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Abstract

:

Research related to measurements of electricity production was combined with parallel wastewater parameter reduction in a membrane-less microbial fuel cell (ML-MFC) fed with industry process wastewater (from a yeast factory). Electrodes with Ni–Co and Cu–B catalysts were used as cathodes. A carbon electrode (carbon cloth) was used as a reference due to its widespread use. It was demonstrated that all analyzed electrodes could be employed as cathodes in ML-MFC fed with process wastewater from yeast production. Electricity measurements during ML-MFC operations indicated that power (6.19 mW) and current density (0.38 mA·cm−2) were the highest for Ni–Co electrodes. In addition, during the exploitation of ML-MFC, it was recorded that the chemical oxygen demand (COD) removal per time for all types of electrodes was similar to the duration of COD decrease in the conditions for wastewater aeration. However, the COD reduction curve for aeration took the most favorable course. The concentration of NH4+ in ML-MFC remained virtually constant throughout the measurement period, whereas NO3− levels indicated almost complete removal (with a minimum increase in the last days of cell exploitation).
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1. Introduction


For many years, studies have been focused on a technology that can offer both energy and raw material production in a process of bioconversion from liquid waste. Such a solution could apply microbial fuel cells (MFCs) that could provide manners of generating electricity directly from biodegradable raw materials using bacterial or fungal cells [1,2]. The volume of energy accumulated in sewage is nine times higher than that needed for its utilization by conventional methods, and microbiological cells are the adequate technology to enable the use of this potential [1,3,4,5]. MFCs are bio-electrochemical systems (devices) in which bacteria are applied as catalysts for the oxidation of organic and inorganic matter, and for generating electricity [1,6]. In MFCs, oxidation of organic material occurs on the anode, and the results of this reaction include e−, H+ ions, and CO2. An example reaction for pure glucose can be defined as follows [1,7,8].


  Anode :    C 6   H  12    O 6  + 6  H 2  O → 6   CO  2  + 24  H +  + 24  e −   



(1)






  Cathode :   24  H +  + 24  e −  + 6  O 2  → 12  H 2  O  



(2)






  Summary   reaction :    C 6   H  12    O 6  + 6  O 2  → 6   CO  2  + 6  H 2  O + electricity  



(3)







Many microorganisms grow on MFC electrodes, and some of them are not fully identified. The familiar microorganisms include bacteria from the groups Alfaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Clostridia, Bacteroidetes, Flavobacteria, Sphingobacteria, Deferribacteres, Spirochaetes, Planctomycetes, Nitrospirales, and fungi from Saccharomyces or Pichia [9,10,11,12,13,14,15]. However, it is increasingly common to apply bacteria to MFCs [1,5,16].



In the future, MFC technology could become a part of the energy system using waste products for purposes of electricity generation [1,4,5,10,11,12,13,14,15,16,17,18,19]. However, the first research concerned with the production of electricity by microorganisms was already carried out at the beginning of the 20th century [20]. At that time, such studies were considered a mere curiosity, and research in this area did not significantly develop. It was not until the 1960s that this concept was revived, after it was noted that microorganisms could provide a source of electricity [6,21,22]. However, at that time, adequate MFC operating parameters were not satisfied. In recent years, research concerned with the use of MFCs has been revived. Such studies include various directions and issues related to the use of various types of organic substances, varieties of materials applicable for electrodes, and different cell designs [1,2,4,7,23,24,25,26]. The variety of directions followed in the research leads to the increase in the performance of the cells and obtained current density, and a significant fall in the costs of their production. Research concerned with current density has allowed this value to increase from 0.1 mW·m−2 in the 1990s [13] to 1500 mW·m−2 [27], and in some cases up to 5850 mW·m−2, at the beginning of the 21st century [28]. Quite evidently, we should emphasize here that such values were recorded in cells fed with pure homogeneous substrates such as glucose or acetate, which simulated the organic substances contained in liquid waste. In the case of cells applying a mixture of organic compounds as fuel, i.e., actual wastewater, where the content of organic biomass is usually much smaller, unfortunately much lower values were obtained, most commonly in the range 260–450 mW·m−2 [3,29]. Research is still being performed into aspects of the performance of MFCs and attempts are being made to improve the existing technology. The undoubted goal is to create such a cell that is capable of generating the highest amount of energy with the lowest possible energy input [30]. There are many biological, physical, and chemical parameters that affect the operation of MFCs. One of these parameters is the type of fuel for an MFC, i.e., a biodegradable source of organic matter, ranging from pure compounds (e.g., acetate, glucose, cysteine, or ethanol) to mixtures comprising organic compounds, including liquid municipal and animal waste, leachate landfills, and liquid waste of agricultural and industrial origin [27,31,32,33]. Industrial wastewater is particularly useful for application in MFCs due to its constant composition. Yeast wastewater could form an example of such wastewater, as it is treated in dual-stage (anaerobic) biological wastewater treatment plants and, in many cases, it is employed to play the role of organic fertilizer in agriculture [34,35,36,37,38]. This wastewater is characterized by a high content of nitrogen, phosphorus, and organic compounds (i.e., substances necessary for bacteria to thrive), and thus it can be used in MFC technology [35,37]. Another parameter is associated with the material applied to build the electrodes. In MFCs, carbon materials (cloth, felt, brushes, etc.) are most commonly utilized, often with the addition of platinum or gold, due to the high catalytic activity of these metals [33,39,40,41,42,43,44,45,46,47]. However, the addition of platinum as well as gold leads to a considerable increase in the price of electrodes. For that reason, to reduce the electricity production and wastewater treatment costs, it is required to search for other catalysts that do not contain valuable metals [48,49,50,51,52,53,54,55]. Due to the fact that microorganisms [1] play the role of the anode catalyst, it is crucial to adjust appropriate cathode catalysts, although there has been research using metal electrodes as MFC cathodes with success [1,25,26,49,56,57]. The next parameter affecting the cell’s performance is the ion-selective transport membrane (PEM). PEM determines the efficient transport of protons towards the cathode, but its small surface can form an impediment, leading to a decrease in the rate of reactions in the cell [58,59]. The membrane (PEM) plays the role of an element that significantly increases the cost of MFCs. For this reason, constant analysis deciding on the feasibility of their use is under way, and efforts are being carried out with the goal of designing much cheaper cells excluding PEMs [60,61,62,63]. This work explored areas related to research carried out into the use of Ni–Co and Cu–B electrodes in a membrane-less microbial fuel cell (ML-MFC) fed with yeast process wastewater.




2. Materials and Methods


Process wastewater derived from yeast production was applied for the present research. Yeast wastewater from vacuum filters was used in the measurements. Such filters are applied to extract water from yeast milk. This wastewater has the smallest concentration of pollutants of all process wastewater generated in the yeast production process [34]. Figure 1 presents the site where wastewater applied and the measurements were generated (Figure 1, W5).



In Table 1, a summary of the initial parameters of wastewater deployed in the measurements can be found (W5 in Figure 1).



The measurement methodology involved measurements of both the variations in wastewater parameters: chemical oxygen demand (COD), NH4+, NO3− and electrical measurements (power, cell voltage, current density) related to ML-MFC operation.



Measurements of sewage parameters were carried out for three different reactors: without aeration (R1), with aeration (R2), and an MFC (R3). The applied reactors R1 and R2 had a capacity of 15 L. In R1, the sewage was in contact with air only through the interface of the wastewater. In R3, the wastewater was constantly aerated (240 L·h−1). The third reactor (R3) was a ML-MFC. The measurements were carried out until 90% of the COD reduction efficiency was obtained [64]. Figure 2 presents the three reactors, R1, R2, and R3, used in the measurements.



Figure 3 shows the diagram and components of the ML-MFC (R3) applied in the measurements.



The ML-MFC took the shape of a pipe (120 × 250 mm). The level of wastewater in the MFC was about 200 mm. A plexiglass pipe was used in the design of the cell plexi (7 in Figure 3). From the bottom, the pipe was closed with a plug made with 3D-printing technology and sealed with silicone. The anode section contained the wastewater intake (11 in Figure 3), and the cathode section contained the wastewater outflow (1 in Figure 3). ML-MFC was combined with the external wastewater tank by the intake and outtake of the wastewater. Wastewater was slowly circulated (0.05 L·h−1) in a closed loop. The volume of sewage in the entire system was 15 L (ML-MFC + an external tank), which corresponded to the capacity of the other reactors (Figure 2). The cell was divided into an anode (in the lower part) and a cathode (in the upper part). As a consequence of the location of the cathode chamber in the upper part of the cell, the possibility of anode aeration was largely eliminated. After the aeration of the cathode chamber, air was drained directly into the environment. In addition, the chambers (sections) were separated by a layer of glass wool and glass balls (2 and 3 in Figure 3) [62,63]. This procedure was designed to separate the aerated part (cathode space) from the unaerated section (anode space). To ensure that the glass wool and beads were kept at a given location, a spatial ABS (acrylonitrile butadiene styrene) plastic mesh was installed under a layer of mineral wool. This mesh was made by 3D printing and ensured the free flow of wastewater. ABS material in filament form (diameter 1.75 mm) was used as material for 3D printer. The 3D print was made with high accuracy (single print layer, 0.09 mm). The air was fed directly under the cathode. The cathode aeration performance was 5 L·h−1.



In this research, the role of the anode was played by a carbon cloth, whereas the cathode was an electrode (copper mesh) with a Ni–Co catalyst (15% Co), an electrode (copper mesh) with a Cu–B catalyst (9% B), or a carbon cloth applied as the reference for the Ni–Co and Cu–B cathodes. The surface area of the anode was 15 cm2, whereas for the anode it was 10 cm2. The ML-MFC had an external charge in the form of an external 100 Ω resistor.



Ni–Co and Cu–B electrodes were designed and manufactured by electrolytic melt deposition [65,66]. A mixture comprised mainly of NiSO4 and CoSO4 was utilized to obtain the alloy of Ni–Co [65,67]. For the purpose of conducting electrochemical deposition, the temperatures of 293–323 K, at a current density of 1–3 A·dm−2 and a pH of 2.0–5.5, were used [25,65]. The mixture consisting mainly of NaBH4 and CuSO4 was utilized to obtain the Cu–B alloys [26]. To conduct this process, the temperatures of 355–365 K, at a current density 1–3 A·dm−2 and a pH of 2.0–5.0, were applied [26,66]. For the purpose of ensuring appropriate wettability of the copper mesh, it underwent washing with 25% aqueous KOH before the application process of electrolytic deposition of the alloy. Subsequently the copper mesh was washed in acetic acid and later in alcohol.



Measurements in the first two reactors (R1 and R2 in Figure 2) included measurements of wastewater parameters (COD, NH4+, and NO3−), whereas the measurements related to the ML-MFC included both analysis of wastewater parameters and electrical parameters (COD, NH4+, and NO3−, and power, current density, and cell voltage). Measurements of the wastewater parameters and the cell voltage were carried out at one day intervals. Each such measurement was carried out in ten trials. The wastewater parameters (COD, NH4+, and NO3−) can be determined by the analytical methods [68,69,70], however in this work, the colorimetric methods were used for the measurement of COD, NH4+, and NO3−. All measurements were carried out at 20 °C.



To prepare the 3D objects (plastic mesh and MFC plug) for printing, and for printing the spatial plastic mesh and the MFC plug, (4 and 6 in Figure 3) a M200 printer with Z-Suite software (Zortrax S.A, Olsztyn, Poland) was used. During measurements of the wastewater parameter a HI 83224 colorimeter (HANNA Instruments, Woonsocket, RI, USA) was used. During measurements of the current and cell voltage, an 8840A multimeter (Fluke Corporation, Everett, WA, USA) was used. For measurements of the current density a System 500 potentiostat (Amel S.l.r., Milano, Italy) with CorrWare software (Scribner Associates Inc., Southern Pines, NC, USA) was used.




3. Results and Discussion


Figure 4 contains details of the reduction of COD over time for the three types of reactors and the three types of ML-MFC cathodes (R1, R2 and R3 in Figure 2).



As we can see from Figure 4, a COD removal rate of 90% (1050 mg⋅L−1) from the initial value for the reactor without aeration (R1 in Figure 2) took 37 days. In the case of the reactor with aeration, the COD reduction to the assumed level (i.e., removal by 90%) took 17 days (R2 in Figure 2), which is about half of the time recorded for the case of reactor without aeration. The removal rate of this parameter by 90% (19, 20, and 21 days depending on the type of electrode) for the ML-MFC was similar to the removal time in the process with aeration. It should be noted that, for all cathodes applied in the testing (Ni–Co, Cu–B, carbon cloth), the time it took for COD concentration to decrease in ML-MFC was similar. Despite the same COD reduction time for an aerated reactor (R2 in Figure 2) and for the ML-MFC (R3 in Figure 2), the curve characteristics for aeration were much more favorable. In the initial phase, the increase in the COD reduction rate took a shorter period of time. A removal efficiency of 80% (up to 2100 mg⋅L−1) was obtained after just four days. After this time, the COD reduction rate decreased considerably. When the ML-MFC was used, the COD reduction remained virtually constant throughout the measurement period. The differences in the rate of reduction of this parameter for different catalysts were small. We should note, however, that for Ni–Co catalyst, 50% efficiency of COD reduction (up to 5250 mg⋅L−1) was obtained over the first eight days, whereas for Cu–B catalysts and carbon cloth took over 9 and 10 days, respectively. After 11 days, however, COD concentration dropped the fastest when carbon cloth was applied as the cathode.



Figure 5 presents details of the variations in NH4+ concentration over time. The variations in concentration were recorded for the three types of reactors and the three types of ML-MFC cathode (Ni–Co, Cu–B, carbon cloth).



Analysis of measurements of the shift in NH4+ concentration demonstrated that, only in the case of aeration (R2 in Figure 2) using yeast effluent, was it reduced by 70%. For the reactor without aeration (R1 in Figure 2), NH4+ levels remained constant throughout the measurement period. However, during measurements using the ML-MFC (R3 in Figure 2) for all cathodes used (Ni–Co, Cu–B, carbon cloth), a slight increase in NH4+ concentration was recorded.



Figure 6 contains details of the shift in concentration of NO3− over time. The variations in concentration were recorded for the three types of reactors and the three types of ML-MFC cathode (Ni–Co, Cu–B, carbon cloth).



During the measurement of shifts in NO3− concentration in the ML-MFC (for all cathodes used: Ni–Co, Cu–B, and carbon cloth), it was observed that this level was reduced by 70% within 12 days, but that after that time, the concentration started to increase again. The increase in concentration after 12 days was, however, insignificant, and dependent on the type of the cathode applied in the test.



The increase in NH4+ concentration was due to the capture of hydrogen ions by the ammonia particle (occurring, e.g., during putrefaction) [71,72,73], whereas the increase in NO3− (Figure 5 and Figure 6) concentration resulted from the nitrification process during bacterial growth [1,73,74].



The cell voltage (with a Cu–B, Ni–Co, or carbon cloth cathode) obtained during the operation of the ML-MFC (Figure 3) is shown in Figure 7. Measurements were made at one-day intervals.



As demonstrated in Figure 7, the cell voltage for each type of cathode was at a similar level. However, slightly higher voltage (0.1 V on average) was noted for the cathode with a Ni–Co catalyst, as well as the one comprising carbon cloth. Higher voltage for the Ni–Co cathode was noted especially in the early days of the operation of the ML-MFC cell. When Cu–B catalyst was used, the cell voltage was noticeably lower (compared to the use of Ni–Co and C catalysts) after 8 days of the operation of the ML-MFC.



The power curves of the ML-MFC (with a Cu–B, Ni–Co, or carbon cloth cathode) obtained during the operation of the ML-MFC (Figure 3) is shown in Figure 8.



ML-MFC power measurements demonstrated that the highest values were more clearly obtained for electrodes (cathodes) made of carbon cloth and Ni–Co catalysts (Figure 8, black and red markers). When the cathode with a Cu–B catalyst was applied, the power output was clearly lower (Figure 8, yellow markers). In addition, based on the cell voltage, current level, and electrode surface, the maximum current densities obtained in the ML-MFC (Figure 3) for the various cathodes used were calculated. The following results were recorded: 0.38 mA·cm−2 and power output of 6.19 mW for the Ni–Co catalyst (Figure 8, red markers), 0.32 mA·cm−2 and a power output of 5.43 mW for the Cu–B catalyst (Figure 8, yellow markers), and 0.19 mA·cm−2 and a power output of 5.99 mW for the carbon cloth catalyst (Figure 8, black markers), respectively. Table 2 summarizes the electrical parameters of the ML-MFC for different types of cathodes.




4. Conclusions


The measurements demonstrated that the assumed level of 90% COD concentration removal was obtained by all investigated reactors (Figure 4). However, the time needed to remove the COD was different for each type of reactor. The most adequate characteristics of the COD removal curve were recorded for the reactor with aeration (Figure 4, blue markers). At this point, we should note that the final COD removal rate equal to 90% for the ML-MFC was similar to that of the reactor with aeration for all types of cathodes used (Figure 4, red, black, and yellow markers). However, the shortest removal time was obtained by a Ni–Co catalyst (Figure 4, red markers). In the case of the measurements of NH4+ concentration for ML-MFC cells, this parameter did not decrease and the concentration level even slightly increased (Figure 5). The measurements of the variations in NO3− concentration in the ML-MFC (for all cathodes used: Ni–Co, Cu–B, and carbon cloth) demonstrated that after 12 days this parameter was reduced by 70%; however, after that time the concentration began to increase again (Figure 6). Cell voltage measurements indicated that for all cathodes the ML-MFC voltage remained at a similar level (0.9–1.0 V) for about 2 to 12 days. After 14 day, the voltage began to gradually decrease to about 0.8 V (the lowest for the Cu–B cathode). We can also note that the highest values were obtained for the Ni–Co cathode (similar values were obtained for the carbon cloth), whereas the lowest values were obtained for the Cu–B cathode. The highest ML-MFC power values were also obtained using a Ni–Co cathode, although the parameters were similar to those obtained using a carbon fabric cathode. A similar result was recorded when the levels of the current density were recorded.



On the basis of the results of the testing, we can conclude that the cathode with the Ni–Co catalyst was just as suitable for use in the L-MFC as the carbon cloth cathode. The Cu–B alloy had a slightly poorer performance parameters, and noticeably deteriorated after several days of the operation of the ML-MFC (cell voltage, current density).
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Figure 1. Source of wastewater (W5) applied in measurements: W1, wastewater after clarification of the molasses; W2, wastewater after the first centrifugation of the wort; W3, wastewater after the second centrifugation of the wort; W4, wastewater after the third centrifugation of the wort; W5, wastewater after obtaining yeast on vacuum filters. Yp is yeast for packaging and distribution. 
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Figure 2. Reactors applied for measurements of wastewater parameters: (R1) without aeration, (R2) with aeration, and (R3) a membrane-less microbial fuel cell (ML-MFC). 
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Figure 3. Scheme of the ML-MFC applied in measurements: 1—wastewater outflow (to wastewater tank); 2—glass balls; 3—glass wool; 4—plastic mesh; 5—anode; 6—plug; 7—plexiglass pipe; 8—cathode; 9—pipe with holes; 10—air intake; 11—wastewater intake (from wastewater tank); 12—cathode section; 13—anode section; and R—load. 
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Figure 4. Decrease in COD over time for three types of reactors: R1, R2, and R3, and for three types of ML-MFC cathode: Ni–Co, Cu–B, and carbon cloth. 
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Figure 5. Shift in concentration of NH4+ over time for three types of reactors: R1, R2, and R3. Measurements for ML-MFC were carried out for three types of cathode (Ni–Co, Cu–B, and carbon cloth). 
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Figure 6. Shift in concentration of NO3− over time for three types of reactors: R1, R2, and R3. Measurements for ML-MFC were carried out for three types of cathode (Ni–Co, Cu–B, and carbon cloth). 






Figure 6. Shift in concentration of NO3− over time for three types of reactors: R1, R2, and R3. Measurements for ML-MFC were carried out for three types of cathode (Ni–Co, Cu–B, and carbon cloth).



[image: Energies 13 03976 g006]







[image: Energies 13 03976 g007 550] 





Figure 7. Cell voltage of the ML-MFC in time: red marker—with Ni–Co cathode, black marker—carbon cloth cathode, yellow marker—Cu–B cathode. 
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Figure 8. Power curves of the ML-MFC and effects of the cathode material. 
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Table 1. Initial parameters of process wastewater used in research, yeast process wastewater derived from vacuum filters.
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	Parameter
	Value





	COD [mg⋅L−1]
	10,500 ± 347



	NH4+ [mg⋅L−1]
	77.2 ± 3.3



	NO3− [mg⋅L−1]
	29.4 ± 1.8



	pH
	6.0–7.0
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Table 2. Electrical parameters of the ML-MFC for different types of cathodes.
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	Electrode
	Current Density [mA·cm−2]
	Power [mW]





	carbon cloth
	0.19
	5.99



	Ni–Co
	0.38
	6.19



	Cu–B
	0.32
	5.43











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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