to a drop in the generation of electrons. Further, biofilm plays a vital role in generating energy and degrading metal. It is a bacterial species that accumulates on the surface of the anode. In accordance with the CV data, the biofilm formed at the anode was found to be stable. Figure 7 illustrates the SEM images of an untreated graphite rod, a treated graphite anode, and a treated graphite cathode. The SEM images of treated anodes show distinct rod-shaped features on the anodes’ surfaces. Several studies claim that the appearance of such structures on SEM indicates the presence of bacterial species. Although we observed other articles that followed the same pattern, this is just a hypothesis [57,58,59]. The anode biofilm was observed to possess the rod filament appendage’s structure. This indicates the presence of bacterial species that are conductive pili types. It has been reported in several studies that examples of bacterial species that possess this feature are Lysinibacillus species, Shewanella species, and Geobacter species [8,34,60]. Apart from that, it was observed that an insoluble sludge was formed at the end of the MFC operation. This specifies that the Pb2+ and Hg2+ were successfully reduced into an insoluble state, rather than adsorbing themselves at the anode’s surface.



The elemental investigation of the anode’s surface was carried out using an EDX analysis of the biofilm, as shown in Figure 8. According to the results of the EDX analysis of the biofilm, there were some traces of Pb present on the surface of the anode, but no traces of Hg were found. The fact that the biofilm included just a trace amount of Pb suggested an adverse impact on biofilm, which lowered the efficiency. Based on the results of this study, it was observed that MFCs with high levels of metal ions should be treated with very stable organic substates by using a large scale MFC setup throughout the long term. Although previous studies have shown that Pb2+ and Hg2+ levels of 50 to 200 mg/L are safe to treat, levels of more than 250 mg/L are a challenge for MFCs’ systems [61]. We followed the same approach as other researchers and used EDX to analyze the biofilm [59,62]. It is obvious that EDX cannot provide information regarding metal ions.




3.3. Oxidation of Sugarcane Extract and MFCs’ Working Mechanism of the Present Work


In MFCs, the removal of metal ions and the generation of energy in the form of electrical current depend on the bacterial metabolism. This study utilized sugarcane extract as the organic substrate for bacterial species. The sugarcane extract contained sucrose that was oxidized further by bacterial species to generate electrons and protons. The redox reactions involved in this study are as follows:


Oxidation reaction: sugarcane extract [image: Processes 11 02434 i001] C12H22O11 + 13H2O [image: Processes 11 02434 i002] 12CO2 + 48H+ + 48e−










Reduction reaction: 4H+ + 4e− + O2 [image: Processes 11 02434 i003] 2H2O










Overall reaction: C12H22O11 + 12O2 [image: Processes 11 02434 i004] 12CO2 + 11H2O + Electricity











The electrons and protons that are generated during the oxidation were then transferred to the cathode from the anode. The protons moved directly to the cathode without any obstacles since the setup of the MFC is single-chambered. Electrons moved via the outer circuit of the cell. The electrons from the bacterial species, however, have several mechanisms (such as Figure 9a–c) for reaching the anode before they move towards the cathode, as shown in Figure 9 and well explained in the literature [61,63].



Bacteria such as the Geobacter families use redox-active proteins to transfer the electrons from bacteria cells to the anode. Such proteins are OmcS, OmcZ, OmcT, OmcE, and OmcB. Moreover, some bacteria such as Geobacteraceae and Desulfuromonadaceae produce self-electron shuttles such as MtrE, OmcA, MtrF, and MtrC components in order to transport electrons via short-range electron transfer.



Few bacteria utilize conductive pili, which are parts of the bacteria’s body and are conductive like metal, to transfer electrons directly from the bacteria’s cells to the anodes. Such a method is called long-range electron transfer. The Shewanella species is one of the many famous conductive-pili-typed bacterial species [63].



The biological analysis of the electrodes proved that the current study utilized long-range electron transfer. SEM images of the anode biofilm confirm the presence of a rod-shaped structure which is the conductive pili of the bacterial species and is found to be responsible for the removal of the soluble Pb2+ and Hg2+ in this study. The soluble Pb2+ and Hg2+ had been reduced successfully into an insoluble form of sludge that stayed at the end of the operation, instead of absorbing itself onto the anode. The biochemical reaction of the Pb2+ and Hg2+ conversion to an insoluble form is as follows [10]:
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Reduction of Pb2+ into Pb(s)











Pb2+ + 2e− [image: Processes 11 02434 i005] Pb(s)










2Pb2+ + 2H2O [image: Processes 11 02434 i006] 2PbO + 4H+










PbO + 2e− + 2H+ [image: Processes 11 02434 i007] Pb(s) + H2O
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Reduction of Hg2+ into Hg(s)











Hg2+ + 2e− [image: Processes 11 02434 i008] Hg(s)










2Hg2+ + 2H2O [image: Processes 11 02434 i009] 2HgO + 4H+










HgO + 2e− + 2H+ [image: Processes 11 02434 i010] Hg(s) + H2O












3.4. Multiple Parameter Optimization Studies


3.4.1. pH


The effect of pH on the voltage generation trend as well as the efficiency of Pb2+ and Hg2+ removal is shown in Figure 10. According to the current observation, the voltage increases steadily from pH 3 to 7, but after pH 7, a decrease in the voltage production is observed. This indicates that circumstances that are either very alkaline or extremely acidic are not optimal to operate this process. The continuous running of MFCs resulted in a maximum voltage of 54 mV being reached at a pH of 7. When compared, pH 3 displayed 15 mV, but pH 10 showed 16 mV. The disruption in the development of bacteria, which has a direct impact on the production of biofilm, is the root cause of the low voltage generation that occurs in situations that are alkaline and acidic, respectively. A biofilm that is fragile and prone to instability does not result in improved performance. Since pH optimization is one of the key components of the operation, Huang et al. [64] previously researched the optimization parameter and went into great depth about pH optimization. According to the research, a pH of 5.2 produced the acidic sludge that severely disturbed the voltage output, while a neutral pH recorded the greatest possible voltage output. In a similar manner, the influence of pH was seen on the decomposition of Pb2+ and Hg2+. In accordance with the findings shown in Figure 10, the optimal pH for maximal Pb2+ and Hg2+ removal % were determined to be 7. Despite this, the acidic state provides a maximum Pb2+ and Hg2+ removal efficiency compared with the alkaline condition. The results obtained at pH 6 were essentially identical to those obtained at pH 7, but beginning at pH 8 and above, there was a discernible slowdown in the rate of Pb2+ and Hg2+ removal efficiency. At a pH of 10, the removal efficiency rate was measured to be at its lowest. The reason for this is that when alkaline conditions are present, there is a greater likelihood of the formation of metal oxides directly from metal salts. One other explanation is that the bacterial population needed certain conditions to exist under alkaline circumstances as opposed to acidic medium requirements. It has been found that a pH that is close to neutral is the most optimal environment.




3.4.2. Organic Substrate


The organic substrate is one of the most crucial considerations to make when seeking to maximize MFC performance. Several studies have used a range of natural organic substrates and yielded unique results. Any form of carbohydrate that serves as an organic substrate during the operation of MFCs may provide bacteria with the energy required to carry out their oxidation and respiratory activities. However, in the previous research, there have only been a couple of attempts to use natural organic substrates in MFCs. These substrates include rice, fruits, chocolate, and vegetables. Salvin and colleagues [65] used mangroves as an organic substrate in MFCs to improve the energy performance of the devices. In contrast, we use sugarcane extract in our experiment as an organic substrate. Even though its carbohydrate-based organic substrates have a higher concentration of bacterial nutrients than glucose, this was undertaken to analyze the relative performance in comparison with the other commercial substrates. Table 5 provides a summary of how well each of the organic substrates performed, and it shows that sugarcane extract was able to obtain the most significant results of all the organic substrates. This results in sugarcane being readily and quickly oxidized, which not only lessens the operation’s longevity but also slows down the pace at which it can be transported.






4. Challenges and Future Research Directions


MFCs have provided a new research direction and a controlled, eco-friendly, and reliable means of power production and wastewater treatment. There is a growing appreciation for MFCs because of their potential use in fields as diverse as chemical oxygen demand, wastewater treatment, and sensing. MFCs open a broad range of options for improving marine-based gadgets, tracking and monitoring systems, and related software. Manufacturing highly conductive electrodes and modifying them with various metals or conducting polymers has led to the widespread and critical use of MFCs in the electronic industry. In addition to providing people with energy that is clean, safe, and sustainable, MFCs are a promising technology that contribute to the preservation of Earth’s pristine ecology [66]. In addition, making MFCs acceptable for use in commercial environments would require considerable time and effort since it is a relatively new field of study in the scientific community. MFCs’ organic substrate and electrode material are becoming more unstable, which is causing a number of new issues [67]. Even if the present investigation has shown encouraging results, it will not be possible to continue with it for more than 38 days. An organic substrate that is stable over the long term is required for the MFC activity to be carried out on a commercial scale. In several recent studies, a substrate made from waste sugarcane extract was used, and the findings showed that the extract remained stable for a moderate time period. It is vital to have a basic organic substrate that is both highly stable and rich in carbohydrates if one wishes to tackle this issue and promote MFC production up to pilot scale. Several other waste materials can be used as organic substrates, such as rotten rice, food waste, bakery waste, etc. Another common issue that might arise with MFC is related to the material that is used for the electrodes. The production of energy from the MFC was still below expectations because of the material that was employed for the electrodes. The material that is utilized for the electrodes, in particular the anode, should have the capability of transporting electrons more effectively while simultaneously creating a biocompatible environment in which bacteria may form biofilm around the anode surface [68]. Recently, the electrode material that is made from biomass has been the topic of the most promising conversations due to its efficiency, cost, and performance. This is because it has been the subject of the most encouraging recent debate [69,70]. There has been a significant amount of research conducted in the past on the process of converting biomass into electrodes, such as biomass-derived anode electrodes. At the moment, it is essential that we focus our whole attention on this aspect of the assignment.



The electron transportation to the cathode is one of the emerging challenges. This problem stemmed from the choice of electrode; the electrodes utilized in this study were commercial graphite electrodes. It was not conductive enough for electron transfer. In future studies, better electrodes should be chosen, such as composite electrodes and graphene-derived electrodes. They are better in terms of conductivity and, thus, can deliver the desired results in electron transfer. Other factors should also be taken into consideration, such as the fact that the electrodes must be biocompatible, and not prone to microbial fouling.




5. Conclusions


The use of sugarcane extract as the organic substrate in single-chambered MFC to remove the Pb2+ and Hg2+ from MSW-water and energy production was highlighted in this article. The maximum voltage was found to be 355 mV for this study. On day 38, the maximum current density and power density were found to be 86.84 mA/m2 and 3.89 mW/m2, respectively. The specific capacitance was found to be 11 × 10−4 F/g on day 79, indicating the steady growth of biofilm. On the other hand, Pb2+ and Hg2+ removal efficiencies were found to be 82% and 74.85%, respectively. Biological analysis confirmed that bacterial species are present on the anode surface which utilize long-range electron transfer and are responsible for treating metal. When the organic substrate is completely oxidized, excellent bacterial metabolism leads to a high proportion of metal removal. It also must be stable in terms of chemical and thermal factors for long-term performance. The parameter optimization also revealed that pH 7 is ideal for high MFC performance with sugarcane extract, while the high quantity of Pb2+ and Hg2+ at the lab scale is difficult to remove.
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Figure 1. Systematic presentation of single chamber MFC, used in the present work. 
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Figure 2. Trend of energy generation with closed-circuit condition. 
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Figure 3. Polarization curves with the usage of variable resistances from 5000 Ω to 100 Ω. 
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Figure 4. CV curves at a variety of different time points. 
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Figure 5. EIS curve on day 38th of the MFC operation. 
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Figure 6. Conductivity of operation at different time intervals. 
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Figure 7. SEM images of untreated graphite rod, treated graphite anode electrode, and treated graphite cathode electrode. 
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Figure 8. EDX spectra of anode electrode with biofilm (scale bar: 30 μm). 
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Figure 9. Mechanism of electron transfer in single-chambered microbial fuel cells (Adapted from reference [52] with Elsevier permission). 
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Figure 10. pH optimization by using sugarcane extract as a substrate. 
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Table 1. Pond and MSW-water recorded physicochemical properties.
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	Parameters
	Pond Wastewater
	Metal-Supplemented Wastewater (MSW-Water)





	Color of solution
	Colorless
	Colorless



	pH
	6.95
	6.40



	Temperature
	24 ± 3 °C
	24 ± 3 °C



	Electrical conductivity
	45 µS/cm
	195 µS/cm



	Pb2+
	0 mg/L
	250 mg/L



	Hg2+
	0 mg/L
	250 mg/L
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Table 2. The value of Cp for the rate at which biofilm is produced.
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	Measurement Time Interval
	Capacitance (F/g)





	10th
	3 × 10−5



	30th
	7 × 10−5



	50th
	10 × 10−4



	79th
	11 × 10−4
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Table 3. Removal of the Pb2+ and Hg2+ from MSW-water via MFC.
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Pollutant

	
Organic Substrate

	
Inoculation

	
Initial Concentration

	
Analysis Time (Days)

	
Removal Efficiency Pb2+ (%)

	
Removal Efficiency Hg2+ (%)






	
Metal ions

	
Sugarcane extract

	
MSW-water

	
250 mg/L

	
0

	
0

	
0




	
10

	
34.11

	
27.00




	
30

	
56.25

	
45.33




	
50

	
61.99

	
56.20




	
70

	
77.14

	
69.91




	
79

	
82.00

	
74.85
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Table 4. List of most recent work on Pb2+ and Hg2+ removal from literature compared with present work.






Table 4. List of most recent work on Pb2+ and Hg2+ removal from literature compared with present work.





	Configuration of System
	Target

Pollutant
	Used Organic

Substrate
	Initial Metal

Concentration

(mg/L)
	Removal

Efficiency %
	References





	Soil MFC
	Pb2+
	Sodium acetate
	900
	44.1
	[49]



	MFC
	Hg2+
	Acetate
	25
	55
	[50]



	MFC
	Pb2+
	Oil palm trunk sap
	100
	91.07
	[51]



	Benthic microbial fuel cells (BMFC)
	Pb2+
	Yam waste
	50
	90.14
	[52]



	BMFC
	Pb2+
	Sweat potatoes wastes
	50
	60.33
	[48]



	MFC
	Pb2+
	Mango extract
	50
	75
	[53]



	MFC
	Pb2+
	Sugar
	100
	78.10
	[34]
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Table 5. Organic substrate optimization study outcomes.






Table 5. Organic substrate optimization study outcomes.





	Organic Substrate
	Operational Duration
	Voltage (mV)
	Pb2+ Removal Efficiency
	Hg2+ Removal Efficiency





	Commercial glucose
	10
	39
	25.10
	16.10



	Commercial raw sugar
	10
	22
	18.00
	20



	Sugarcane extract
	10
	53
	34.00
	26.95
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