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Abstract: Pollution generated by the misuse of large amounts of fruit and vegetable waste has be- 19 

come a major environmental and social problem for developing countries due to the absence of 20 

specialized collection centers for this waste. Reason why, this research aims to generate electricity 21 

in an eco-friendly way using red dragon fruit (pitahaya) waste as fuel in single-chamber microbial 22 

fuel on a laboratory scale using zinc and copper electrodes. It was possible to generate voltage and 23 

current peaks of 0.46 ± 0.03 V and 2.86 ± 0.07 mA respectively, with an optimum operating pH of 24 

4.22 ± 0.09 and 175.86 ± 4.72 mS/cm of electrical conductivity at 8 ° Brix to the tenth day of monitor- 25 

ing. Thus, an internal resistance of 75.58 ± 5.89 Ω was also calculated with a maximum power den- 26 

sity of 304.33 ± 16.51 mW/cm2 at a current density of 5,06 A/cm2, while the FTIR spectra show a 27 

decrease in the initial compounds and endings, especially at the 3331 cm-1 peaks of the O-H bonds. 28 

Finally, the yeast-like fungus Geotrichum candidum was molecularly identified. 29 
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 31 

1. Introduction 32 

Agricultural waste has generated large amounts of biomass due to the increase in the 33 

world population, which could cause serious environmental problems if not handled 34 

properly. It has been reported that approximately 140 Gt of waste is produced annually, 35 

most of which is not used [1,2]. One of the countries that have experienced this pollution 36 

the most is China, where waste expels approximately 11% of greenhouse gases into the 37 

environment; while countries such as the United States, Finland, Germany, the Nether- 38 

lands, China, Korea, Japan, and South Africa have begun to develop technologies to gen- 39 

erate products with the different residues of the cultivation processes of their respective 40 

countries [3-5]. Agro-industrial companies generate thousands of jobs around the world, 41 

from planting to harvesting and selling their products, becoming an economic engine for 42 

countries. In the production of fruits and/or vegetables, it has been shown that large 43 

amounts of waste are also generated, because there are fruits that do not reach the final 44 

part of the sale in good condition, generating large amounts of losses for companies, 45 

which, by not having a due process for its reuse to generate a new product, companies 46 
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cannot benefit [6]. According to the United Nations Organization, approximately 1.6 bil- 47 

lion tons of organic waste is generated annually, of which 40 or 50% is food waste belong- 48 

ing to the human diet, whose collection of these types of waste varies depending on the 49 

country and the policies of each one, but in general among the most common methods are 50 

organic waste treatment plants, suspension of biological pollutants and separation at 51 

Origin for Drop-Off Collection; but these systems are very expensive and a necessary good 52 

at the same time [7]. Several years ago, agro-industrial residues were seen as a problem in 53 

the food production chain due to disposal costs, and the residues were mostly used as 54 

composting or for the production of animal feed, but this has evolved significantly, due 55 

to the emergence of new techniques with the help of technology giving agro-industrial 56 

residues an added value; making them a sustainable and friendly resource with the envi- 57 

ronment [8,9]. When organic agro-industrial residues are used in bioconversion processes, 58 

not only is the amount of polluting organic matter in the environment being reduced, but 59 

an added value is also given to these residues by using them as inputs for the production 60 

of electricity. On the other hand, the transition to a low carbon economy is being facili- 61 

tated, by reducing the amount of carbon burned to produce energy, which contributes to 62 

the reduction of the carbon footprint [10, 11]. 63 

In this sense, the technology of microbial fuel cells (MFCs), developed for the first 64 

time in the 60s, has begun to take center stage because their technology allows the use of 65 

different types of waste as fuel to generate bioelectricity [12]. Due to its great potential, it 66 

has a large number of designs, but in general, it consists of two chambers (anodic and 67 

cathodic) almost always separated by a proton exchange membrane and inside each 68 

chamber with electrodes connected on the outside by an electrical circuit [13,14]. The gen- 69 

eration of electric current originates because of oxidation/reduction reactions that occur 70 

within the anodic and cathodic chambers, where protons and electrons are released by 71 

microorganisms. The protons travel through the protons exchange membrane, while the 72 

electrons are captured by the anodic electrode and through the external circuit they travel 73 

to the cathode, generating a flow of electrons and generating electric current [15]. One of 74 

the most widely used microbial fuel cells is the one with a single chamber that, due to its 75 

versatility, offers several advantages [16]. According to the literature, it was observed that 76 

in several investigations it has been shown to generate higher power densities than mi- 77 

crobial fuel cells single chamber, as well as the reduction of internal resistance due to the 78 

direct contact of the cathode electrode with air (O2) and the reduction of costs for the man- 79 

ufacture of the microbial fuel cell (MFC) because it does not require a constant flow of air 80 

in the cathode chamber [17]. This type of design was carried out due to the need to aerate 81 

the cathode when oxygen is used as the final electron acceptor, in some works they do not 82 

use the proton exchange membrane, but they do use a porous cathode because they take 83 

advantage of atmospheric oxygen to allow for protons to diffuse through them [18,19]. 84 

On the other hand, the Pitahaya (Selenicereus undatus) or "Dragon Fruit" has increased 85 

its production and export, due to the fact that importing countries of this fruit such as the 86 

United States, Canada, Japan, and the European Union have managed to consume ap- 87 

proximately 17 thousand tons in 2018; the growth in demand of the fruit is mainly due to 88 

the components it contains, for example, glucose, betalains, vitamins, organic acids, solu- 89 

ble dietary fiber, phytoalbumins and constituent minerals [20,21]. It has been reported that 90 

in 100 gr of this fruit there is approximately water (87 gr), protein (1.1g), fat (0.4g), fiber (3 91 

g), carbohydrate (11g), iron (1.9 mg), vitamin B1 ( 0.04 mg), vitamin B2 (0.05 mg), vitamin 92 

B3 (0.16 mg), vitamin C (20.5 mg), calcium (8.5 mg) and phosphorus (22.5 mg); appropriate 93 

properties for medical and diuretic use for the benefit of people [22]. The increase in the 94 

consumption of this fruit has generated an increase in waste products, generating a great 95 

problem for farmers and companies dedicated to the export and import of fruit [23,24]. 96 

The use of organic waste, mainly fruit and vegetable waste, as fuel creates a great oppor- 97 

tunity for governments and companies to reuse their own waste, even more so if this tech- 98 

nology can be scalable for large quantities. For this, it is necessary to parameterize the 99 

chemical, physical and biological values for optimal operation. Some encouraging reports 100 
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have been found in the literature on other types of fruits, for example, Din et al. (2020) 101 

used potato waste as fuel in their single-chamber MFCs, generating maximum peak volt- 102 

age and electrical current of 1.12 V and 12.45 mA at a pH of 7 [25]. In the same way, banana 103 

waste has been used as fuel in single-chamber MFCs with zinc and copper electrodes, 104 

managing to generate peak voltages and currents of 1.01 ± 0.02 V and 3.72 ± 0.05 mA op- 105 

erating at a pH of 4.02 ± 0.06. Likewise, maximum power density values of 5736.11 ± 12.62 106 

mW/cm2 [26] were achieved. So too, Tremouli et al. (2019) managed to generate voltage 107 

peaks of 0.4 V at a pH of around 8, using fermentable domestic waste extract as fuel in 108 

single-chamber MFCs, concluding that metal electrodes generate better electrical conduc- 109 

tivity, which would produce voltage values and current greater than those obtained with 110 

carbon or graphite electrodes [27]. In the reviewed literature, it is observed that the vari- 111 

ous microorganisms present on the electrodes play an important role in the generation of 112 

electric current; however, they all depend on the pH of the medium used for their opera- 113 

tion in the MFCs [28,29]. 114 

Microorganisms are ubiquitous in nature and play an important role in the recycling 115 

of organic waste from different industries, due to their ability to exchange electrons, which 116 

is a property exploited by MFCs [30]. The presence of these microorganisms in the sub- 117 

strates of the MFCs is an important factor to generate electricity because it transforms 118 

chemical energy contained in organic matter into electric current [31]. In recent years, new 119 

species that can generate an electric current in MFCs have been reported, however, few 120 

are the strains that can generate a power density as high as those generated by mixed 121 

communities [32]. Typically, in MFCs, electrons travel from the anode to the cathode 122 

through a closed circuit, combining with protons to finally be captured by an electron 123 

acceptor (usually oxygen) and produce reduced compounds. These electrons are obtained 124 

when electrically active microorganisms carry out oxidation processes of organic matter 125 

[33,34]. These microorganisms that transfer electrons to a solid anode are also called exo- 126 

electrogens, and microorganisms that accept electrons are called electrophytes [35]. Mi- 127 

croorganisms grow within a matrix with polymeric substances forming biofilms and set- 128 

tling on the anodes where bioelectrochemical reactions occur [36]. The sense of using or- 129 

ganic waste is to maintain a sustainable cycle, where the waste is used as a fuel source to 130 

generate bioelectricity and after the process use the supernatant for some other function, 131 

such as compost or fertilizer through composting or another method [37].  132 

The non-existent knowledge about the use of Red Dragon waste as fuel sources and 133 

its ignorance of its electrochemical potential motivates us to obtain the first results on its 134 

use in electricity generation. The main objective of this research is to generate electrical 135 

energy using pitahaya (red dragon) residues as fuel in laboratory-scale single-chamber 136 

microbial fuel cells, using zinc and copper electrodes as electrodes. The pH values, elec- 137 

trical conductivity, Brix degrees, voltage and electrical current were monitored for a pe- 138 

riod of 30 days. Also, the internal resistance, current density and power density of the 139 

microbial fuel cells were measured. The values of the initial and final FTIR transmission 140 

spectra were also reported, as well as the identification of microorganisms attached to the 141 

anodic biofilm at the molecular level. This research presents a novel way of generating 142 

electrical energy, observing the optimal operating parameters of this type of microbial fuel 143 

cell so that in the near future it can scale successfully, becoming a sustainable and usable 144 

technology for society. 145 

2. Materials and Methods 146 

2.1. Fabrication of single-chamber Microbial Fuel Cells (scMFC) 147 

The MFCs was acquired from the manufacturer SAIDKOCC (SAIDKOCC-10091720, 148 

Fujian, China). The anodic (copper-Cu, area 50 cm2) and cathodic (zinc-Zn, area 50 cm2) 149 

electrodes were placed inside and outside (one side of the electrode in contact with the 150 

environment) of the MFC, respectively. The electrodes were joined by a 6.0 mm copper 151 

wire on the outside, forming an external circuit. The anodic and cathodic chambers were 152 



Sustainability 2023, 15, x FOR PEER REVIEW 4 of 13 
 

separated by a proton exchange membrane (Nafion 117; Wilmington, USA), which was 153 

attached to the cathode electrode (Figure 1), where microbial fuel cells were fabricated in 154 

triplicate. 155 

 156 

Figure 1. Experimental setup of MFC. 157 

2.2. Obtaining and processing the red dragon fruit waste 158 

A total of 3.2 Kg of pitahaya waste total was collected from La Hermelinda market 159 

(Trujillo, Peru). To remove impurities (dust, Insects, etc.), the pitahaya waste was washed 160 

four times with distilled water. Then they were dried at room temperature (21 ±2 °C) for 161 

24 hours. Juice (800 mL) of pitahaya waste was obtained by an extractor (Labtron, LDO- 162 

B-10-Camberley, Uk), this obtained juice was separated and poured into sterilized tanks 163 

where it was kept until its use. 164 

2.3. Characterization of Microbial Fuel Cells 165 

Physical parameters (voltage and electrical current) were measured by a multimeter 166 

(Prasek Premium PR-85). Moreover, the electrical conductivity was obtained by a CD-4301 167 

conductivity meter. The power density (PD) and current density (CD) were calculated 168 

according to Segundo et al. (2022) [38], where DP=IV/A and DC=I/A, where I is the electric 169 

current, V the voltage and A is the area of the electrode; thus, the following external re- 170 

sistances were used: 1.3 ±0.15, 5 ±0.25, 10 ±0.27, 20 ±2, 50 ± 4.2, 100 ± 8.2, 220 ±19, 500 ±21.5, 171 

800 ± 24.5 and 1000 ± 29 Ω. Finally, an energy sensor (Vernier-±30 V and ±1000 mA) was 172 

used for the internal resistance (Rint) measure of the MFCs. On the other hand, chemical 173 

parameters like pH and degrees Brix (°Brix) were measured with pH meter 110 series 174 

Oakton and RHB-Refractometer/32 brix, respectively, and all measurements were evalu- 175 

ated for thirty days.  176 

2.4. Isolation of microorganisms from the anode 177 

Nutritive, McConkey, and Sabouraud agar were employed to isolate the possible 178 

electrogenic microorganisms. A swabbing of the anode surface (with microbial growth) 179 

was performed. Then a streaking in the culture media was made. The culture media for 180 

bacteria isolating was incubated at 35°C for 24 hours. Meanwhile, for the isolation of fungi, 181 

the culture media was incubated at 30°C for 24 hours. A pure culture was performed and 182 

stored for each colony of microorganism until use Gram and Lactophenol stains were nec- 183 

essary to observe microscopic characteristics.  184 

2.5. Molecular Identification 185 
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The molecular identification was performed in the Laboratory of Integral Solutions 186 

Limited Liability Company (Peru). The CTAB method was made for DNA extraction and 187 

amplification was employed the PCR technique. The amplified fragments were sent to 188 

sequence by the Sanger method. After the MEGA X program and Blast software 189 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) were necessary to analyze the sequences. Finally, 190 

the identification of the microorganisms was possible by the percentage of identification 191 

in Blast.  192 

3. Results and Analysis 193 

In Figure 2 (a) the voltage values obtained in the 30-day monitoring of the MFCs can 194 

be observed, managing to generate maximum voltage peaks of 0.46 ± 0.03 V on the tenth 195 

day, whose values decreased until the last day of monitoring (0.25 ± 0.02V). The increase 196 

(in the first weeks) and decrease (in the last weeks) of the voltage values have been re- 197 

ported in other investigations, attributing the increase in values to the process of condi- 198 

tioning and proliferation of microorganisms due to the high carbon content present in the 199 

waste, while decreasing voltage values decrease organic matter because the same matter 200 

is consumed by microorganisms in the process of their metabolism [39-41]. Likewise, Fig- 201 

ure 2 (b) shows the values of electric current during the monitoring days, being able to 202 

observe that the values increase from the first day (2.13 ± 0.003 mA) to the tenth (2.86 ± 203 

0.07 mA) for then slowly decay until the last day (2.05 ± 0.08 mA). The values obtained are 204 

higher than those shown by researchers, for example, Yoshimura et al. (2018) in their sin- 205 

gle-chamber MFCs managed to generate peaks of approximately 0.05, 0.15 and 400 mV, 206 

using mud, rice, and both mixed waste (mud and rice) as substrate, respectively; attrib- 207 

uting the increases in electric current to the assimilation of low molecular weight com- 208 

pounds (sugars and amino acids) present in used waste [42]. In his research, Parkash A. 209 

(2018) managed to generate peaks of approximately 350 mV and 1.2 mA in his MFCs using 210 

sludge enriched with blend cultures of microorganisms, which worked at a pH of 7.8 [41]. 211 

On the other hand, Malik et al. (2021) concluded that by using a carbon-rich source as fuel 212 

in the MFCs the electric current values will increase. In their research, they managed to 213 

generate peaks of 6.47 mA and 0.647 V using food waste from hotels, houses, and restau- 214 

rants as a substrate [43]. 215 
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Figure 2. Values of (a) voltage and (b) electrical current of microbial fuel cells. 216 

In Figure 3 (a) the pH values obtained from the monitoring carried out are observed, 217 

where it is observed that the values remain in the acidic and slightly neutral regime, with 218 

its optimum operating pH of 4.22 ± 0.09 on the tenth day. Javed et al. (2021) mention the 219 

importance of pH in the generation of voltage in MFCs, considering low or alkaline pH 220 

for the anodic chambers because using vegetable waste obtained better results at low pH 221 
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[44]. Likewise, it has been investigated that in papaya waste operating in MFC, the optimal 222 

operating values are acidic pH, managing to generate voltage peaks of 1.1 V [45]. The 223 

importance lies in the fact that microorganisms need adequate pH for their metabolism 224 

and growth; and for certain microorganisms reported in different investigations, the pH 225 

varies, which is why many investigations mention that for waste and type of MFC, the 226 

optimal pH will vary [46,47]. In Figure 3 (b) the values of the electrical conductivity of the 227 

MFCs are shown, managing to observe that the values increased from day 1 (117.29 ± 2.73 228 

mS/cm) to the tenth day (175.86 ± 4.72 mS/cm). for after falling until the last day (58.36 ± 229 

4.51 mS/cm). Variations in electrical conductivity in the MFC have been reported by Stefa- 230 

nova et al. (2018), who mention in their research that the variations are due to increases 231 

and decrease in the internal resistance of the MFCs, which were directly affected by the 232 

sedimentation process of the substrate used; thus, it has also been shown that adding in- 233 

organic salts to the compound can increase the electrical parameters [48,49]. While Figure 234 

3 (c) shows the values of the ° Brix observed, which remained constant the first 3 days (14 235 

°Brix) and then decreased, on the seventh day, where the values of voltage and electric 236 

current were maximum, 11 °Brix were observed in the substrates of the MFCs, but on day 237 

26 the values decreased to zero. It has been reported that fruits rich in galactose, glucose, 238 

sucrose, and organic acids (such as ascorbic and citric acid) are one of the main sources of 239 

energy that yeasts use for their growth [50,51]. These values serve to observe the amount 240 

of dry material in the waste, in this case specifically the number of sugars, which were 241 

consumed by microorganisms in the electricity generation process [52]. 242 
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Figure 3. Monitoring of the values of (a) pH, (b) conductivity and (c) Brix degrees of the microbial 243 
fuel cells. 244 

In Figure 4 (a) the internal resistance (Rint.) of the fuel cells is shown, for which Ohm's 245 

Law (V=IR) was used where the voltage values were placed on the “Y” axis. and those of 246 

electric current on the “X” axis, in this way the slope of the linear adjustment is the internal 247 

resistance of the MFCs. The value of the calculated internal resistance was 75,58 ± 5,89 Ω, 248 

this value was calculated at the maximum peak of voltage and electric current generation 249 

(seventh day). These resistance values found were low compared to other investigations, 250 

for example, it has been reported that in MFCs with domestic water waste, the reported 251 

resistance was 256.81 ± 3.4 Ω (for a 3mm electrode) but it can decrease by varying the 252 

thickness of the electrode [53]. Likewise, it has been reported that when manufacturing a 253 

carbon electrode with metallic nanoparticles, the internal resistance values decrease con- 254 

siderably, Ali et al. (2020) manufactured graphite electrodes with Fe nanoparticles, achiev- 255 

ing an internal resistance of 3.2 Ω [54]. On the other hand, Ullah et al. (2020) used synthetic 256 

wastes with different glucose percentages in their MFCs as a substrate, obtaining an in- 257 

ternal resistance of 301 Ω for the highest glucose concentration, which reported the lowest 258 

Rint. [55]. According to the literature, metallic materials can help to generate high values of 259 

voltage and current by their very nature in the initial stage, they play a role against it in 260 

the final stage, due to the fact that the electrode used was copper, this material has a toxic 261 

effect on bacteria; which could explain the decrease in the values of the electrical param- 262 

eters in the final stage [56,57]. 263 

In Figure 4(b) the power density (PD) values are shown as a function of current 264 

density (CD), the PD max. found was 304.325 ± 16.51 mW/cm2 at 5,06 A/cm2 DC with 265 

a peak voltage of 387.27 ± 11.87 mV. The PD values shown are relatively higher than those 266 

shown in other works, for example, Kebaili et al. (2021) managed to generate maximum 267 

PD peaks of 0.180 W/cm2 in their single-chamber MFCs using Leachate as a substrate [58]. 268 

Likewise, the research carried out by Gautam et al. (2021) managed to generate 2400 ± 110 269 

W/cm2 in their MFCs using sewage sludge, compost leachate, and mess food waste and 270 

graphite rods electrodes as substrate [59]. The high values obtained in the investigation 271 

may be due to the electrodes used, due to their metallic characteristic, it has a high elec- 272 

trical conductivity; facilitating the passage of the electrodes through the entire electrode 273 

area [60,61]. 274 
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Figure 4. Values of (a) internal resistance and (b) power density as a function of current density. 275 

The initial and final FTIR transmittance spectra of the used substrate are shown in 276 

Figure 5; being able to observe the most intense peak at 3331 cm-1 belonging to the O-H 277 

bonds, while the peak at 2969 and 2805 cm-1 belongs to the alkanes (C-H) bonds; similarly, 278 

the 1686 cm−1 peak shows the presence of alkene compounds (C=C), and the 1496 and 968 279 

cm−1 peaks show the presence of NO2 and C-H bonds [62-64]. In addition, a decrease in 280 

the observed transmittance peaks is observed, which is due to the fact that the compounds 281 

are consumed in the metabolism of the microorganisms present in the waste in the process 282 

of bioelectricity generation, fermentation, and degradation [65,66].  283 

Table 1 shows the yeast identified by molecular biology. This was possible through 284 

ITS sequences (Internal Transcribed Spacer) [67].  In BLAST analysis, Geotrichum can- 285 

didum was identified with 99.59% of the identity percentage.  This species is considered 286 

a yeast-like fungus or mold and can be isolated from plants, soil, fruits, etc. [68-70]. Only 287 

this specie was isolated from the anode due to some factors, probably, for example, the 288 

antibacterial activity of the anode (copper) and red dragon fruit (pitahaya) [71-73]. An- 289 

other study showed Saccharomyces cerevisiae (yeast) growth in an MFC with an anode 290 

based on copper [74]. Concerning electron transferences to the anode, some fungi, are 291 

known to require electron mediators. However, there is evidence of some yeasts transmit- 292 

ting electrons directly to the anode via redox enzymes located in the membranes [75-79]. 293 

On the other hand, a study reported the use of Geotrichum candidum and other species for 294 

the generation of electricity in an MFC, generating a voltage peak between 182.5 and 192.5 295 

V and a current between 0.3 and 0.53 A, demonstrating that anaerobic microorganisms 296 

are capable of producing electricity under suitable conditions [80].  297 
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Figure 5. Initial and final transmittance spectrum of Pitahaya debris by FTIR. 299 

Table 1. Specie identified from the anode of the MFCs with red dragon fruit waste. 300 

Organic Waste Identified Species bp Identity (%) Access number Lineage 

Pitahaya 
Geotrichum 

candidum 
243 99.59 MK381259.1 

cellular 

organisms; Eukaryot

a; Opisthokonta; Fun

gi; Dikarya; Ascomy

cota; saccharomycet

a; Saccharomycotina

; Saccharomycetes; 

Saccharomycetales; 

Dipodascaceae; Geo

trichum 

In particular, there are some challenges. Only microorganisms that can grow on agar- 301 

based media were considered in this investigation. However, in future research, the in- 302 

volvement of other microbes that cannot grow in the culture media must be considered. 303 

On the other hand, another type of MFC such as MFC type H should also be considered. 304 

4. Conclusions 305 

It was possible to successfully generate bioelectricity through microbial fuel cells on 306 

a laboratory scale using dragon fruit waste as fuel and zinc and copper as electrodes. Man- 307 

aging to generate electrical current and voltage peaks of 2.86 ± 0.07 mA and 0.46 ± 0.03 V 308 

on the tenth day. The substrates used were operating in an acid regime with an optimum 309 

pH of 4.22 ± 0.09, while their electrical conductivity was 175.86 ± 4.72 mS/cm and 8 °Brix. 310 

On the other hand, an internal resistance of 75.58 ± 5.89 Ω was calculated, with a maxi- 311 

mum power density of 304.33 ± 16.51 mW/cm2 at a current density of 5.06 A/cm2, while 312 

the FTIR spectrum showed a decrease in final spectrum with respect to the initial one due 313 

to the consumption of the components by parts of the microorganisms present in the sub- 314 

strate. Likewise, it was possible to molecularly identify the yeast-like fungus Geotrichum 315 

candidum with a 99.59% identity (ID: MK381259.1).  316 

For future works, the incorporation of metallic nanoparticles into porous carbon elec- 317 

trodes should be investigated to improve their electrical conductivity, as well as the type 318 

of electrode material, which must be economical, have good conductivity and not to be 319 
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toxic for electrogenic microorganisms. On the other hand, the use of microbial biocatalysts 320 

is being intensely investigated in order to increase the electrical parameters and standard- 321 

ize chemical-physical parameters (pH and temperature) to increase the generation of elec- 322 

trical current in MFCs should be investigated.  323 
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