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Abstract

:

In this study, the principle of sustaining circular economy is presented as a way of recovering valuable resources from wastewater and utilizing its energy potential via anaerobic digestion (AD) of municipality wastewater. Biostimulation of the AD process was investigated to improve its treatability efficiency, biogas production, and kinetic stability. Addressing this together with agricultural waste such as eggshells (CE), banana peel (PB), and calcined banana peels (BI) were employed and compared to magnetite (Fe3O4) as biostimulation additives via 1 L biochemical methane potential tests. With a working volume of 0.8 L (charge with inoculum to substrate ratio of 3:5 v/v) and 1.5 g of the additives, each bioreactor was operated at a mesophilic temperature of 40 °C for 30 days while being compared to a control bioreactor. Scanning electron microscopy and energy dispersive X-ray (SEM/EDX) analysis was used to reveal the absorbent’s morphology at high magnification of 10 kx and surface pore size of 20.8 µm. The results showed over 70% biodegradation efficiency in removing the organic contaminants (chemical oxygen demand, color, and turbidity) as well as enhancing the biogas production. Among the setups, the bioreactor with Fe3O4 additives was found to be the most efficient, with an average daily biogas production of 40 mL/day and a cumulative yield of 1117 mL/day. The kinetic dynamics were evaluated with the cumulative biogas produced by each bioreactor via the first order modified Gompertz and Chen and Hashimoto kinetic models. The modified Gompertz model was found to be the most reliable, with good predictability.
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1. Introduction


Today’s energy-intensive development has led to a surging demand for fossil fuels, which generate environmental pollution and impacts the ecosystem through global warming [1,2]. This has stimulated the search for alternative energy sources that are both sustainable and eco-friendly, to mitigate the environmental crisis [3,4,5]. Therefore, the exploration of cost-effective technology and sustainable energy resources in wastewater settings, to generate biogas to boost the water economy and its reclamation for reuse, has become important. In addition, the environmental challenge and cost involved in discharging biowaste (banana peels, eggshell, orange peels, sludge, etc.) [6,7], underpin its importance in being engineered as a biostimulant for wastewater treatment and biogas enhancement.



Generally, anaerobic digestion (AD) is considered as one of the most valuable techniques that converts the organic matter present in the biowaste to renewable energy in the form of methane (CH4)-enriched biogas [8,9,10]. When the bioreactor is run at optimal conditions, production of the bioenergy such as methane (60–70%) and stabilised digestate by AD creates economic opportunities and eases pollution [8,11,12]. The AD process utilizes microorganism degradation potential in an ecologically sustainable [13,14,15], odour-reducing, and pathogenic organism-degrading process, especially in reactors running at mesophilic (25–45 °C) and thermophilic (>45 °C) temperatures [14,15]. Furthermore, produced biogas often contains impurities such as H2S and CO2, which lower the calorific value of biogas and are detrimental to equipment like pipes and combustion engines [3,16]. Some of the intriguing techniques used in addressing this include co-digestion, pre-treatment, different designs of reactor configurations, and the use of additives to stimulate bacteria growth and prevent inhibitory effects [2,8,16,17,18,19].



In recent studies, micro and macro nutrients were found to stimulate methane production and sustain the AD process up to a critical concentration range, after which inhibition occurs [7,9,20]. Other researchers examined the impact of integrating one or two metals into anaerobic biogas production, whereas some elements may have antagonistic or synergistic effects [7,21,22]. Goli et al. [23] increased the production of biodiesel by comparing other homogenous and heterogenous calcium oxide (CaO) catalysts produced from chicken eggshell. Sridhar [24] also studied the use of both calcined and natural eggshell to remove heavy metals (Pb and Cu) from real automotive wastewater, where high efficiency was attained. Amo-Duodu et al. [25] reported 80% increase in biogas yield from sugar refinery wastewater by adding metallic nanoparticles (Fe, Ni, and Cu) at a hydraulic retention time of 10 days and mesophilic temperature of 40 °C. Despite the potential benefits of trace metals on biogas production [2,15,26] and wastewater treatment using the most prevalent materials such as activated carbon, alumina, and silica, [27,28], their extensive use is hampered by cost [29,30]. Therefore, exploring less expensive biomaterials as a source of nutrients and biostimulant for the AD process can make it more economically feasible.



Consequently, advancement of nanomaterials for wastewater treatment is associated with many roadblocks including regulatory challenges, technical hurdles, and public perception [4,31,32,33]. In addition, there are uncertainties about the impact of nanomaterials on the environment [34,35,36] and scarcity of comprehensive cost–benefit analyses, as compared to existing technologies [37,38]. In addressing these challenges, agro-wastes such as coconut shells, banana and orange peels, and eggshells are gaining attention for wastewater purification and adsorption as biochar or activated carbons [6,39]. Although agro-wastes are generated in large quantities annually, posing a threat to the environment, landfills can act as biomaterials [6,7,37]. Table 1 presents some reported materials used in wastewater treatment. For instance, banana peels have been used as absorbents in adsorption of heavy metals from wastewater [24,40]. Egg shell has been used in coagulation processes for the removal of heavy metals [23]. On the other hand, magnetite (Fe3O4) has been used as a biostimulant for biogas production [41].



South Africa is estimated to produce 54.2 million tons of waste (municipal, commercial, and industrial) annually [41,42]. About 10% of this is recovered and recycled for other purposes, while the remaining 90% is landfilled or discarded [41]. There is a pressing concern for exploring the possibility of improving AD biogas production via the addition of absorbents (banana peels and eggshells) and magnetic biochar (made up of banana peel and powered magnetite). Therefore, this study seeks to explore the feasibility of calcined banana peels (BI), uncalcined banana peels (PB), magnetite (Fe3O4), and eggshell (CE) to improve the biogas yield via biochemical methane potential (BMP) tests. In addition, the degree of degrading the organics in the wastewater was kinetically studied using the first order, modified Gompertz, and Chen and Hashimoto kinetic models to establish their performance.




2. Materials and Methods


2.1. Engineered Biomaterials and Characterisation Techniques


The raw eggs and bananas, purchased from a local South African market in Durban, KwaZulu Natal Province, were washed with distilled water. The assay of preparing biochar described by Li et al. [6] was followed. The crushed eggshells (CE) and banana peels (PB) were then oven dried at 80 ℃ for 24 h. The banana peels-based biochar (BI) was prepared from the dehydrated CE, by soaking 5 g CE in 50 mL 20% vol H3PO4 solution for 1 h [6]. This was further calcined at a furnace temperature of 550 ℃ for 1 h. The physical morphologies and elemental compositions of the biomaterials were analysed using scanning electron microscopy and energy dispersive X-ray (SEM/EDX) analysis. The samples were firstly sputter coated with carbon to do the analysis. This was outsourced by using the University of Cape Town, South Africa SEM/EDX equipment (Nova NanoSEM coupled with EDT and TLD detector) operated at an acceleration voltage of 5 kV with a magnification range of 10–50 k.




2.2. Synthesis and Characteristics of the Magnetite (Fe3O4)


The magnetite (Fe3O4) used in this study was prepared by following the co-precipitation assay by Tetteh and Rathilal [5]. The chemicals used included sodium hydroxide pellets (NaOH), ferrous sulphate heptahydrate (FeSO4·7H2O), oleic acid (surfactant), and ferrous chloride hexahydrates (FeCl3·6H2O), which were all analytical grade supplied by Sigma Aldrich, South Africa. Stock solutions of 0.4 M Fe3+, and 0.2 M Fe2+, were first prepared by weighing 108.12 g and 55.61 g respectively and dissolving them with 1 L deionized water. In addition, 3 M NaOH stock solution was prepared by dissolving 199.99 g of NaOH with 1 L deionized water. The magnetite (Fe3O4) was then prepared in the volume ratio of 1:1, by using 500 mL of Fe3+ and Fe2+ stock solutions each. To ensure homogeneity, the solution was then stirred on a magnetic hotplate continuously, while adding 4 mL of oleic acid dropwise. The pH of the solution was then adjusted to a pH of 12 with 250 mL of the 3M NaOH until black precipitate was formed. Afterwards, thick black precipitate was then heated (ageing) at 70 °C. The supernatant was decanted, and the precipitate washed thrice with distilled water and ethanol to get rid of any form of unwanted particles. An oven drying was carried out at 80 ℃ for 12 h and then furnace calcination of 550 ℃ for 1 h. Samples obtained were characterized via the Brunauer–Emmett–Teller (BET) analysis by using Micromeritics TriStar II Plus equipment (Durban, South Africa) coupled with Tristar Plus software version 3.01. The carrier gases used were helium and nitrogen. Prior to the analysis, the sample was degassed at a temperature of 400 °C for 24 h. It was allowed to cool and then kept under nitrogen gas at a pressure of 5 mmHg for 24 h. The magnetite surface area of 27.59 m2/g, pore volume of 0.008 cm3/g and pore size of 1.48 nm was achieved.




2.3. Wastewater and Inoculum Samples


The wastewater sample (substrate) was collected from a biofiltration sample point of a local South African municipality wastewater treatment plant in the KwaZulu-Natal province. The activated sludge sampled from the anaerobic digester point source was used as the inoculum. An inoculum to substrate ratio of 3:5 (volume basis) was used for each 1 L bio-digester. Standard methods for the examination of water and wastewater [43] were employed to characterise the substrate and inoculum in triplicates with the results shown in Table 2. Color and turbidity were analysed with the spectrophotometer (HACH DR3900, Hach Company, Loveland, CO, USA) and turbidity meter (HACH 210, Hach Company, Loveland, CO, USA), respectively. Using the COD high range vials (HACH), 0.2 mL of the samples were measured and poured into the COD vials. It was then digested at 150 °C for 2 h. After the digestion, the vials were cooled at room temperature and the COD was measured using the spectrophotometer (HACH DR3900, Hach Company, Loveland, CO, USA).




2.4. Biochemical Methane Potential (BMP) Test


A lab-scale batchwise anaerobic system was setup for the BMP test and operated according to Hulsemann et al. [13]. In Figure 1, the BMP test setup consists of a biodigester, a biogas collecting system, and temperature-controlling (water bath) units. Five 1 L Schott bottles with a working volume of 800 mL were used as biodigesters, closed with Teflon caps (three ports). The outlet gas nozzle was connected to the biogas collecting unit via the downward displacement technique using a 1 L graduated cylinder placed upside down in another 5 L cylinder filled with water. Each bioreactor was charged with 1.5 g biomaterials, wastewater (500 mL), and sludge (300 mL) as presented in Table 3. Each bioreactor was purged with nitrogen gas for 2 min, to create the anaerobic conditions. To maintain the temperature at mesophilic conditions (40 ± 2.5 ℃) for 30 days, each bioreactor was immersed in the 20 L water bath (WBST0001, United Scientific, Cape town, South Africa) system. After recording the daily biogas produced, each bio-digester was manually shaken for 2 min. All the experiments were done in triplicates, and the results are averagely presented.



After 30 days of the experiment, the pH, COD, color, turbidity, TS and VS for each bioreactor was determined. The standard Equation (1) of calculating the efficiency of the contaminant removal was employed.


  R e a c t o r   e f f i c i e n c y =      C i  −  C f     C i      × 100  



(1)




where    C i    = contaminant in the influent and    C f    = contaminant in the effluent. The cumulative biogas production data obtained was evaluated by first-order and modified Gompertz Equations (2) and (3), respectively.




2.5. Kinetic Study of BMP System


The quantitative comparison of biogas production during the batch mesophilic AD process with different biomaterials was modelled with first order (2), modified Gompertz (3) and Chen and Hashimoto (4) models adapted from Budiyono et al. [44] and Mu et al. [45].


  Y  t  = Ym     1 − exp ( − kt   ]  



(2)






  Y  t  = Ym . exp   − exp     2.7183  R  max .     Ym     λ − t     + 1    



(3)






  Y  t  =  Ym      1 −    K  CH     HRT ×  R  max   +  K  CH   − 1      



(4)




where



Y(t) is cumulative specific biogas yield (mL/g COD),



Ym is the maximum biogas production (mL/g COD),



λ is lag phase period or minimum time to produce biogas (days),



t is the cumulative time for biogas production (days),



k = Rmax/ym (1/day),



Rmax is the maximum specific substrate uptake rate (mL/g COD.day),



k is a first-order rate constant (1/d) and



KCH is the Chen and Hashimoto kinetic constant.





3. Results and Discussion


3.1. Surface Morphology


Figure 2 presents the scanned images of the biomaterials (A) BI- calcined banana peels, (B) CE-crushed egg shell, (C) PB-banana peels, and (D) magnetite (Fe3O4). The micrographs (Figure 2A–C) at 5 µm showed the same high magnification of 10 kx and view field of 20.8 µm. This revealed patchy fragmented surfaces with proportioned ridge-like strands of amorphous structures [40]. It was observed that the micrograph (Figure 2D) at the microscale of 10 µm and similar high magnification of 10 kx and view field of 20.8 µm had regular cellular structure. This makes the appearance of the magnetite (Figure 2D) different to that of the biomaterials (Figure 2A–C). The calcination temperature at 550 °C for 1 h changed the banana’s organics (BI) to produce brittle and flaky hydrochar, leaving residual concave plates (Figure 2A) to differ from the raw banana (PB) (Figure 2C). The surface area and porosity (6 mm) of the magnetite (Figure 2D) were found to be the highest, followed by BI (Figure 2A) of 5.48 mm as compared to PB (Figure 2C) of 5.21 mm and CE (Figure 2B) of 5.33 mm. The creation of a broad pore size distribution (Fe3O4 > BI > CE > PB), ranging from narrow microspores to wide mesopores, may be linked to the high calcination temperature (550 ℃), which improved the liquid–solid adsorption capacity [46]. This affirms treating PB with oxidizing solutions before calcination reduces amorphous cellulose transition [24] and therefore improves the surface adhesive properties by removing superfluous impurities from the rough surface [40,46].



Figure 3 presents the EDX spectrum with tabulated elemental distribution of (A) BI, (B) CE, (C) PB and (D) Fe3O4. This revealed that carbon (30–55% C) and oxygen (25–50% O) were the most dominant elements in all the biomaterials. Apparently, the presence of the carbon (C) in the magnetite (Figure 3D) EDX spectra was a result of the samples being coated under carbon gases. As revealed by the SEM image (Figure 2D) with bulbous morphology of the aggregates, suggests that the iron minerals were partly covered by carbon particles, which might be due to the calcination treatment and the carbon coating of the sample prior to analysis. Aside from that, CE (Figure 3B) was found to constitute calcium carbonate (25% CaCO3). Likewise, Fe3O4 (Figure 3D) had 28% Fe and the PB (Figure 3C) had 2% K. Conversely, the EDX and elemental composition were denatured in the calcined banana peel (BI), which revealed 17% K and 2% Cl as well as less than 1% P and 1% Si. The additional components in the BI could have increased its surface area, facilitating its biosorption and reusability [40].




3.2. Biodegradation Efficiency


After 30 days of digestion, the degree of biodegradation was assessed based on the contaminant removal from the wastewater with respect to color, turbidity, and COD for each bioreactor. Figure 4 shows the effect of the biomaterials on the bioreactors (A–D) in removing above 70% contaminants as compared to that of the control bioreactor (E) with <70% efficiency. Bioreactor D showed a tremendous performance with contaminant removal of 92.59%, 74.86%, and 94.13% of COD, color, and turbidity removal, respectively. This was followed by bioreactor B with 72.69% COD, 70.35% color, and 94.13% turbidity > bioreactor C (73.11% COD, 69.65% color, and 94.26% turbidity) > bioreactor A (73.53% COD, 71.05% color, and 88.93% turbidity) > bioreactor E (59.83% COD, 45.61% color and 78.55% turbidity). This result supports that bioreactor D being charged with the Fe3O4 had high surface area and catalytic properties as revealed by the SEM/EDX result (Figure 2D). Evidently, the surface area and adsorptive capacity of the biomaterials (Figure 2A–C) also influenced the biodegradation performance of bioreactors A–C as compared to the control bioreactor E. This agrees with other researchers reporting that biomaterials have high catalytic properties, large surface areas, pore size, and good adsorption properties, all of which can influence treatability performance of wastewater [6,40]. In addition, eggshell and banana peels have been employed by other researchers for remediation of wastewater and removal of heavy metals, and were found to be successful [6,24,46], consistent with the current study.




3.3. Effect of Biosorbent on Biogas Yield


Results of the average and cumulative biogas yield obtained after the 30 days of digestion are summarised in Table 4. The increasing order of the bioreactors’ average biogas yield was found as follows: D (40 mL/day) > B (34 mL/day) > C (33 mL/day) > A (32 mL/day) > E (25 mL/day). Bioreactor D was found to be the most efficient, with an average daily biogas production of 40 mL/day and cumulative yield of 1117 mL/day. Thus, the presence of the Fe3O4 additives enriched the substrate nutrients, which stimulated the microbial activities of the methanogens to increase the biogas production [47,48]. Again, studies by other researchers have shown similar observations, where the addition of the Fe3O4 [49,50] increased biogas and methane yield, as compared to the control.



Figure 5 presents the specific daily biogas production curve for the bioreactors (A–E). It was observed that during the first five days of the digestion process, the yield was below 20 mL/day which can be attributed to the fact that the microorganisms were still getting acclimatized to the environment (lag phase). From day 6 to 20, it was observed that there was a gradual increase in the biogas yield from 20 mL/day to about 80 mL/day for bioreactors A–D (exponential phase). All the bioreactors (A–E) attained maximum yield (high peak) between days 20–25, before yields started to decline from day 25 to 30 (death phase). From Table 1, comparing this study results to that of previous studies affirms that the use of biomaterials and magnetite can influence the AD process for biogas production and wastewater remediation [50].




3.4. Kinetic Model of the Biogas Production


The kinetic study was carried out to ascertain the impact of the kinetic dynamics of the biomaterials in the AD process. To evaluate the fitness of the first order (2), modified Gompertz (3) and Chen and Hashimoto kinetic (4) models, the cumulative biogas data (sum of daily production) was plotted against time as presented in Figure 6. The results obtained from the models are presented respectively in Table 5, Table 6 and Table 7. All the models’ predictiveness were found to be significant with less than 5% deviation at 95% confidence level. Interestingly, all the kinetic models show that the addition of the Fe3O4 additives in bioreactor D increased the biogas production. This is because Fe3O4 addition reduced the detrimental effects of sulphides on methanogenesis by forming FeS precipitates. In addition, differences in lag phase times were observed for bioreactors A–E, while that of bioreactor D recorded the lowest at 15 days (Table 6) by the modified Gompertz model. This is explained by the fact that the microbial communities of bioreactor D were well adapted to their environment. Against the background of the AD process mechanism, the initial hydrolysed monomers and subsequent produced volatile fatty acids were rapidly consumed by the acidogenic and the methanogenic bacteria, respectively, with increased biogas production [50]. Among the applied kinetic models (Table 5, Table 6 and Table 7), the Gompertz model that predicted the cumulative biogas production with the smallest value (66–92 mL/day) had a perfect fit of regression coefficient (R2) within 0.9906–0.9939, affirming other reported studies [16,44].





4. Conclusions


The potential of three biomaterials (designated as CE, PB, and BI) as biostimulant additions for anaerobic digestion (AD) of municipal wastewater into biogas was investigated in this study in comparison to magnetite (Fe3O4). The additives demonstrated great potential for the abatement of high strength organic wastewater with more than 70% degree of reduction efficiency. Each additive had distinctive adsorptive pores as reflected by the SEM/EDX surface area obtained. This made the Fe3O4 with the highest surface area of 6 mm more advantageous for creating a broad pore size distribution than the rest (Fe3O4 > BI > CE > PB). In addition, the outcome of assessing the impact of the biosorbent on biogas production and AD process enhancement, conducted at 40 ℃ and HRT of 30 days was successful. Above all, the addition of 1.5 g of Fe3O4 nanoparticles assigned to bioreactor D maximised the average daily biogas (40 mL/day), as compared to CE (34 mL/day) > PB (3381 mL/day) > BI (32 mL/day) > control (25 mL/day). In addition, the modified Gompertz model was found to be appropriate for the prediction of biogas production as compared to the first order and Chen and Hashimoto kinetic models. The prospect of reinforcing this finding is to be encouraged, with optimised lab-scale and pilot scale plants on specified wastewater settings.
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Figure 1. A biochemical methane potential (BMP) test set-up. 
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Figure 2. SEM images of biomaterials with view field of 20.8 µm at high magnification of 10 kx; (A) BI, (B) CE, (C) PB and (D) Fe3O4. 
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Figure 3. EDX spectrum images and tabulated elemental distribution of biomaterials with view field of 20.8 µm at high magnification of 20 kx. (A) BI, (B) CE, (C) PB and (D) Fe3O4. 
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Figure 4. Biodegradation efficiency of bioreactors (A–E) for HRT of 30 days. 
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Figure 5. Daily biogas production of bioreactors (A–E) for HRT of 30 days. 
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Figure 6. Cumulative biogas yield for bioreactors A–E for HRT of 30 days. 
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Table 1. Biomaterials and magnetite used for wastewater remediation and energy production as compared to current study.






Table 1. Biomaterials and magnetite used for wastewater remediation and energy production as compared to current study.





	Biosorbent
	Waste or Raw Material Used
	Treatment Process
	Results
	Reference





	Calcined banana Peels
	Synthetic water prepared by

diluting

concentrated Mn(VII) and Fe(II) with deionised water
	Adsorption
	The biochar from banana peels was treated with pristine and phosphoric acid; the phosphoric acid pre-treatment had a better absorption efficiency than the pristine

pre-treatment.
	[40]



	Raw Banana Peels
	Automotive

industrial wastewater

Dirty water (river and rainwater)
	Primary water treatment

Water purification
	The process had the highest removal of copper (93.52%) and lead (87.44%).

The physical test met the quality conditions except for temperatures that exceeded the quality conditions of the maximum standard value.- Bacteriologically there were a lot of total coliforms exceeding the maximum standard

conditions.
	[24]



	Egg shell
	Real electroplating wastewaters containing Cr, Pb and Cd and synthetic wastewater containing heavy metals (Cr, Pb and Cd)
	Jar-test coagulation process
	The reuse of waste eggshell in the removal of toxic heavy metals, i.e., Cd and Cr in synthetic wastewater was much enhanced when calcined eggshell was added; however, removal of Pb was rather favourable with natural eggshell.
	[23]



	Fe3O4
	Anaerobic sludge acquired from an Anaerobic-Anoxic-Oxic (AAO) reactor
	Batch anaerobic digestion process
	There was a 28% increase in biogas yield and COD removal of 14,760 mg/L in the

reactor with Fe3O4
	[41]



	* Calcined banana Peels
	Domestic and municipal wastewater
	Biochemical

methane potential (BMP) test
	32.258 mL/day biogas yield, 73.53%, 71.05% and 88.93% COD, color and turbidity removal, respectively.
	This study



	* Raw Banana Peels
	Domestic and municipal wastewater
	BMP
	33.226 mL/day biogas yield, 72.69%, 70.35% and 94.13% COD, color and turbidity removal, respectively
	This study



	* Egg shell
	Domestic and municipal wastewater
	BMP
	32.581 mL/day biogas yield, 73.11%, 69.65% and 94.26% COD, color and turbidity removal, respectively.
	This study



	* Fe3O4
	Domestic and municipal wastewater
	BMP
	37.807 mL/day biogas yield, 92.59%, 74.86% and 94.13% COD, color and turbidity removal, respectively.
	This study
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Table 2. Characteristics of wastewater and sludge samples.
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	Parameters
	Results





	Chemical oxygen demand (COD) (mg/L)
	2380 ± 57.6



	Color (Pt.Co)
	57 ± 12.5



	Turbidity (NTU)
	17.32 ± 2.2



	Total solids (TS) (mg TS/L)
	204.5 ± 24.6



	Volatile solids (VS) (mg VS/L)
	106 ± 32.6



	pH
	6.59 ± 1.3
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Table 3. The biosorbent loading for the BMP test.
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	Set-Up
	Biosorbent Type
	Biosorbent Loading (g)
	Wastewater (mL)
	Inoculum (mL)





	A
	Calcined banana peels (BI)
	1.5
	500
	300



	B
	Crushed eggshell (CE)
	1.5
	500
	300



	C
	Banana peels (PB)
	1.5
	500
	300



	D
	Magnetite (Fe3O4)
	1.5
	500
	300



	E
	Control (no loading)
	n/a
	500
	300
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Table 4. Average and cumulative biogas yield for HRT 30 days.
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	Bioreactor
	Biosorbent Added (g)
	Average Biogas Yield (mL/day)
	Cumulative Biogas Yield (mL/day)





	A
	1.5
	32
	1000



	B
	1.5
	34
	1030



	C
	1.5
	33
	1010



	D
	1.5
	40
	1117



	E
	No additives
	25
	775










[image: Table] 





Table 5. Summary of the First order kinetic models for bioreactors A–E.
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	Set-Up
	A
	B
	C
	D
	E





	Yt (mL/g COD)
	1 × 103
	1.03 × 103
	1.01 × 103
	1.17 × 103
	775



	Ym (mL/g COD)
	3.68 × 105
	2.06 × 105
	3.71 × 105
	2.96 × 105
	3.08 × 105



	k (1/day)
	8 × 10−4
	1.4 × 10−4
	8 × 10−4
	1.3 × 10−4
	7 × 10−4



	SSR
	5.92 × 105
	7.44 × 105
	7.64 × 105
	4.57 × 105
	4.19 × 105



	R2
	0.927
	0.919
	0.919
	0.968
	0.923



	Predicted value (mL/g COD)
	874
	878
	864
	1.20 × 103
	655



	Difference between measured (Yt) and predicted values
	126
	152
	146
	31
	120
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Table 6. Summary of the modified Gompertz kinetic models for bioreactors A–E.
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	Set-Up
	A
	B
	C
	D
	E





	Y(t) (mL/g COD)
	1 × 103
	1.03 × 103
	1.01 × 103
	1.17 × 103
	775



	Ym (mL/g COD)
	1.89 × 103
	1.75 × 103
	1.57 × 103
	1.46 × 103
	1.40 × 103



	ʎ (days)
	23.58
	22.49
	21.45
	15.79
	23.33



	k (1/day)
	0.081
	0.094
	0.106
	0.123
	0.884



	SSR
	3.79 × 105
	3.03 × 105
	2.71 × 105
	4.16 × 105
	1.64 × 105



	R2
	0.991
	0.993
	0.994
	0.993
	0.993



	Predicted value (mL/g COD)
	1.09 × 103
	1.12 × 103
	1.09 × 103
	1.25 × 103
	841



	Difference between measured (Yt) and predicted values (mL)
	92
	86
	81
	78
	66
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Table 7. Summary of the Chen and Hashimoto kinetic model for bioreactors A–E.
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	Set-Up
	A
	B
	C
	D
	E





	Yt (mL)
	1 × 103
	1.03 × 103
	1.01 × 103
	1.17 × 103
	7.75 × 102



	Ym (mL)
	5.33 × 105
	2.08 × 105
	4.12 × 105
	1.81 × 105
	1.82 × 105



	Rmax (mL/day)
	3.6 × 10−5
	2.2 × 10−5
	1.9 × 10−5
	3.7 × 10−5
	0.16



	KCH (1/day)
	6.73
	1.59
	0.28
	1.71
	2 × 10−5



	SSR
	5.92 × 105
	7.42 × 105
	7.65 × 105
	4.56 × 105
	4.21 × 105



	R2
	9.28 × 10−1
	9.19 × 10−1
	9.2 × 10−1
	9.69 × 10−1
	9.24 × 10−1



	Predicted value

(mL/g COD)
	876
	880
	864
	1.20 × 103
	654



	Difference between measured (Yt) and predicted values (mL)
	124
	150
	164
	31
	121
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