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Abstract

:

A Microbial Fuel Cell (MFC) is a process in which a microorganism respires and captures the electrons that normally passes through the electron transport system of the organism and produces electricity. This work intends to present the different operating parameters affecting the efficiency of a Microbial Fuel Cell (MFC) process. To study the performance of the process, various materials for the cathode and anode rods with similar size and chape including, copper, aluminum, carbon cloth, steel and brass were considered to determine the combination that leads to the best results. Moreover, different oxidizing agents such as Copper Sulphate and Potassium Hexacyanoferrate were considered. Furthermore, the effects of shapes, sizes and distance between electrodes on the current and voltage were investigated. The power outputs between electrochemical and microbial cells were recorded. In addition, the power, whether expressed as voltage or current, was measured at different conditions and different cell combinations. The power is directly related to the area, volume of the bacterial solution and supplying air and stirring.
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1. Introduction


It is well known that excessive burning of fossil fuels contributes to global warming and leads to the ever-existing energy crisis. Therefore, it has become an inevitability to develop renewable sources of energy that are eco-friendly and durable. In addition, wastewater emanating from various industries contains significant amounts of inorganic substances such as solvents and insoluble materials causing contamination of the environment if not well-treated [1]. As a result, and to track together the issues of the energy crisis and water pollution, fuel cell technology is a promising alternative to fossil fuels that could lead to a cleaner environment and reduced CO2 emissions [2]. Power devices convert the vitality contained in electron producing organic materials into electricity utilizing a chemical catalyst. With the help of biocatalysts, biological fuel cells (biofuel cells) can achieve the anodic, the cathodic or both reactions. This results in enzymatic power devices or Microbial Fuel Cells (MFCs).



A Microbial Fuel Cell (MFC) is a developing technique for the production of power via biodegradable organic matter using microorganisms [3]. Even though the concepts of creating electricity from microorganisms have been prevalent since 1911, there were not many practical applications of this process for around 55 years [3]. MFC is a device that uses bacteria, as a fuel source, to breakdown organic materials and thereby generate electricity. Living creatures metabolize food to provide them with energy [4]. In a single-celled microorganism, this process is rather an intricate one involving many enzyme-catalyzed reactions [5]. It involves successive oxidation-reduction changes, and in this manner resembles an electrochemical process [6]. The studies showed that electron transports (mediators) are required to convey electrons from inside the cell to the anode [7]. A simple schematic representation of an MFC is shown in Figure 1.



The MFC is composed of two compartments, the cathode and the anode, separated by a conducting membrane. The microorganisms fed on the carbon substrate within the anode chamber. The electrons at the anode move through an external circuit to the cathode. To tolerate this process, electro-neutrality needs to be observed, i.e., transport of electrons to the cathode needs to be compensated by transport of an equal amount of positive charge to the cathode chamber [9]. The potential difference between the respiratory system and the cathode chamber produces a voltage and current which in turn gives bioelectricity [10].



The electrons produced during the respiratory cycle move through a sequence of respiratory enzymes in the cell, thus producing power in the form of ATP. These electrons within the cell are transferred and made available to the anode by mediators. Performance of MFC using three different mediators was investigated in terms of power density and internal resistance by Taskan et al. [11], where they used methylene blue (MB), neutral red (NR) and 2-hydroxy-1,4-naphthoquinone (HNQ) mediators at different concentrations and found that internal resistance changed with mediator concentration. However, certain bacteria called exoelectorgenic bacteria are capable of directly transferring the electrons outside the cell [7] without the mediator, in spite of the fact that they have been depicted utilizing different terms, for example, electrochemically dynamic microorganisms [12], anode respiring microscopic organisms and electricigens. A mediator-less microbial fuel cell was developed by Herrero-Hernandez et al. [13] using Escherichia coli bacteria and platinized titanium mesh as electrodes, producing a maximum power density of 627 mW m−2.



Though various kinds of microorganisms produce electrical current in MFCs, huge numbers of these strains show low power densities when developed as pure organisms [3]. It is thusly indistinct whether these microorganisms exist as exoelectrogenic oligotrophs among more quickly developing contenders, or whether a low degree of current generation gives some different advantages through interactions [14]. For instance, a Gram-positive bacterium (Brevibacillus sp. PTH1) that was copious in a blended network in an MFC created little force as an unadulterated culture except if a Pseudomonas sp. was additionally present or supernatant from an MFC with this bacterium was included [5]. Toczyłowska-Mamińska et al. [15] studied the bacterial communities that evolve in single-chamber air-cathode MFCs fed cellulose; they examined the changes in the bacterial consortium in an MFC fed cellulose over time and found that the most predominant bacteria shown to be capable electron generation was Firmicutes, with the fermenters decomposing cellulose Bacteroidetes.



It is trusted that one day MFC will be utilized as an individual technique for power generation; however, its latest applications are that of energy recovery during wastewater treatment and remote power production [16]. Through this energy recovery processes from wastewater, it is likely that this will guarantee the energy sustainability of the water foundation. It is assessed that local wastewater contains 9.3 times as much energy as that right now used to treat the wastewater through energy-intensive aeration-based processes [17]. The development of these MFCs, however, has its limitations. Practical full-scale MFC application in wastewater treatment and electricity production design has been long delayed by the instability of full-scale engineered systems, low achieved power densities and output voltages practically achievable so far [18]. Huggins et al. [19] attempted to directly compare the wastewater treatment efficiency and energy consumption and generation among three reactor systems—a traditional aeration process, a simple submerged MFC configuration and a control reactor acting similar as natural lagoons.



Many parameters can influence the efficiency of a microbial fuel cell. These may include, the rate of fuel oxidation and electron transfer to the anode by the microorganisms, the circuit resistance, the oxygen supply and the proton transport to the cathode through the membrane [20]. Furthermore, the type of electrode has significant effect of the performance of MFC [21,22,23]. The present work attempts to consider various cathodic and anodic materials, with two different MFC sizes, and test their influence on the generated power density of the MFC. The use of the different combinations of copper, aluminum, carbon cloth, steel and brass for the anode and cathode was also considered. The use of different oxidizing agents such as copper sulphate and potassium hexacyanoferrate is also investigated. Furthermore, the size and distance between the electrodes was investigated. The power outputs between electrochemical and microbial cells were studied.




2. Materials and Methods


2.1. Materials


The constructed MFC cell consists of two chambers (double-chambered cell) held together by acrylic glass plates. A semi permeable membrane used to separate each chamber: cationic and anionic membranes. Cation Exchange Membranes (CEM) are usually comprised of a fluorinated polymer with sulfonic acid sites and have excellent ionic conductivity and thermal/chemical durability (FuelCellStore, USA). Electrodes made of carbon cloth were inserted in each chamber. To prevent contacting the electrodes with the membrane, a cloth insulator is used (FuelCellStore, USA). A schematic representation of the MFC assembly utilized in this work is shown in Figure 2. Yeast bacterial, Saccharomyces cerevisiae, solution was pre-cultured at room temperature and different biomass concentrations. The tests were operated for 50 min, but were noticed to be stabilized in 20 min.



To investigate the effect of cell size on energy generation, two cells of different sizes were used. The smaller and larger cell compartments were designed with inner dimensions of 3.8 cm × 2.9 cm × 0.9 cm and 7.9 cm × 6 cm × 0.9 cm, respectively. Two ports were fixed in each compartment; one for inserting the electrode, and the other to feed the cell with the solution. Potassium hexacyanoferrate solution was added to the cathode as the oxidizing agent. The anode was filled with equal volumes of prepared yeast solution and methylene blue; methylene blue serves as a mediator (i.e., it takes the electrons from the respiratory cycle of bacteria and makes it available at the anode). It is worth mentioning that the hexacyanoferrate is a toxic material to the biomass, but it is used here as an oxidizer in the oxidizer chamber with no interaction with the biomass. Methylene blue is used as a mediator; however, it is not considered toxic to the biomass




2.2. Methodology


The unit can be worked in either modes: open circuit voltage (OCV), and closed circuit with various outer loads. A multi-meter is utilized to peruse the open circuit voltage, while a National instruments device (NID) is utilized for closed circuit voltage data aquisition. The IID (Austin, TX, USA) utilizes LabVIEW 2013 programming. It incorporates data aquisition that empowers distinctive framework designs that converts signals into numeric values. Voltage and current can be recognized in the the blockdiagram as graphical source code. The numeric values of the current are acquired at a given voltage at certain resistance. Voltage and current data are then pooled in a separate data sheet. Collection list and selector input are utilized for exchanging between the channels under several resistances. Other features can also be observed in the block diagram, for example, the discontinue capacity to stop running the while loop. With respect to the clock, it permits adjusting the time interims for data logging, which is fixed at 5 s. Input and output ports used to trade data between the front board and block diagram. The front board is the user interface for the VI. It can be assured that the trend of the current is comparable to that of the voltage; the current is determined from Ohm’s law (I = V/R; I is the current in Ampere (A), V is the voltage in volts (V) and R is the resistance in ohms). The power P is calculated by:


  P = V × I =    V 2   R   



(1)







The tests were carried out in triplicate and average results are presented. A maximum relative error of 7% is considered accepted in this work. Thus, experimental results with relative error greater that 7% were rejected and tests were repeated.





3. Results and Discussion


3.1. Cell Size and Voltage Variation


The variation of voltage with time was measured with both types of cells, smaller and larger; the results are shown in Figure 3. The small cell of the anode chamber was 10 cm3 in size, while the large cell was 42 cm3 in size; the oxidizer chamber is of similar size to the anodic chamber. The types of cationic and anionic membranes were the same for both small and large cells with same size of electrodes in both cells. The results revealed that when using the smaller cell size, the voltage started with a value of 0.277 V across the cathode and the anode and gradually increased until it reached a constant value of 0.337 V in 10 min. While using the larger cell size, the voltage increased gradually from an initial value of 0.362 to 0.47 V in approximately 10 min. However, in terms of voltage per unit volume, the smaller cell produces a higher voltage than the larger cell due to lower overpotentials. This is in consistent with the results obtained by Stantoro et al. [24] when they investigated MFCs with paper separators and liquid containing elements in super-capacitive mode using 15 mL size-MFCs in a supercapacitive configuration, which consisted of a plain wrapped carbon veil anode (negative) and conductive latex cathode (positive).




3.2. Effect of Cathode Solution


The effect of using different cathode solutions on the power produced by the MFC was studied by changing potassium hexacyanoferrate to copper sulphate solution (at concentration of 10 g/L) in the cathode chamber. The experiment was conducted using the larger cells. The carbon cloth electrode was shaped as a cylinder with a dimension of 10 cm long and 1 cm diameter. It is known that the redox chemicals of the yeast cells present in their external membrane are suitable to the cathode surface and can contribute to current generation in a mediator [25]. The suspension was prepared by adding 10 g of yeast to 500 mL of distilled water, and oxygen was pumped into it for about 10 minutes to speed up bacterial growth. It is seen that the copper sulphate solution resulted in higher voltage (Figure 4) compared to that when using potassium hexacyanoferrate as the cathode solution (Figure 3). This could be due to the higher conductivity of copper sulphate compared to potassium hexacyanoferrate. The results of Kong et al. [26] showed that the internal resistance of MFC with DO depends on the catalyst and is higher than that of MFC with potassium permanganate and potassium ferricyanide solution.




3.3. Effects of Culture Age and Air Supply


To study the effect of the culture age on the MFC performance, fresh and old cultures were utilized. The fresh culture was prepared by adding 5 g of dried yeast to 500 mL of distilled water. The culture was kept for about 10 min and air was pumped into it. The spent culture was considered in which 25 mL of a previously used microbial culture was implemented. Another 25 mL of the freshly prepared bacterial culture was placed in another cell (cell 2). A few drops of mediator (methylene blue) was added to both of the cells (cell 1 and cell 2) in order to enhance the process and obtain certain voltage at the beginning. In both cells (cell 1 and cell 2), carbon cloth (C) and aluminum sheet (Al-sheet) electrodes were used in the anodic and cathodic chambers, respectively. For the purpose of comparing the types of electrodes, in another test a copper rod and aluminum rod were used in the anodic and cathodic chambers, respectively, for the case of freshly used culture (cell2). The effect of stirring the solution and supplying air on the voltage and current was also studied. The results are displayed in Table 1.



The results shown above demonstrate no significant change observed when using an old or freshly prepared culture in terms of voltage. However, the current produced by using a spent culture is much higher than the current produced by using a fresh culture. It is also observed that changing the electrodes did not result in a significant difference in the potential drop; however, the current increased significantly. In addition, stirring the culture and supplying air did not affect the voltage significantly, but it resulted in an increase in the current due to the oxidation resulted from air provision and mixing.




3.4. Anaerobic Cell Operation


To determine what can happen when the cell is operated under anaerobic conditions, 50 mL of the freshly prepared bacterial solution (10 g/L biomass) was transferred into a beaker. Copper and brass rods of the same size were used as electrodes. The mouth of the beaker was covered using a polyethylene sheet. It was observed that the cell delivered a voltage of 0.592 V and a current of 0.39 mA. The values of the voltage and current were maintained as the same for several weeks of operation. However, after one week, it was observed that there were white powdery deposits on the bottom of the beaker, and tiny bubbles were formed around the electrodes electroplating. This would indicate that the presence of air does not affect the process significantly, but it is necessary for bacterial aeration. Thus, this single cell can operate under either aerobic or anaerobic conditions.




3.5. Series and Parallel Arrangements


To study the effect of various arrangements, 10 beakers of 100 mL each were filled with equal volume of bacterial solutions. Each system contained 10 g/L of biomass. The beakers were used in this experiment instead of the MFC cell as it is easier to be connected in various arrangements than the MFC cells. Copper and aluminum rods were used as electrodes. The copper electrode in one cell was directly connected to the aluminum electrode, which is placed in the other cell resulting in series arrangement. Tests were conducted at room temperature. For parallel arrangement, the copper electrode in one cell was connected to the copper electrode in the other cell. Upon operating the MFC with these two arrangements, results were collected and are summarized in Table 2.



The voltage of the series and parallel arrangements are the same; however, the series arrangement resulted in a higher current initially. When using series and parallel in one arrangement, the values for voltage and current were lower than individual series and parallel arrangements. Therefore, operating the MFC in series arrangement would be a better option. The performance of serially and parallelly connected MFC was studied by Gurung and Oh [27]; they found an increase in power generation when two individual microbial fuel cells were stacked together either in series or in parallel.




3.6. Effect of Spacing Between Electrodes and Biomass


The dependence of current (I) and voltage (V) on the spacing between the electrodes and the amount of biomass (bacterial solution) was investigated. In this case, fresh bacterial cultures were prepared by adding approximately 35 g of yeast into beakers containing either 50, 100, 150, 200 or 250 mL of distilled water, for purpose of studying effect of biomass concentration. Air was provided into each of these cultures, and then each was kept aside for 15 minutes to allow bacterial cultivation. Fifty mL from each these cultures were transferred into the cell; tests were repeated at different biomass concentration. The cell was covered with a cardboard piece containing holes at a distance of 2.2 cm and 4.4 cm apart. Through these openings, copper and aluminum rods of equal sizes were inserted. The holes were used to control the spacing between the electrodes. The recorded current emitted from the cell at each of the two spacing and at different biomass concentrations are summarized in Table 3. It is seen that the current increases with the decrease in biomass concentration; such a trend is the same for both spacing. It is also noticeable that a slight increase in the current when using 4.4 cm spacing appeared compared to that of 2.2 cm spacing. This could be due the increase in potential difference upon increasing the spacing between the two electrodes.




3.7. Electrochemical Cell Versus Microbial Cell


To verify whether the cell acts as an electrochemical one or a microbial one, the conductivity of distilled water was made equal to that of bacteria. This was done by adding ultrapure sodium chloride solution (Aldrich, USA) to a double distilled water until the conductivity became the same as the microbial culture. In both cases, the small cell size (3.8 cm × 2.9 cm × 0.9 cm) was used and operated at room temperature (20 °C). Copper and aluminum rods were used as electrodes, the same sizes as mentioned before (10 cm × 1.0 cm), and the current was measured over time. Table 4 shows values of the current measured over time for the microbial and electrochemical cells. The current increases steadily for both types of cells; however, in case of bacterial solution higher current values are noticed compared to that of the salt solution. This shows that electricity is generated due to the microbial activity rather the salty cell, i.e., the bacterial solution is indeed aiding the transport of electrons.




3.8. Effects of the Yeast Concentration


To examine the effects of the yeast concentration on the cell performance, the voltage and current were measured with time using cells operated with different concentrations of yeast. Tests were done using the smaller cell size. Carbon cloth electrodes were used in both anodic and cathodic chambers. The results in terms of average voltage and current are displayed in Table 5. It can be seen that both voltage and current increase as yeast concentration increased from 5 to 20 g/100 mL. This is an expected result due to enhanced degradation of organic matter with higher cell content and thus more release of electrons [15,28].




3.9. Effect of Membrane Type


During the performance of an MFC, not only protons but also other cation species are responsible for maintaining electro-neutrality; this includes transporting the positive charge through the membrane. This might result in an increase in conductivity of the cathode chamber due to accumulation of the cations which is controlled by membrane type. Therefore, it is important to determine which membrane incorporates a higher proton transfer [9]. To inspect the effect of the type of the membrane, three different membranes were tested. The term old cell refers to the cell with the rough side of the membrane facing the anode, which is the cell used in all previous tests; while the term new cell refers to the cell with the smooth side of the membrane facing the anode. In all cases, the tests were conducted with a solution of 15 g yeast in 100 mL distilled water. The results are shown in Table 6. According to these data, the new cell, which has the arrangement of the smooth side facing the bacteria (anode), results in a higher value of current. It is obvious that membrane (3) shows the highest value of current amongst the rest. Therefore, it can be concluded that membrane (3) with the smooth side facing the anode allows for easier transfer of protons.





4. Conclusion


The different operational scenarios considered in this works showed different functionality of the MFC operation in terms of voltage and current. The power, whether as voltage or current, was measured in different conditions and cells. According to the experiments performed in this work, the power increases with increasing the area, increasing the volume of the bacterial solution, supplying air and stirring. The previously used microbial culture gave better results than the fresh one. Better performance was obtained when using series arrangement compared to that of other arrangements. Furthermore, the use of the Cu-Al cathode resulted in better MFC performance than with the carbon cloth cathode. The arrangement sides (smooth versus rough) of the membranes resulted in different current and voltage outputs; the best output is obtained when the inner side is faced toward the anode. Based on the results presented in this study, it is recommended to use smaller MFC cells operated aerobically, with smooth membranes facing the chambers using Cu-Al probes and the largest amount of biomass.
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Figure 1. Scheme of a microbial fuel cell (MFC) in which an organic substrate is oxidized at the anode [8]. 
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Figure 2. Schematic diagram of fuel cell assembly: (1) cell body, (2) cation exchange membrane, (3) electrodes, (4 and 5) nuts and screws. 
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Figure 3. Voltage versus time for small and large cells using 10 g/L of biomass at room temperature. Small cell: 10 cm3 size; large cell: 42 cm3 size. 
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Figure 4. Current versus time using 10 g/L copper sulphate solution in the cathode chamber and 20 g/L of biomass at room temperature. 
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Table 1. Summary results for different cultures, electrodes and the effect of supplying air. Cell 1: 10 cm3 size; Cell 2: 42 cm3 size: both at room temperature.
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Cell

	
Electrodes

	
Voltage (V)

	
Current

	
After Supplying Air




	
V (V)

	
I (mA)






	
1

	
C-Al sheets

	
0.4

	
1.06 mA

	
0.5

	
6.46




	
2

	
C-Al sheets

	
0.4

	
30.4 µA

	
-

	
-




	
Cu-Al

	
0.532

	
4.70 mA

	
-

	
-
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Table 2. Comparison between series and parallel arrangements.
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	Arrangement
	Voltage (V)
	Current (mA)





	Series
	5.37
	0.58 max → <0.35



	Parallel
	5.37
	0.38



	Series + Parallel
	2.72
	0.25
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Table 3. Variation of current with respect to solution volume and electrode spacing.
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Initial Biomass Concentration (g/L)

	
Current I (mA)




	
Electrodes 2.2 cm Apart

	
Electrodes 4.4 cm Apart






	
700

	
0.11

	
0.21




	
350

	
0.33

	
0.39




	
233

	
0.43

	
0.58




	
175

	
1.05

	
1.25




	
140

	
1.25

	
1.34
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Table 4. Comparison of current output obtained from the bacterial cell and the saline cell.
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	Time (min)
	Bacterial Cell (mA)
	Saline Cell (mA)





	0
	0.08
	0



	4
	0.1
	0.02



	7
	0.12
	0.03



	10
	0.14
	0.03



	13
	0.15
	0.04



	16
	0.16
	0.04



	19
	0.17
	0.05



	22
	0.17
	0.05



	25
	0.18
	0.06



	31
	0.17
	0.07
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Table 5. Effect of yeast concentration on MFC performance.
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	Concentration (g/100 mL)
	Voltage (mV)
	Current (mA)





	5
	0.134
	10.23



	10
	41.50
	11.87



	15
	100.13
	54.53



	20
	183.57
	19.77
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Table 6. Effect of membrane type in MFC performance.
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Membrane 1

	
Membrane 2

	
Membrane 3




	
Current (mA)

	
Current (mA)

	
Current (mA)




	
Time (min)

	
New Cell

	
Old Cell

	
New Cell

	
Old Cell

	
New Cell

	
Old Cell






	
0

	
48.2

	
26.1

	
50.0

	
30.0

	
72.4

	
62.3




	
5

	
51.2

	
25.2

	
95.9

	
12.1

	
84.3

	
48.6




	
10

	
46.4

	
16.8

	
72.5

	
6.8

	
127.5

	
46.3




	
15

	
42.8

	
11.2

	
51.9

	
1.0

	
105.0

	
55.0




	
20

	
39.7

	
6.1

	
47.3

	
9.8

	
110.0

	
54.5




	
25

	
37.3

	
0.0

	
44.0

	
18.4

	
112.0

	
53.4




	
30

	
36.7

	
-

	
46.9

	
28.0

	
104.0

	
54.1




	
35

	
36.1

	
-

	
46.3

	
27.9

	
99.6

	
54.5
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