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Abstract

:

This research used tomato waste as a substrate (fuel) in Single Chamber-Microbial Fuel Cells (scMFC) on a small scale. The electrochemical properties were monitored, the functional groups of the substrate were analyzed by Fourier Transform Infrared Spectrophotometry (FTIR) and a microbiological analysis was performed on the electrodes in order to identify the microorganisms responsible for the electrochemical process. The results show voltage peaks and an electrical current of 3.647 ± 0.157 mA and 0.957 ± 0.246 V. A pH of 5.32 ± 0.26 was measured in the substrate with an electrical current conductivity of 148,701 ± 5849 mS/cm and an internal resistance (Rint) of 77. 517 ± 8.541 Ω. The maximum power density (PD) displayed was 264.72 ± 3.54 mW/cm2 at a current density (CD) of 4.388 A/cm2. On the other hand, the FTIR spectrum showed a more intense decrease in its peaks, with the compound belonging to the phenolic groups being the most affected at 3361 cm−1. The micrographs show the formation of a porous biofilm where molecular identification allowed the identification of two bacteria (Proteus vulgaris and Proteus vulgaris) and a yeast (Yarrowia lipolytica) with 100% identity. The data found show the potential of this waste as a source of fuel for the generation of an electric current in a sustainable and environmentally friendly way, generating in the near future a mechanism for the reuse of waste in a beneficial way for farmers, communities and agro-industrial companies.
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1. Introduction


The uncontrolled increase in the consumption of electrical energy from fossil sources has caused serious damage to the environment, resulting in significant changes in the climate and natural disasters that have affected many countries [1,2]. Humans use this type of energy daily for their activities, becoming a good and primary source worldwide (81%), divided into oil (32%), coal (27.1%), and gas (22%) [3,4]. Each year, more than 130 million tons are processed, and thus far, approximately eight million have already been processed [5]. In addition, recent statistics have shown that the consumption of electrical energy has increased from 13.72 billion KWH in 2000 to 24.57 billion KWH in 2018, which was even higher in the pandemic era [6,7]. On the flip side, the generation of fruits and vegetables has increased exponentially in recent years because human society has begun to consume healthier food, resulting in an economic boost for agro-industrial companies that export these products [8]. However, this increase in production has also generated large amounts of organic waste (agro-industrial waste), which has become a problem for governments because they do not have an organized method of collecting and managing this type of waste [9,10]. It has been reported that municipal waste in 2017 in Europe was 58 million tons, of which 46% was organic waste, which is estimated to increase by 32% by 2030 [11]. Among all the fruits produced by agro-industrial companies, tomato production (Solanum lycopersicum L.) is one of the most important; in 2019, its global production was estimated at approximately 37 million tons, and it has been estimated that of every 130 million tons produced, approximately 8 million tons represent the waste generated according to the World Processing Tomato Council (WPTC) [12,13,14]. This fruit contains natural bioactive compounds and antioxidants and has anti-inflammatory properties, which have beneficial health effects [15].



In the search to solve these two major problems that afflict the world, microbial fuel cell technology is presented as a novel solution because it uses any type of waste as fuel to generate electricity, which is due to the conversion of chemical energy into electricity through the reduction-oxidation process that occurs within cells [16,17]. The MFC design can have two chambers (anodic and cathodic) and a proton exchange membrane that joins them on the inside and an external electrical circuit [18]. A large number of designs and the use of various materials for their construction have been found in the literature, but one of the best-known is the single-chamber microbial fuel cell (scMFCs). The scMFCs is a low-cost cell. with its anode and cathode chambers in the same compartment, and because the anode is in direct contact with the environment (O2), high power density values are obtained, showing great potential for large-scale scaling [19,20,21].



In the literature, research has been conducted on the use of different types of organic waste as a substrate for the generation of bioelectricity; for example, Asefi et al. (2019) managed to generate 600 mV voltage spikes in their dual-chamber microbial fuel cells using food waste as fuel and carbon felt as electrodes [22]. Likewise, Mohamed et al. (2020) generated voltage peaks of approximately 585 mV and a maximum power density of 33 mW/m2 in microbial fuel cells using graphite as electrodes [23]. Yaqoob et al. (2022), using a mixture of rambutan, langsat, and mango residues, managed to generate peaks of 175 mV and a power density (PD) of 0.30 mW/m2 in their scMFCs with graphite electrodes [24]. In another study, Kondaveeti et al. (2019) used citrus peels in single-chamber microbial fuel cells and generated maximum peak voltages and power densities of 284 mV and 26.41 mW/m2, respectively, using graphite plates as electrodes [25]. Thus, it has also been observed that the values of electric current can increase with the use of electrodes of a metallic nature due to the intrinsic properties that these have to the passage of electrons for the generation of electricity, the current values have been compared to graphite electrodes, coal and its derivatives with equal amounts of substrate volume, microbial fuel cell design and with equal environmental parameters; managing to generate higher voltage, current and power density peaks [26,27,28].



This research has as main objective to observe the potential to generate bioelectricity through MFCs at a laboratory scale using tomato residues as a substrate. To achieve this, pH, current, voltage, pH, and electrical conductivity were monitored. Likewise, the values of the power density, current density, and Rint. of the microbial fuel cells were measured, as well as the micrographs of the biofilm of the anodic electrode. Finally, the microorganisms present in the anode electrode at the end of the monitoring period were identified, and the FTIR spectra of the initial and final substrates were observed. This research will demonstrate the potential of tomato waste for use as fuel in single-chamber microbial fuel cells, using low-cost materials such as copper and zinc electrodes. Likewise, it will be possible to identify microorganisms that generate electrical energy for their subsequent use as biocatalysts, which will be able to repower microbial fuel cells. The replication of this technology on a large scale could benefit companies dedicated to the sale and purchase of these fruits in the near future.




2. Materials and Methods


2.1. Design of scMFCs


Three single-chamber microbial fuel cells (scMFCs) were manufactured for which copper (Cu) electrodes were used in the anode and zinc (Zn) in the cathode, a 500 mL polymethylmethacrylate tube was used and two 10 cm2 lids were used. At the ends of the tube, a 5 cm hole was made at one end for the cathode to have contact with the environment (O2), with an area of 60.12 cm2. The electrodes were joined by an external resistor joined with a copper wire (0.15 cm diameter) (see Figure 1).




2.2. Collection and Preparation of Tomato Waste


Organic tomato waste was collected from the La Hermelinda plant in Trujillo, Peru, washed several times with distilled water to remove impurities (dust, insects or other impurities) and dried in an oven (Labtron, Camberley, UK, LDO-B10) for 12 h at 25 ± 1 °C. Obtain tomato juice (2 L, 500 mL per scMFC) using an extractor (Maqorito, Lima, Peru, 400 rpm).




2.3. Characterization of the scMFC


The monitoring time for the chemical–electrical parameters was 35 days. The voltage and current were measured using a multimeter (Prasek Premium PR-85) with an external resistance of 1000 Ω. The values of current density (CD) and power density (PD) were calculated according to the method of Segundo et al. (2023), with the same external resistance values [29]. Conductivity and pH were measured using a conductivity meter CD-4301 and a pH meter (Oakton Series 110), the transmittance values were measured by FTIR (Thermo Scientific IS50, Waltham, MA, USA). The electrochemical impedance spectroscopy (IES) measurements were evaluated with a Metrohm Autolab 302N potentiostat/galvanostat system on ensembled MFCs. The impedance spectra were obtained within the frequency range of 10 mHz and 100 kHz with a constant voltage of 10 mV and the Nyquist plot is shown in Figure.




2.4. Isolation and Molecular Identification of Anode Microorganisms


2.4.1. Isolation of Bacteria


From the anode (Copper-Cu plate), a sample was obtained by swabbing with a sterile swab. The sample was transferred to BHI agar, and the sample was extended with a bacteriological loop, making exhaustion streaks over the entire surface of the plate. The culture media were incubated in anaerobic jars at 36 ± 1 °C for 24 to 48 h. The colonies that grew in the culture medium were seeded on Nutrient Agar and MacConkey Agar. From the growth in these cultures, pure cultures were made on slant Nutrient Agar for later identification.




2.4.2. Yeast Isolation


Sampling was carried out in the same way as the previous procedure, the only variation was the culture medium and the incubation time. The medium used both for isolation and for pure culture was Sabouraud Agar with 4% dextrose plus antibiotic (chloramphenicol). While the incubation time was 30 ± 1 °C for 48 to 72 h.




2.4.3. Molecular Identification


The identification was carried out by the Analysis and Research Center of the labora-tory “Biodes Laboratorios”. To accomplish this, axenic cultures of bacteria and yeasts were sent to extract their genetic material (DNA) using the CTAB method. Amplification was carried out by the PCR technique, and then sequenced in the Macrogen Laboratory (USA). The sequences obtained were analyzed using the bioinformatics software Molecular Evolutionary Genetics Analysis (MEGA). Alignment and comparison with other sequences were carried out using the BLAST program (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 2 April 2023)), through which percentages of identity were obtained for both bacteria and yeast. Finally, dendrograms of the species identified using MEGA X were constructed.






3. Results and Analysis


Figure 2a shows the voltage values observed during the monitoring of the scMFCs, which showed a voltage increase from day 1 (0.801 ± 0.014 V) to day 12 (0.957 ± 0.246 V) and later a slow decrease until day 35 (0.414 ± 0.297 V). Studies have shown that the highest voltage values in MFCs are directly proportional to the oxidation reactions that occur within these cells, while the decrease in the final monitoring stage is due to the sedimentation of the used substrate [30,31]. In this sense, Aiyer, K. (2020) in their research mentions that fruits with a high sucrose content generate a greater amount of voltage compared to those that do not contain this compound, which is why sucrose can be added to the waste used to observe any increase [32]. Figure 2b shows the values of electric current monitored at the scMFCs, where the values increased from day 1 (2.026 ± 0.008 mA) to day 11 (3.647 ± 0.157 mA) and later decreased until the last day (1.91 ± 0.487 mA). The increase in electric current values is due to the high content of nutrients that contributed to microbial growth and a good biofilm formed on the anode electrode, while the decrease in electric current values is due to the decrease in nutrients and the negative effect of the copper electrode used on microorganisms in the final stage [33,34,35]. An important factor that negatively affects the electrical values of the MFCs is the parameters of pH, temperature, and electrical conductivity, which in the final stage of monitoring were affected by the sedimentation observed in recent days due to inert organic matter [36].



Figure 3a shows the values of electrical conductivity observed from the substrate used, during the 35 days of monitoring; being able to observe that the values increased up to 148.701 ± 5.849 mS/cm on the eleventh day to later show a decrease until the last day (53.625 ± 3.562 mS/cm) monitored. The results before this investigation gave lower electrical conductivity values because distilled water was used for it; but the values increased using tomato waste as a substrate. The high values of electrical conductivity observed indicate the low internal resistance of the scMFCs [36], which, compared to other works, for example, Yaqoob et al. (2022) showed an electrical conductivity of 81 mS/cm using wastewater as a substrate, managing to generate voltage peaks of 191 mV [37], which is due to the fact that tomato has chemical compounds that help conduct electrons more easily [38]. On the other hand, the decrease in their values is due to the precipitation of tomato waste at the bottom of the scMFCs in the process of generating electrical energy [39,40]. Figure 3b shows the monitoring of the pH values of the scMFCs, being able to observe that the pH increases from the first (slightly acid) to the last (neutral) day, with its optimum operating pH being on day eleven (5.32 ± 0.26). The optimal operating values of each MFC vary, and different types of substrates used with different pH have been found in the literature; one of the main reasons for this phenomenon is that the microorganisms are different and each one grows at specific pH conditions, affecting the system performance [41,42]. For example, Simeon et al. (2020) used sweet potato-shochu waste as a substrate at a pH of approximately 4, managing to generate 0.0002 and 0.08 W/m3 of power density at pH 4.5 and 4.2, respectively, in their scMFCs [43]. Likewise, Priya A. and Setty Y. (2019) used apple waste at pH 4.1, managing to generate voltage peaks and power density of 0.35 V and 31.58 mW/m2 in their MFC [40].



To calculate the internal resistance of the MFC-SC, Ohm’s Law (V = IR) was used, where the voltage values were placed on the “y” axis and those of the electric current on the “x” axis, which when performing a linear adjustment, the slope of the line is the internal resistance of the system, see Figure 4a. Based on the work carried out by Christwardana et al. (2020), this method represents an effective tool for the in-depth study of MFCs [16,44], as unlike the electrochemical impedance method (EIS) used in other investigations, internal resistance is obtained more directly. The IES method allows us to find the different components of the internal resistance, such as the resistance of charge transfer, diffusion, and resistance of the substrate, which is obtained with the intersection of the Nyquist curve with the “x” axis measured from the origin. Calculated Internal Resistance (Rint) was measured on the fourteenth day because this was the day in which the highest values of current and voltage were found, giving a value of Rint. of 77.517 ± 8.541 Ω, this value is relatively low compared to other investigations. For example, Antonopoulou et al. (2019) showed an internal resistance of 38 Ω (by electrochemical characterization), managing to generate a peak voltage of 0.488 V using vegetable debris as substrates in their MFC-SC and graphite as electrodes [41]. So too, Daud et al. (2021) used rice waste as a substrate, managing to show an internal resistance of 363.3 Ω (by Electrochemical tests) using graphite rods as electrodes, generating 510 mV on the fourteenth day [42]. One of the highest values found in the literature was the one reported by Simeon et al. (2020), where they were able to generate 725 mV peaks using urine treatment waste as a substrate in their MFC-SC with carbon electrodes, showing an initial and final internal resistance of 269.94 and 1627.89 Ω (by polarization method), respectively, resistance values increase from your control sample to the highest concentration of substrate (368.56 to 676.43 Ω) [43]. Figure 4b shows the power density (PD) values as a function of current density (CD), achieving a maximum power density of 264.72 ± 3.54 mW/cm2 at a current density of 4.388 A/cm2 with a peak voltage of 879.56 ± 0.184 V. The high values shown are due to the high inherent conductivity of the electrodes used, since being metallic in nature they facilitate the passage of electrons within the electrical circuit [44]. Other researchers have managed to generate higher values, but with the help of catalysts or biocatalysts, for example, Yaqoob et al. (2022) managed to generate a maximum power density of 41.58 mW/m2 with an internal resistance of 813.73 Ω using food waste (rice mixed with curry, vegetables, fish, cabbage, bones, and sweet cake pieces) as a substrate in MFC with graphite rod electrodes, compared to his control sample of 14.1 mW/m2, the increase was notorious [45]. Likewise, Du H. and Shao Z. (2022) managed to generate a maximum power density of 14.1 mW/m2 at a current density of 320.1 mA/m2 using potato waste as a substrate in their MFCs using carbon felts as electrodes [46]. Kamperidis et al. (2022) managed to generate a maximum power density of 14.4 mW/m2 at a current density of approximately 90 mA/m2 in their MFC-SCs using MnO2-coated graphites as electrodes and a condensed food substrate, but these values do not show much of a difference from their control sample, where a PD of 11.5 mW/m2 was observed [47].



Figure 5 shows the FTIR spectra of the initial and final tomato waste, being able to observe the most intense peak at the 3361 cm−1 wavelength belonging to the N-H bond, O-H groups, carboxylic acids and phenolic groups, while the peak at 2917 cm−1 belongs to the C-H stretch of alkanes, ketones and aldehyde compounds [46]; while the 1712 and 1616 cm−1 peaks are associated with amine stretching and C=C [47]. Likewise, the 1404 cm−1 peak confirms the presence of the C-H, C=C, C==N, and C-N stretching belonging to the alkane, alkene, primary and secondary amine, respectively; finally, the 1052 cm−1 peak belongs to the C-H stretch of the alkane and the amide [48,49,50]. The decrease in the FTIR spectrum is mainly due to the decrease in the chemical components in the process of generating electrical energy by the microorganisms [51,52], as well as the degradation of the organic material that was observed in the last days of monitoring of the scMFC. Microorganisms consume carbon-rich compounds for their metabolism, this process causes electrons to be released and captured by the anode electrode and flow to the cathode, thus generating electric current [53]. In Figure 6, the micrographs of the initial and fine anodic electrode are observed, being able to observe a smooth surface belonging to the copper electrode; while the image belonging to the final state shows the formation of a porous biofilm due to the adhesion of the microorganisms present in the substrate, which were the electrical energy generators of the electrical device, observe the presence of carbon, oxygen, sodium, magnesium, calcium, copper and zinc; mainly in the EDS of the electrode in its final state. Hou et al. (2022) reported that the porosity in the form of round globules was due to the biomass forming an external layer on top of the biofilm, generating a double biolayer [54]. Hirose et al. (2023) also mentioned that the formation and adhesion of the biofilm to the electrodes optimizes the generation of electricity because the microorganisms generate the greatest number of electrons for the generation of electric current, but the durability of this depends on the environmental conditions given by the researchers [55].



The Blast characterization performed at the anode electrode can be seen in Table 1, where two bacterial isolates (MT-B01 and MT-B02) and one yeast (MT-L01) were obtained from the anodic growth within the MFC. The two bacteria were identified as Proteus vulagris (100.00% identity), while the yeast corresponded to Yarrowia lipolytica (100.00% identity). Meanwhile, in Figure 7 and Figure 8, the dendrogram of the identified species and the phylogenetic relationships with other species support the Blast characterization. In this sense, the microorganisms identified (Table 1) correspond to the bacterium P. vulgaris (100.00% identity) and the Y. lipolytic yeast (100.00% identity). The microorganisms were isolated from tomato waste, and their origin may be due to contamination with soil or contaminated water. For example, P. vulgaris, is a Gram-negative rod-shaped bacterium commonly present in habitats such as soil and fecal matter [54]. In the same way, Y. lipolytica is a yeast belonging to the genus Candida, which can be isolated from food products and soil. This species stands out for its ability to degrade lipids and proteins [55].



The identification of both bacteria and yeast indicates that they are part of a microbial community that developed on the MFC anode, and to which electricity generation can be attributed [56,57]. Figure 7 shows that P. vulgaris is phylogenetically related to other Enterobacteriaceae. Some studies indicate that some enterobacteria, such as P. vulgaris, may be associated with the generation of electricity in MFC with organic waste substrates [58]. On the other hand, it is known that in most studies on microbial communities of MFC anodes, bacteria belonging to the Proteobacteria phylum are frequently isolated [59,60]. In other investigations, P. vulgaris has been used in MFCs to generate bioelectricity due to its metabolic reducing power, which through electron mediators can improve the energy efficiency of the MFC [54,61,62].



Regarding the identified yeast, Y. lipolitica belongs to the Ascomycota phylum. Other species within this phylum have been studied in MFCs to generate bioelectricity, such as Candida boidinii, and Saccharomyces cerevisiae, among others [63,64,65]. However, these yeasts are phylogenetically distant as shown in Figure 8. Studies have shown that using yeast in MFCs has advantages over bacteria, being classified as ideal biocatalysts since most are not pathogenic and grow in a wide range of organic substrates [63,66]. These can transfer electrons to the anode through the use of mediators [63]; however, there is evidence that there may be transfer by direct contact [67].




4. Conclusions


An electric current was successfully generated using tomato residue as a substrate in scMFC at a laboratory scale using zinc and copper electrodes. It was possible to generate voltage and electric current peaks of 0.957 ± 0.246 V and 3.647 ± 0.157 mA on days 12 and 11, respectively. The optimum operating pH was 5.32 ± 0.26 with an electrical conductivity of 148.701 ± 5.849 mS/cm. Thus, it also showed a low internal resistance of 77.517 ± 8.541 Ω with a power density of 264.72 ± 3.54 mW/cm2 at a current density of 4.388 A/cm2. On the other hand, the FTIR spectra showed a decrease in their peaks between the initial and final spectrum, being the peak belonging to the phenolic groups (3361 cm−1) the one that presented the greatest decrease, while the SEM micrographs show the formation of a porous biofilm. Finally, the molecular identification of the microorganisms showed the presence of two bacteria (Proteus vulgaris and Proteus vulgaris) and one yeast (Yarrowia lipolytica) with 100% identity on the anode electrode. This research contributes greatly to the sustainability of electric power generation in remote locations, where this type of fruit or its derivatives are harvested so that they can use their own waste as fuel in combination with larger-scale microbial fuel cells, with efficient enough to power a house overnight. Likewise, in the near future, companies will be able to use this technology as a fuel to generate electricity and reduce their expenses, all in an environmentally sustainable environment. For future work, it is recommended to standardize the pH value (5.32) to obtain the maximum potential of this residue, based on the results of this investigation; as well as covering the metallic electrodes with some type of chemical compound that is not harmful to microorganisms and the use of a catalyst or biocatalyst to enhance the generation of electrical energy from this device.
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Figure 1. Schematic of the single-chamber microbial fuel cells prototype. 
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Figure 2. Values of (a) voltage and (b) electric current obtained during the monitoring of the scMFC. 
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Figure 3. Values of (a) electrical conductivity and (b) pH obtained from the monitoring of the MFC-SC. 
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Figure 4. (a) Rint. and (b) PD and voltage versus CD of the scMFC. 
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Figure 5. Fourier transform infrared spectrum of tomato waste. 
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Figure 6. Micrographs (a) initial and (b) final of the surface belonging to the anode electrode of the scMFC. 
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Figure 7. Dendrogram of bacteria isolated from the scMFCs anode plate with tomato waste substrate. 
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Figure 8. Dendrogram based on the ITS regions of Yarrowia lipolytica isolated from the scMFC anode plate with tomato waste substrate. 
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Table 1. Blast characterization of the rDNA sequence of microorganisms isolated from the anode plate of the scMFC with tomato waste substrates.
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ID Sample

	
BLAST Characterization

	
Length of Consensus Sequence (nt)

	
% Identity

	
Accession Number

	
Phylogeny






	
Bacteria




	
MT-B01

	
Proteus vulgaris

	
1467

	
100.00

	
CP023965.1

	
Cellular organisms; Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacterales; Morganellaceae; Proteus




	
MT-B02

	
Proteus vulgaris

	
1466

	
100.00

	
CP023965.1

	
Cellular organisms; Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacterales; Morganellaceae; Proteus




	
Yeast




	
MT-L01

	
Yarrowia lipolytica

	
368

	
100.00

	
MN124085.1

	
Cellular organisms; Eukaryota; Opisthokonta; Fungi; Dikarya; Ascomycota; saccharomyceta; Saccharomycotina; Saccharomycetes; Saccharomycetales; Dipodascaceae; Yarrowia
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