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Abstract

:

Fungi are typically expressed as excellent microorganisms that produce extracellular enzymes used in the bioaccumulation phenomenon. In this study, laboratory-scale dual-chamber fungal fuel cells (FFCs) were applied as an alternate approach for the available degradation of complex organic pollutants represented in chemical oxygen demand (COD) and total nitrogen (TN), as well as inorganic pollutants represented as total chromium (Cr), and the generation of bioenergy represented in output voltages (V), power density (PD) and current density (CD), as applied to tannery effluent. Aspergillus niger strain, (A. niger), which makes up 40% of the fungal population in tannery effluent was examined in a training study for efficient hexavalent chromium bioaccumulation, especially in high concentrations. The trained A. niger showed a faster growth rate than the untrained one in broth media containing different loaded chromium concentrations. For an external resistance of 1000 Ω, two FFCs were utilized, one with electrolytic matrices including phosphate buffer solution (PBS) and bicarbonate buffer solution (BBS), and the other without electrolytic matrices, where the energy generation and treatment efficacy of the two dual-chamber FFCs were evaluated for a period of 165 h. At 15 h, the electrolytic FFCs showed a high voltage output of 0.814 V, a power density of 0.097 mW·m−2, and a current density of 0.119 mAm−2 compared to the non-electrolytic FFC. At 165 h, the electrolytic FFCs showed high removal efficiency percentages for COD, TN, and total Cr of up to 77.9%, 94.2%, and 73%, respectively, compared to the non-electrolytic FFC.
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1. Introduction


The industries that process food and leather, and extract oil produce a great deal of wastewater, which has a negative impact on the environment since it contains significant quantities of heavy metals, organic matter, and total dissolved salts (TDS) [1]. The tanning business is a significant sector of the global economy, yet it is also regarded as one of the most heavily polluting sectors [2]. The ancient Egyptians used tanning methods to tan leather for drums, belts, and shoes throughout their history [3]. Throughout the operating and production phases, the tanning process utilizing chromium salts is efficient, quick, stable, and inexpensive [4,5]. Due to that process, high chromium concentrations remain in the effluent [6]. Since heavy metals (especially chromium), toxic chemicals, chlorides, lime with high levels of dissolved and suspended salts, total organic matter represented by chemical oxygen demand (COD) and biological oxygen demand (BOD), as well as other pollutants, are present in tannery wastewater, it is recognized as a highly contaminated industrial effluent [7,8]. For every ton of hide, 300 kg of chemicals are applied during the tanning process [9]. About 30 to 35 L of effluent are generated using this method for every kilogram of skin or hide handled [10]. This type of wastewater is considered to be a significant challenge in terms of treatment due to high organic loads along with high salt concentrations [11]. Color, low pH values, high concentrations of sodium chloride indicated by TDS, organic components indicated by COD, certain nitrogenous compounds indicated by total nitrogen (TN), and heavy metals represented as Cr6+ are the most common features of tannery wastewater during the tanning process [12,13]. The direct release of this wastewater without proper treatment would result in a decline in water quality [14].



Due to the importance of wastewater reuse in the circular economy and green building themes [15], the treatment of tannery wastewater that is produced in large quantities from the tanning industry has become necessary [16].



There are a number of physico-chemical and bio-chemical technologies that have been developed for treating tannery wastewater [17], including thermal techniques [18], advanced chemical oxidations [19,20], coagulation–flocculation [21], ion exchange [22], and membrane techniques [23]. However, these techniques have several limitations, including high operational costs, high chemical consumption, and secondary pollution that need to be addressed using online intelligent management methods [24,25].



Bio-treatment is an another alternative treatment technology that could be considered as an eco-green method. Beside the low cost of biomaterials that have the ability to degrade and absorb a large number of pollutants, it has a number of limitations that can be represented via its slower operation rate and the requirement for continuous monitoring of all operating parameters affecting the biological behavior of pH and nutrients [17]. To obtain successful treatment, the implementation of design parameters and continuous optimization of conditions need to be adjusted as it changes according to microbial growth factors. At the end of this process, the biological mass representing bio-waste materials will increase and in many cases will require post-treatment to ensure that the old biological mass can be reused or dealt with as part of hazardous organic materials.



Bio-materials are considered to be cultures of bacterial species or fungal species that have the ability to degrade organic materials and produce energy. Although limitations exist for the bio-treatment methodology of operational costs, chemical consumption, and secondary pollution compared to other treatment technologies, the methodology is still considered as a unique approach for generating energy from organic materials [26]. Energy is one of the most important gains from wastewater treatment. Energy occurs in many types resulting from either biogas production, biohydrogen, or voltage output [20,21]. All energy outputs come from the degradation of organic constituents present in the wastewater.



Training studies should be performed for the available adaptation of fungi strains to reduce the toxicity levels of metals. This training study addresses the possible adaptation of fungi strains to metal stress conditions [27].



Microbial fuel cells (MFCs) are a technology that is able to decrease organic compounds present in wastewater using microbial activity and convert the chemical energy into electrical energy via spontaneous oxidation–reduction mechanisms [26]. MFCs can be considered as a method needed for both energy recovery and pollutant removal in tannery wastewater [28].



MFC technology has been used to treat domestic wastewater, swine wastewater, and wastewater from paper recycling [29,30]. Organically loaded compounds in the paper industry were used as a source of energy using microorganisms in a dual-chamber microbial fuel cell (MFC) [31]. Studies have shown that the increase in the wastewater ionic conductivity increases the MFC power output. Electrolytic matrices as a common additive to stabilize pH [32,33], boost anodic cell conductivity [34,35], and speed up proton transfer mechanisms [36] were necessary for optimal MFC performance.



Feng et al. [37] showed that the addition of 50 mM of phosphate buffer solution (PBS) increased the power output by 136% to 438 mW/m2, and 200 mM of PBS increased the power output by 158% to 528 mW/m2, when treating beer brewery wastewater. Huang and Logan [38] observed that the maximum power densities increased from 144 mW × m−2 to 501 mW × m−2 with 50 mM PBS, and 672 mW × m−2 with 200 mM PBS, when treating paper recycling wastewater. Therefore, it is important to assess the effect of adding electrolytes on energy output.



The novelty of this study was to assess the feasibility of treatment of tannery wastewater using a dual-chamber FFC and observe how to improve the operation via the selection of fungal strain, training of fungal strain, and the effect of electrolytic matrices (PBS and BBS) on FFC performance. The performance is determined via assessing the variations in organic degradation represented in COD, TN elimination, and total chromium removal along with the determination of variation in energy output represented in cell voltage output (V), power density (PD), and current density (CD).




2. Materials and Methods


2.1. Fungal Communities in Tannery Wastewater


The goal of this investigation is to cultivate filamentous fungus from tannery effluent collected from contaminated sites with tannery wastewater—chromium stage—from the Elmontaza Tannery, Ain El Sira, Old Cairo, Egypt, in sterilized glass bottles of 1.5 L capacity, transported to the laboratory in an icebox. In a sterile bottle, the samples collected were combined to form a composite sample, and physicochemical analyses were performed as described in Table 1. After that, samples were diluted in a 1:1 ratio in sterile distilled water. To confirm the presence of fungus in the sample, aliquots of 1.0 mL of diluted material were plated onto potato dextrose agar media (PDA) and malt extract agar media (MEA) plates (triplicates). Because the results from PDA and MEA media are comparable, only the PDA medium was used to calculate colony counts. After three days of incubation at 30 ± 1 °C, developed colonies were isolated, counted, and differentiated to the genus level. Purified isolates were obtained by streaking colonies repeatedly on PDA medium and observed under light microscopy. The relative frequency of occurrence was calculated as the number of species isolated divided by the total number of isolates. The fungal isolates were analyzed for certain morphological studies via an image analysis system using Soft-Imaging GmbH software (analysis Pro ver. 3.0), as well as using the newly introduced Regional Center for Mycology and Biotechnology (RCMB) database management system for Aspergilli and Penicillia identification at the Regional Center for Mycology and Biotechnology (RCMB), Al-Azhar University, Cairo, Egypt.




2.2. Training of Fungal Strains on Hexavalent Chromium Solution


The relative toxicity of A. niger to chromium ion is apparent at higher concentrations. This experiment demonstrated the capability of A. niger to adapt to chromium stress conditions and the availability for use in chromium removal from solutions. A. niger was subjected to hexavalent chromium ions in levels ranging from 10 to 100 ppm. The adapted A. niger strain to hexavalent chromium stress is called the trained strain while the A. niger strain without any adaptation to hexavalent chromium stress is called the control strain.




2.3. FFCs Operational Set-Up


Two dual-chamber fungal fuel cells, represented in Figure 1, composed of cubic-shaped organic polymer material were used throughout this study. The anodic chambers and cathodic chambers were separated by a cation exchange membrane (CMI-700S Cation Membrane, Membranes International Inc., Ringwood, NJ, USA), and the effective volumes of anodic chambers and cathodic chambers of MFCs were 1.5 L.



Two FFCs were operated in the batch mode in which the anodic chamber was filled with tannery wastewater, 1.5 g/L anhydrous sodium acetate [39], and trained A. niger inoculated on a carbon cloth of surface area 64 cm2 pre-soaked in 15% ethanol for 48 h and heat treated at 450 °C for 1.0 h, as shown in Figure 2 [40]. The anodic chamber of non-electrolytic FFCs does not contain any electrolytes while the electrolytic one contains 50 mM of PBS and 0.2 M of BBS and the anodic pH was adjusted to pH 5.8 [41,42]. The cathodic chamber contains the cathodic redox solutions of 50 mM/L of potassium ferricyanide K3[Fe(CN)6] and 50 mM/L PBS [43]. Glass headspace bottles were attached to the top of anodic chambers of FFCs, while the top of headspace bottles were sealed by rubber plugs and penetrated using pinholes, so as to provide an escape passage for nitrogen gas (N2) generated by reduction of nitrate nitrogen. The cathodes and anodes were connected with titanium wire and an external resistor of 1000 Ω. To determine the internal resistance, different external resistances was used throughout this study. The FFCs were operated for 165 h.




2.4. Analytical Methods


The cell voltage (E, V) was monitored on-line via a data acquisition system (Agilent 34970A; Agilent Technologies, Santa Clara, CA, USA) and recorded automatically every 20 min. The anodic potential (V) was measured against a silver–silver chloride reference electrode (+224.5 mV vs. SHE), which was inserted into the anode chamber. The anodic pH was continuously monitored using a pH meter (PHSJ-5; INESA Instrument, China) and automatically recorded every 30 s. The current (I, A) was calculated according to the following equation [43]:


  I =   E   R    








where E is cell voltage (V) and R is the external resistance (1000 Ω).



The power output of the cells (P, mW) was calculated according to the following equation [43]:


  P = I E  











Variable external resistances were used to obtain the polarization curve in which each resistance was changed. Power density (mW/m2) and current density (mA/m2) were based on the cathode surface area (m2) [43].


  P o w e r   D e n s i t y   ( P D ) =     U   2     A   ∗   R    










  C u r r e n t   D e n s i t y   ( C D ) =   U   A   ∗   R    








where U is the voltage output (V), R is the total resistance (Ω) used and A is the electrode area (m2).



The COD removal efficiency (Ef) % was calculated according to the following equation:


  R e m o v a l   E f f i c i e n c y   ( E f )   % =   Δ S   S   × 100  








where ΔS is the removal of COD concentration (g/L) and S is the initial COD concentration (g/L).




2.5. Statistical Analysis


A linear regression model using “Enter” methods was conducted to evaluate the removal efficiency and predict the estimated removal percent. The statistical program “SPSS 25” was used to determine the histogram and a normal probability plot (P-P plot) of regression.





3. Results and Discussion


3.1. Fungal Communities in Tannery Wastewater


Fifteen fungal colonies representing five genera were obtained on PDA medium at this dilution. Genus Aspergillus was found to occur at a maximum percentage (40%), followed by Penicillium (26.7%). Genera of Rhizopus and Fusarium were of a similar percentage (13.3%). Genus Alternaria had the minimum percentage (6.7%), as shown in Figure 3.




3.2. Training of Fungal Strains on Hexavalent Chromium Solution


The relative toxicity of A. niger to hexavalent chromium became obvious at the higher concentration. This test indicated the possible adaptation of A. niger to hexavalent chromium stress conditions and their potential for use in extracting metal ions from the solution. Hexavalent chromium is considered one of the most toxic chromium states for microorganisms, so our study focused on measuring the toxicity level of different hexavalent chromium concentrations and the effect of training of the fungal strain on fungal growth rate and adsorption ratio. The A. niger strain was trained with high studied hexavalent chromium ion levels ranging from 10 to 100 ppm. A. niger without adaptation to hexavalent chromium stress is called the control strain. The data analysis for biosorption of the studied metal ions by the control and the trained A. niger was completed in light of different isothermal models. The results showed that the A. niger trained strain had higher maximum removals than the control strain. It also showed that the total growth (G) and the growth rate (µ) of the control and the trained strain were gradually inhibited with an increase in hexavalent chromium concentration, with the control strain being more sensitive as shown in Table 2. In Cr6+ assays, the control A. niger biotypes grew at 100 ppm with a growth rate of 4.6 mg/h and removal efficiency of 67.5%; meanwhile, the trained strain grew at 100 ppm with a growth rate of 7.3 mg/h and a removal efficiency of 81.8%, as shown in Figure 4 and Figure 5. Further studies are recommended for evaluation of post-treatment and disposal of the Cr-adsorbed fungal strain as a final bio-waste product.




3.3. Adsorption Isotherm


The most common models representing the isotherm behavior for hexavalent chromium sorption in both the trained and control strains were examined, as shown in Figure 6. The findings showed that the Freundlich and Koble–Corrigan models, respectively, can adequately describe the hexavalent chromium sorption in both the trained and control strains. The Freundlich adsorption model can be used to explain heterogeneous adsorption surfaces. The Freundlich isotherm model can also be used to describe multilayer adsorption since it is not limited to monolayer creation. The total amount of materials adsorbed at each particular active site equals the number of molecules that have been adsorbed. The mechanism of the adsorption process depends on the energy of binding between the sorbent and the adsorbed molecules. The adsorption energy progressively dropped until it disappeared after the adsorption process was finished. The three-parameter Koble–Corrigan model, where A, B, and n are Koble–Corrigan constants, combines the Langmuir, Freundlich, and pure hydrocarbon adsorption isotherm models with other adsorption isotherm models [44,45].



According to the Freundlich model, the maximum uptake of the trained sample was Kf was 14.81 mg/g and n was 1.694. According to the Koble–Corrigan model for the control samples, the maximum uptake was 7.388 mg/g, B was 0.037, and D was 0.755, which showed greater decreases in the uptake values than in the trained sample. The obtained results indicated that the maximum uptake of the trained samples is more efficient than the control samples. Table 3 indicates the variations between experimental and calculated Qe during isotherm studies for all concentrations.




3.4. FFC Performance


In two studied FFCs, operations were studied for a treatment time of 165 h. Along with different external resistances ranging from 10 to 20,000 Ω, the internal resistance decreased in the electrolytic cell reaching 65 Ω while the non-electrolytic one was 110 Ω. For an external resistance 1000 Ω and time interval from 15 h to 165 h, the energy output of the electrolytic cell showed an obvious increase compared to the non-electrolytic one. The voltages and power output were gradually decreased along with time according to substrate availability and the level of oxidation/reduction reactions until the power output became stable at 165 h of operation, as shown in Table 4. The rate of decrease in the electrolytic cell was less than that of non-electrolytic cell due to the presence of electrolytes, and in accordance with the change in voltage [46]. The decreasing rate of power activity showed an increase after 90 h for the non-electrolytic cell while it was after 105 h for the electrolytic cell. At 105 h of operation, the electrolyte FFC had a voltage output of 0.613 V, PD of 0.055 mW × m−2, and CD of about 0.089 mA × m−2 while the non-electrolyte FFC had voltage output 0.482 V, PD of 0.032 mW × m−2, and CD of 0.067 mA × m−2. At 165 h of operation, the electrolyte FFC had a voltage output of 0.106 V, PD of 0.0016 mW × m−2, and CD of about 0.015 mA × m−2, while the non-electrolyte FFC had a voltage output of 0.063 V, PD of 0.0005 mW × m−2, and CD of 0.008 mA × m−2. Therefore, the use of electrolytes increases the fungal fuel cell (FFC) performance in terms of power activity and output cell voltages.



After 15 h of operation, the FFC voltage outputs were measured and the internal resistance was determined via applying various external resistances ranging from 10 to 20,000 Ω. FFCs voltage, current density showed a relationship, and the line slope led to internal resistance [47]. According to our findings, electrolytic FFCs had internal resistances of just 65 Ω, whereas non-electrolytic FFCs had an internal resistances of 110 Ω.



In addition to the power output, the COD, total nitrogen, and total chromium removal efficiency were examined in both FFCs, as shown in Figure 7. In the anode part, sodium acetate and organic substances present in tannery wastewater were oxidized to CO2 using fungal strain enzymes. The change in COD consumption for the studied FFCs during the anodic oxidation reduction reaction, organic consumption represented in COD and total nitrogen were consumed, and an increase in power generation and energy output, especially in the electrolytes containing FFCs, occurred [48]. The results showed that at 165 h, electrolytes contained in the FFCs had high COD, total nitrogen, and total chromium removal efficiencies which were 77.9%, 94.2%, and 73.0%, respectively, while non-electrolytes containing FFCs had COD, total nitrogen, and total chromium removal efficiencies of 75.0%, 93.1%, and 61.0%, respectively, due to generation of OH−, CO32−, and HCO3− in the electrolyte FFCs resulting from the difference in anodic redox reaction mechanisms and microbial metabolism [49,50]. This variation may be due to the electrolyte energy used in oxidation reduction reactions resulting from acetate and electrolyte materials that increase the electron production from the metabolic activity needed for organic and inorganic degradation to the external circuit of the cell, then to the cathode electron acceptor electrode.



The increase in power output due to the increase in hydroxyl groups in the anode chamber, due to the decrease in organic consumption and the oxidation–reduction reaction rate, gradually decreased [51] due to oxidation of sodium acetate and the presence of the phosphate buffer, resulting in a decrease in cell voltage [52].




3.5. Statistical Analysis


The statistical analysis was performed using a linear regression model. The obtained results indicated that the R2 of all parameters lies between 97.0 (COD removal in a non-electrolytic cell) and 99.9% (COD removal in an electrolytic cell), which indicates the success of the model to describe the removal performances, and means that the electrolytic cell is preferred for the degradation of a wide range of organic carbon contaminants in excess of the nitrogen and heavy metal removal as described in the previous discussion. Also, the performance of the model using significance values indicated that, in fact, all models successfully described the removal percentages with a p-value < 0.001. Furthermore, the significance results indicated that the time parameter is the most important factor affecting the removal efficiency in the presence of produced energy potential. Finally, the statistical model describes the expected removal percentages depending on time after removing X2 (volt) shown in Table 5.



Supplementary: Figures S1–S3, describe the variation between electrolytic and non-electrolytic fungal fuel cells for COD, Cr, and TN removals. The obtained results indicate that the electrolytic cell is more close to linearity with minimum suggestive errors.





4. Conclusions


In the present study, tannery effluents were subjected to treatment using FFCs for organic degradation and energy production. The genus Aspergillus represents 40% of the total genera present in tannery wastewater. A. niger, which had been subjected to hexavalent chromium stress in the training method, had a faster growth rate (µ) about 7.3 ± 2.7 mg × h−1 and a high hexavalent chromium removal efficiency, reaching 81.8% compared with the control strain. Freundlich and Koble–Corrigan isothermal adsorption models can adequately explain the sorption of hexavalent chromium in both the trained and the control strains. For 165 h of operation, FFC electrolytic matrices showed high energy output represented in output cell voltage output (V), power density (PD), and current density (CD) due to the lower internal resistance compared to the non-electrolytic FFCs. The maximum power output occurred at 15 h of operation, then decreased gradually due to the cell substrate depletion. The electrolytic FFCs also showed high removal efficiencies that reached 77.9%, 94.2%, and 73.0%, in the case of COD, TN, and total chromium, respectively, compared to the non-electrolytic FFC. According to the findings of using FFCs, the trained A. niger strain increased the sorption ratio of total chromium and increased the fungal growth rate. Using electrolytic matrices increased the FFC performance that was represented by high energy production and high removal efficiency. Further studies are recommended for the evaluation of post-treatment and disposal of Cr-adsorbed fungal strains as a final bio-waste product.
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Figure 1. (A) Designative scheme of the FFC, and (B) lab scale model of the FFC. 
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Figure 2. Trained fungal flora inoculated in fungal fuel cells using (A) image analysis instrument (mag. 400×) and (B) SEM (mag. 40,000×). 
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Figure 3. Prevalence of fungal communities in tannery wastewater. 
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Figure 4. Control and trained A. niger strains growth behavior under different hexavalent chromium initial concentrations. 
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Figure 5. Hexavalent chromium removal efficiency by both the control and trained A. niger. 
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Figure 6. Isotherm models for Cr6+ removal by the control and trained strain. 
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Figure 7. Variation of electrolytic and non-electrolytic FFC treatment performance. 
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Table 1. Physicochemical characteristics of raw tannery wastewater.
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	Color (Pt-Co)
	pH
	TDS

(mg/L)
	COD

(mg/L)
	TN

(mg/L)
	EC (ms × Cm−9)
	Total Cr

(mg/L)





	Tannery Wastewater Constituents
	836 ± 39
	4.12 ± 0.015
	21,000 ± 144.9
	1400 ± 37.4
	432 ± 20.8
	37.7 ± 6.1
	500 ± 22.4










 





Table 2. Control and trained A. niger strain growth behavior under different hexavalent chromium stress conditions.
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Cr6+Conc., (mg/L)

	
Trained Strain

	
Control Strain




	
Total

Growth (G),

(mg/L)

	
Growth

Rate (µ),

(mg/h)

	
Cr6+

Removed, (%)

	
Total

Growth (G),

(mg/L)

	
Growth

Rate (µ),

(mg/h)

	
Cr6+

Removed, (%)






	
0

	
5600 ± 74.8

	
33.3 ± 5.8

	
---

	
5600 ± 74.8

	
33.3 ± 5.8

	
----




	
10

	
5420 ± 73.6

	
32.3 ± 5.7

	
97.0

	
5000 ± 70.7

	
29.8 ± 5.5

	
88.0




	
25

	
5030 ± 70.9

	
29.9 ± 5.5

	
90.8

	
3950 ± 62.8

	
23.5 ± 4.8

	
81.6




	
50

	
4100 ± 64.0

	
24.4 ± 4.9

	
87.2

	
3000 ± 54.8

	
17.9 ± 4.2

	
76.4




	
75

	
3200 ± 56.6

	
19.0 ± 4.4

	
84.8

	
1970 ± 44.4

	
11.7 ± 3.4

	
72.1




	
100

	
1220 ± 34.9

	
7.3 ± 2.7

	
81.8

	
780 ± 27.9

	
4.6 ± 2.1

	
67.5











 





Table 3. Experimental and calculated Qe during hexavalent chromium isotherm studies for both the control and trained A. niger strains.
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A. niger

	
Qe

	
Redlich

	
Hill

	
Toth

	
Freundlich

	
Koble

	
Langmuir

	
Sip

	
Khan

	
Javanovic






	
Trained

	
9.7

	
5.2

	
7.2

	
7.2

	
7.3

	
2.6

	
3.1

	
6.3

	
6.1

	
2.8




	
22.7

	
23.4

	
24.2

	
24.2

	
24.2

	
18.2

	
20.7

	
23.8

	
24.0

	
19.6




	
43.6

	
44.8

	
44.4

	
44.4

	
44.3

	
42.1

	
45.5

	
44.9

	
44.4

	
45.2




	
63.6

	
62.9

	
62.4

	
62.4

	
62.3

	
62.1

	
64.6

	
62.9

	
62.3

	
65.2




	
81.8

	
81.8

	
82.1

	
82.1

	
82.1

	
80.1

	
80.7

	
81.3

	
81.9

	
80.6




	
Control

	
8.8

	
8.0

	
9.4

	
5.9

	
9.5

	
8.1

	
5.9

	
7.8

	
9.5

	
5.4




	
20.4

	
21.0

	
21.2

	
19.7

	
21.3

	
20.9

	
19.7

	
20.9

	
21.3

	
18.7




	
38.2

	
38.5

	
37.5

	
39.4

	
37.4

	
38.4

	
39.4

	
38.6

	
37.4

	
39.3




	
54.1

	
53.6

	
52.8

	
54.7

	
52.7

	
53.6

	
54.7

	
53.7

	
52.7

	
55.4




	
67.5

	
67.8

	
68.5

	
66.7

	
68.6

	
67.6

	
66.7

	
67.2

	
68.6

	
66.5











 





Table 4. Variation of energy production of both electrolytic and non-electrolytic FFC.
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Time/h

	
CD/mA·m−2

	
PD/mW·m−2

	
U/V




	
Non-Electrolytic FFC

	
Electrolytic FFC

	
Non-Electrolytic FFC

	
Electrolytic FFC

	
Non-Electrolytic FFC

	
Electrolytic FFC






	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
15

	
0.1061

	
0.1194

	
0.0800

	
0.0972

	
0.754

	
0.814




	
30

	
0.1050

	
0.1165

	
0.0783

	
0.0925

	
0.746

	
0.794




	
45

	
0.1042

	
0.1150

	
0.0771

	
0.0902

	
0.740

	
0.784




	
60

	
0.1011

	
0.1127

	
0.0726

	
0.0865

	
0.718

	
0.768




	
75

	
0.0957

	
0.1086

	
0.0651

	
0.0803

	
0.680

	
0.740




	
90

	
0.0892

	
0.1046

	
0.0566

	
0.0746

	
0.634

	
0.713




	
105

	
0.0678

	
0.0899

	
0.0327

	
0.0551

	
0.482

	
0.613




	
120

	
0.0508

	
0.0704

	
0.0183

	
0.0338

	
0.361

	
0.480




	
135

	
0.0338

	
0.0506

	
0.0081

	
0.0175

	
0.240

	
0.345




	
150

	
0.0165

	
0.0276

	
0.0019

	
0.0052

	
0.117

	
0.188




	
165

	
0.0089

	
0.0156

	
0.0006

	
0.0016

	
0.063

	
0.106











 





Table 5. Regression model for COD, Cr, and TN for electrolytic and non-electrolytic fungal fuel cells.
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Regression Model




	

	
Electrolytic Cell

Model Summary

	
Non-Electrolytic Cell

Model Summary






	
Method

	
Enter




	
Variables

	
Time, and Volt




	
Dependent

	
COD

	
Cr

	
TN

	
COD

	
Cr

	
TN




	
R

	
0.999

	
0.993

	
0.995

	
0.988

	
0.998

	
0.998




	
R2

	
0.998

	
0.985

	
0.990

	
0.976

	
0.996

	
0.995




	
Adjusted R2

	
0.997

	
0.982

	
0.987

	
0.970

	
0.994

	
0.994




	
Std. error of the estimate

	
0.426

	
2.028

	
0.579

	
1.502

	
0.978

	
0.428




	
ANOVA




	
Significance

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
F

	
1910

	
269

	
384

	
165

	
895

	
857




	
Coefficient




	
Time “Beta”

	
0.099

	
0.315

	
0.116

	
0.166

	
0.271

	
0.152




	
Time “t”

	
13.2

	
8.785

	
11.317

	
5.332

	
13.409

	
17.111




	
Time “Significance”

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
Volt “Beta”

	
−13.6

	
3.292

	
2.905

	
−1.537

	
1.682

	
7.830




	
Volt “t”

	
−9.361

	
0.475

	
1.470

	
−0.264

	
0.444

	
4.712




	
Volt “Significance”

	
<0.001

	
0.647

	
0.180

	
0.799

	
0.669

	
0.002




	
Estimated removal Equation




	
COD removal Eqn.

	
% = 62.8 + 0.099X1 − 13.596X2

	
% = 46.922 + 0.166X1 − 1.537X2




	
Cr removal Eqn.

	
% = 17.1 + 0.315X1 + 3.2926X2

	
% = 16.795 + 0.271X1 + 1.6826X2




	
TN removal Eqn.

	
% = 74.857 + 0.116X1 + 2.905X2

	
% = 67.736 + 0.152X1 + 7.830X2








Where X1 is Time, and X2 is Volt.
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