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Abstract

:

Molasses is a highly thick by-product produced after sugarcane crystallization constitutes large amounts of biodegradable organics. These organic compounds can be converted to renewable products through anaerobic digestion. Nevertheless, its anaerobic digestion is limited due to its high chemical oxygen demand (COD) and ion concentration. The effects of nickel (Ni2+) on the stability of anaerobic digestion of molasses were established by studying the degradation of organic matter (COD removal rate), biogas yield, methane content in the biogas, pH, and alkalinity. The results showed that there were no significant effects on the stability of pH and alkalinity. Increased COD removal rate and higher methane content was observed by 2–3% in the digesters receiving 2 and 4 mg/L of Ni2+ in the first phase of the experiment. Ni2+ supplemented to reactors at concentration 2 mg/L enhanced biogas yield. Overall, it is suggested that the addition of Ni2+ has some effects on the enhancement of biogas yield and methane contents but has no obvious effects on the long-lasting stability of the molasses digestion.
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1. Introduction


Anaerobic digestion (AD) is considered one of the most promising biotechnological practices for treating organic waste. However, the process has a significant advantage of waste disposal and allows biogas production as a by-product during organic waste treatment [1]. Its benefits have involved much of the researcher’s attention to improve the digestion efficiency with minimum difficulties in the process [2]. Different susceptible microbial communities such as hydrolytic, acidogenic, acetogenic, and methanogenic communities are involved in anaerobic digestion. They carry out the digestion process that makes the process sensitive to environmental factors [3].



Trace elements (TEs) are considered one of the most critical factors as a micronutrient required by microorganisms in the digestion system. There should be adequate concentration of trace elements in the digestion system for stable microbial metabolism. In addition to macronutrients such as carbon (C), nitrogen (N), phosphorus (P), and sulfur (S), microorganisms in the anaerobic system need TEs in comparatively small concentrations [4].



Nickel (Ni) has an essential role in methanogenesis and is required to synthesize the co-factor porphyrinoid F430 of methyl co-enzyme M reductase, enhancing acetate utilization for methane production [5]. Nickel has been connected with other enzymes named NiFe hydrogenases, carbon monoxide dehydrogenase/acetyl-CoA synthase, hydrogenases, and F420-reducing hydrogenases. These enzymes play a critical role in aceticlastic methanogenesis, hydrogenotrophic methanogenesis, and acetogenesis, respectively [6]. Hence, due to the lack of adequate trace elements concentration, changes in microbial communities and their function led to process upset [7,8]. For instance, the predominance of genus Methanosarcina has been reported with Ni supplementation to anaerobic digester [9,10]. The dominancy of Methanosarcina sp. in the anaerobic digestion system is advantageous, because these species are the multipurpose and important methanogens in the digestion system that can survive under different stressful conditions, such as a high level of ammonium and sodium in digesters compared to other methanogens. On the other hand, anaerobic digestion comprises complex organic and inorganic compounds that restrict trace elements’ bioavailability. For example, substrates rich in sulfur can make precipitations with TEs and decrease their bioavailability [11,12]. However, some studies have reported that increased addition of Fe may be required to make precipitations with sulfur, leaving other TEs to be used by methanogens [13]. Generally, only a small amount of TEs are bioavailable to microbial communities, especially to methanogens, than the total quantity present in the system. TE bioavailability problems are more common in the mono-digestion process than in co-digestion [14,15].



Many studies have reported the role of TEs such as iron, nickel, cobalt, molybdenum, zinc, and tungsten at different concentrations in the digestion process. These TEs at different concentrations have effectively enhanced the digestion process, treating various industrial wastes [1,12,15,16,17]. In addition, a high concentration of some metals may negatively affect the digestion process and inhibit microbial activities [18,19]. Trace elements play a vital role in the development of ion channels for transportation. These are also required to synthesize some important co-enzymes, including acetyl-CoA synthase, methyltransferase, hydrogenase, CO-dehydrogenase, methyltransferase, formyl-MF-dehydrogenase, formate dehydrogenase, corrinoids, and B12 enzymes, methyl-CoM-reductase, and co-factor F430, which regulate methanogenesis [1]. The lack of trace elements in the anaerobic system inhibits co-enzymes production, leading to slowing down the process performance. Recent studies have shown that trace elements can be an effective way to enhance the digestion process [16,20]. Moreover, inhibition in the anaerobic digestion process due to propionic acid could be recovered by adding trace elements [1].



Molasses-based environmental problems could be significantly reduced by anaerobic technology, considered a source of high-value by-products such as biomethane, hydrogen, and organic acids obtained through anaerobic digestion [21,22]. Moreover, anaerobic digestion of molasses is difficult due to high COD, melanoidin contents, and high ion concentrations. For example, high potassium ions in molasses has shown adverse effects on microbial communities and leads to carboxylate accumulation during anaerobic digestion [22]. Oleszkiewicz and Sharma (1990) reported that methanogen activity in anaerobic digestion could be increased or decreased by the concentration of nickel and other trace elements [14]. Together, trace elements can induce four different digestion processes, i.e., higher methane content in biogas, higher methanogenic activities, increased biomass growth, and higher COD removal rate. These aspects are vital for anaerobic digestion, but their combined and synergistic effect is unknown.



A deficiency of TEs normally ends up in alterations of microbial community composition and performance, suboptimal AD operation, and eventually complete method failure. Consequently, supplementation of TEs is required in several cases to keep up the activity of the microbial community in AD systems. Deficiencies of TEs might occur either because of deficient TE content within the substrate or a high concentration of compounds that bind the TEs, decreasing their bioavailability [23]. The digestion of substrates normally lacking specific TEs in the organic fraction of municipal solid waste, or energy crops, will typically be improved by addition of Ni, Co, and Se. Sulphur-rich substrates, such as grain stillage, on the opposite hand, typically end in attenuated bioavailability of the present TEs. Nickel needs vary from 2.3 to 4.8 µg/g CODfed for the acidogenic pathways and from 0.9 to 5.4 µg/g CODfed for the acetogenic and methanogenic pathways [24].



Keeping in view the abovementioned importance of Nickel on the anaerobic digestion process. Therefore, the present study was designed for the first time to figure out the effects of different concentrations of nickel on molasses digestion in terms of COD removal rate, biogas yield, methane content in biogas, and the stability parameters such as alkalinity and pH. In addition, the effects of nickel on the digestion of molasses were carried out after stressed biomass from the co-digestion of molasses and rice alcohol wastewater (RAW).




2. Material and Methods


2.1. Inoculum Sludge and Molasses


The inoculum sludge was taken from the last experiment conducted on anaerobic co-digestion of molasses and rice alcohol wastewater [22]. Molasses was taken from the Guangxi Guitang (Group) Co., Ltd. (Guigang, China). In addition, rice alcohol wastewater (RAW) was obtained from a rice fermenting company. The characteristics of both molasses and RAW such as COD, BOD (biological oxygen demand), total nitrogen (TN), and pH are mentioned in Table 1. The concentration of nickel in molasses were detected through optical emission spectroscopy (ICP-OES) inductively coupled with plasma spectrometry (Table 1).




2.2. Design for Evaluating the Effects of Nickel (Ni) on the Digestion of Molasses


This experiment was carried out to assess nickel (Ni effects) on the anaerobic digestion of molasses. The experiment was carried out in small anaerobic reactors. The total volume of each reactor was 250 mL and the working volume 200 mL. This experiment’s anaerobic sludge was taken from the previous experiment stressed due to the high loading rate. The experiment began with the initial loading rate of 6.8 g COD/L·d to evaluate digestion efficiency. Stock solutions were prepared using NiCl2·6H2O in ppm, and specific concentrations were added on day 10 to R1, R2, R3, and R4 as 2, 4, 8, and 16 mg/L, respectively. Nickel was added with the daily feed to reach the specified concentration and avoid washout with water’s daily exchange. Onward to day 15, due to a decrease in process efficiency, the organic loading rate (OLR) was lowered to 5 g COD/L·d and continued the same loading until the thirtieth day, while from day 31 the OLR was increased 5.6 g COD/L·d (Table 2). However, on the fortieth day of the experiment the decreased process efficiency led the process to stop which was followed by phase of the experiment. Phase II of this experiment started after a break of 7 days with relatively high OLR (6.8 g COD/L·d). In this phase, RAW was co-digested with molasses for the smooth startup of the process, and the ratio of molasses to RAW was 4:1, shown in Table 2. However, phase II was carried out for 30 days to acclimatize the digestion process, while from day 70 to 100, RAW was eliminated and only molasses was fed to digesters to evaluate Ni’s effects on molasses’ digestion.



Each set of experiments was performed in triplicate at a temperature of 35 ± 2 °C. The pH was measured daily with the exchange of wastewater, while the COD removal rate and percent methane content were examined at the interval of 5 days. Alkalinity was measured by the titration method.




2.3. Analytical Methods


The pH of the effluent and influent was detected daily by using a standard pH meter. Effluent COD was measured using HACH (DRB 200 (COD 200-15000)). The concentration of CaCO3 of each reactor was measured by the titration method. Biogas was collected in biogas bags, and their composition was analyzed by gas chromatography, Shimadzu GC-14C (Shimadzu Co., Ltd., Kyoto, Japan). A capillary column, Porapak Q (80–100 mesh; 0.3 mm × 2 m) equipped with a flame ionization detection (FID) detector was used. Working temperatures were set as 100, 60, and 100 °C for the inlet, column, and detector, correspondingly. The hydrogen gas and oxygen gas pressures were settled as 40 and 30 Kpa, respectively. At the same time, the nitrogen as a carrier gas pressure was set as 65 Kpa. A 3-µL gas sample was injected manually, and methane in biogas was calculated using the standard sample’s peak area (99.9% methane).





3. Results and Discussion


3.1. Effects of Different Concentration of Nickel (Ni) on COD Removal Rate


The sludge used in this experiment was taken from the previous experiment of co-digestion of molasses and rice alcohol wastewater. The experiment was started initially at organic loading rate 6.8 g COD/L of molasses. After 5 days of the experiment, the average COD removal rate of control, R1, R2, R3, and R4 was recorded as 85.575%, 86.33%, 85.84%, 85.01%, and 84.8%, respectively (Figure 1). While feeding the reactors with the same OLR, a decrease in COD removal rate at day 15 was observed and recorded as 78.77%, 83.59%, 80.80%, 78.17%, and 74.52% in control, R1, R2, R3, and R4, correspondingly. Due to this reason, feeding to the reactors was stopped for 3 days. After this break, the organic loading rate was lowered to 5 g of COD L−1·d−1. An increase in percentage of the COD removal rate was observed on day 20 in control, R1, R2, R3, and R4 and recorded as 82.75, 85.84, 84.15, 82.29, and 81.19, respectively. However, on day 31 of the experiment, the organic loading rate was increased to 5.6 g COD L−1·d−1, and different concentrations of nickel solutions 2, 4, 8, and 16 mg/L were added to R1, R2, R3, R4, respectively, leaving the control. The COD removal rate at day 35 after the addition of nickel that was observed ranged 81.08%, 84.60%, 83.41%, 82.42%, and 82.33% in control, R1, R2, R3, and R4. Again, a decrease in the COD removal rate was observed on the fortieth day due to decreased pH. This increase and decrease in COD removal rate might have been due to sludge inactivation from the last experiment. Another reason could be the mono-digestion of molasses that could suppress the microbial community. On the other hand, no such effects of Ni have been detected on the digestion process’s stability. Colussi et al. (2009) reported variation in COD removal rate between 95% to 76% upon the addition of nickel [25]. Nickel was also reported to promote acidogenesis immediately rather than methanogenesis, and hence encourage the production of VFAs. On the other hand, bio-granules in the methanogenic phase were highly sensitive to metals rather than the acidogenic phase [26].



After seeing the decreasing trend in the COD removal rate and pH, the process was stopped for 7 days to allow methanogens to degrade organic acids accumulated in reactors. Hence, phase II of the experiment was started as a co-digestion of molasses and rice alcohol wastewater with a feeding OLR 6.8 g COD L−1·d−1. The main purpose of adding rice alcohol wastewater with molasses was to stabilize the process. In addition, Khan et al. (2020) confirmed that the RAW could be a good co-substrate for stable anaerobic digestion of molasses [22]. As a result, the COD removal rate at day 45 increased in control was (86.74 ± 0.41%), R1 (87.65%), R2 (87.65%), R3 (87.77%), and R4 (87.71%) (Figure 1). The increased COD removal rate suggested that the digestion process has started stably. A decrease in the COD removal rate by 1–2% was observed in all treatments in two consecutive detections at days 49 and 54. The maximum COD removal rate detected at day 61 ranged from 87.40% to 88.21% among all treatments. However, until the seventieth day of the process, when molasses and RAW were co-digested, the COD removal rate observed was 86.61%, 87.35%, 86.96%, 87.32%, and 86.94% in the control, R1, R2, R3, and R4, respectively. On the seventy-first day of the process, rice alcohol wastewater was removed, and molasses started to feed alone along with Ni’s specified concentrations to each treatment. The COD removal rate was found very close on the seventy-sixth day of the process among all digesters (86.37% to 86.6%). Surprisingly, a decrease in the COD removal rate was observed until the last day of the experiment instead of increasing the process efficiency (Figure 1), although each reactor was supplemented with nickel with daily feeds to maintain the specified amount. The lowest COD removal rate was observed on day 100 with no significant differences between control and other treatments, shown as the control (85.87%), R1 (85.77%), R2 (84.91%), R3 (83.58%) and R4 (84.14%). Many studies have reported trace metals’ effects to examine the overall performance of the anaerobic digestion process rather than specific phases like acidogenesis and methanogenesis [27,28]. Bagby et al. (1981) reported a decrease in COD removal efficiency up to 3% upon the combined addition of nickel + cadmium to the reactors at different concentrations of 5.25 mg/L Cd2+ and 1.15 mg/L for Ni2+. In addition, a noticeably lowered COD removal rate was observed at the concentration of 10.17 mg Cd2+/L and Ni2+ 5.35 mg/L [29]. Our results can also be correlated with the observations of Takashima et al. (2011), who did not see any effect of soluble metals on COD removal rate [30]. The relationship between the COD removal rate and the metal concentration supplemented in the influent could be described by the metal enzyme complex theory hypothesized by Adams et al. (1973) [31]. It has been concluded that the toxicity or the neutral effects of metals on the microbial communities could be attributed to respiratory enzymes and metals’ interaction to form metal enzyme complex [31]. The other reason could be the high concentration of sulfides during the digestion process that causes nickel’s precipitation and reduces the bioavailability of Nickel [32]. The severity of metal inhibition depends on factors like the soluble and ionic fraction of metals in the solution, the type of metal, and the quantity and dissemination of biomass in the reactors [33].




3.2. Effects of Different Concentration of Ni on the Biogas Quality


Parallel to COD removal rate, methane contents were detected on a routine basis: Methane contents after 5 days of the experiment detected were 60.12%, 61.77%, 63.13%, 60.64%, and 59.60% in the control, R1, R2, R3, and R4, respectively (Figure 2). A decrease in methane contents was observed on the fifteenth day of the experiment, although Ni supplementation had been started at their specified concentrations such as 2, 4, 8, and 16 mg/L to R1, R2, R3, and R4 respectively on day 10. Thus, feeding to the reactors was stopped for three days and then restarted with a low OLR 5 g COD L−1·d−1, and again the increase in methane contents observed on day 20 was 58.18%, 61.43%, 60.69%, 58.34%, and 56.44% in the control, R1, R2, R3, and R4. R1 and R2 generally produced higher methane contents than the control, R3, and R4. As previously investigated, the increase in methane contents was most likely due to Ni addition [32]. This is because nickel-added reactors enhance the production of methyl-coenzyme M reductase (MCR) and accelerate the methanogenic phase. Other gases like CO2 and H2 were consumed to produce more methane contents. In this study, the production of methane contents was not always concurrent and is strongly supported by previous studies [32]. Later on, due to sudden decreases in pH on day 40, feeding to the reactors was stopped to utilize the organic acids by methanogens. Furthermore, after a break of seven days when methanogens consumed hydrolytic products, the reaction was started again as a co-digestion process (molasses + RAW) and continued until day 70. The percentages of methane contents observed in phase II at day 45 in the control, R1, R2, R3, and R4 were relatively very close, i.e., 65.13%, 66.55%, 65.87%, 66.41%, and 66.34%, respectively. However, a slight increase in methane content was detected on day 65 in R1, R2, R3, and R4, rather than in control. Moreover, the highest methane content was observed on day 79 (Figure 2, phase III) in R3 (67.92%) followed by R2 (67.76%), R1 (67.59%), R4 (66.78%), and the control (66.08%). After day 79, a regular decrease in methane contents was seen in three consecutive detections, and the methane contents produced on the last day by the control, R1, R2, R3, and R4 on day 100 were 61.09%, 62.82%, 63.29%, 63.34%, and 62.67% respectively. This regular decrease in methane contents could be related to the decreased efficiency of the methanogens. Overall, during the second and third phases of the process, the methane content in the control was lower than the nickel-supplemented reactors. Nevertheless, no obvious difference was observed among different concentrations of nickel. A study conducted by Aresta et al. (2003) found the synergistic effect at the maximum concentration of 16.08 mg/L of nickel on the enhancement of methane content in the biogas [34]. In another study where cattle dung was used as a substrate, Ni supplemented batch reactors’ enhanced biogas and methane contents in the biogas [35]. During the digestion of poultry excreta, the addition of NiCl2 did enhance biogas production but did not affect methane content [36]. Moreover, Ni’s supplementation did not improve the methane content while digesting mango wastes in a pilot-scale anaerobic digester [37].




3.3. Process Stability


Alkalinity and pH Affected by Different Concentration of Nickel (Ni)


Alkalinity was measured periodically at the interval of 5 days (Figure 3). The results showed that on day 5 (phase I), the alkalinity detected in mg/L was 3018.43, 2889.94, 2803.79, 2916.02, and 2807.01 in the control, R1, R2, R3, and R4, respectively, which was then followed by a slight increase and ranged from 3182.30 to 3278.92 mg/L on day 10. A continuous decrease in the alkalinity was observed after day 15, even after Ni’s addition except in the control. The process was continued to day 40 and the lowest alkalinity observed at day 40 was 1923.45, 1972.23, 1956.32, 1923.45, and 1943.081 mg/L in the control, R1, R2, R3, and R4, respectively. This decreasing trend in alkalinity could be due to the suppression of methanogens in the sludge that cannot consume the reactors’ accumulated volatile fatty acids (VFAs). This could also be due to molasses’ mono-digestion, which can suppress methanogenic activity [22]. Li et al. (2014) suggested that alkalinity could be an adequate early warning for a stable digestion process [38]. In phase (II), after a 7-day break, the experiment started smoothly in-phase (II), and on day 45, the alkalinity detected ranged between 2940.52 and 3192.77 mg/L. This was increased abruptly on day 54, ranging 4456.53 to 4833.99 mg/L due to a break of feeding for one day. An increase in alkalinity was observed on the sixty-first day and recorded as 3601.5, 3701.43, 3620.05, 3622.23, and 3651.54 mg/L in the control, R1, R2, R3, and R4, respectively. This high alkalinity in phase II could be due to the co-substrate with molasses that increases the process’s buffering capacity. Bardi and Aminirad (2020) found that while co-digesting, food wastes (FW) and sewage sludge could lead to free ammonia, which increases alkalinity [39]. Furthermore, on day 70, after process stabilization, RAW was removed, and only molasses continued to feed the reactors as a single substrate. Again, a decreasing trend in alkalinity was observed until the last day of the experiment in all reactors and the control despite Ni’s supplementation at various concentrations (Figure 3). A decrease in alkalinity was detected in the study of Li et al. (2019) with the increase in OLR to 4.0 g VS/L·d that lead to an increase in VFA along with the reduction in pH [40]. After supplementation of TEs, the total alkalinity was not turned over to its stabilized state, and at high OLR, the TEs could not maintain the stable system [40]. One reason could be the high load in our study, i.e., 6.8 g COD/L·d, due to which Ni affects the process’s stability. Similarly, Jiang et al. (2012) digested vegetable waste in a laboratory-scale (4 L) digester and determined that an optimum concentration of trace elements could increase process stability at 2 g VS/(L·d). However, no effects of TEs were detected when high OLR 3 g VS/(L·d) was applied [41].



The significance of pH values represents digesters’ status, and microbial communities’ stability has been commonly considered [42]. Variation in pH during the digestion process is shown in Figure 4. At the beginning of the experiment, a decreased pH trend could be attributed to using destabilized sludge from the first experiment. Another reason could be the overload of the feed, which led to the accumulation of organic substances and rapidly converted to organic acids, resulting in the lowering of pH. However, in this situation, feeding was stopped for three days to allow methanogens to utilize the organic acids and maintain the pH [43]. The OLR was decreased to 5 g COD/L·d. By this approach, pH was maintained again up to day 39, suitable for methanogenic activities. In this duration, the methanogenic stage dominated, and the organic acids produced in the acidogenic stage were consumed, and eventually, pH values increased and tended to be stable [44]. A sudden drop in the pH was detected (6.64–6.73) on day 40 in all treatments and control due to unknown reasons. However, it could be concluded from this phase that nickel does not affect the pH stability, since our results strongly oppose the findings of Zhang et al. (2019), who stated that the addition of Ca+Ni could enhance the acid–base buffering capacity [45].



On the other hand, Tian et al. (2017) reported a robust buffering capacity in the control compared to the nickel-added digesters [32]. In the third phase of the experiment, the pH was in the range (6.9 to 7.20), suitable for the high methanogenic activity. Moreover, in this duration, the pH values of control were found slightly above than mickel supplemented digesters, showing a high buffering capacity.





3.4. Daily Biogas Production


The daily biogas production was measured in all reactors in the third phase of the experiment. Figure 5 shows that no significant changes were observed among the treated reactors and control until day 20. Nevertheless, after day 20, an increase in biogas production was observed in R1, receiving 2 mg/L of Ni2+. Furthermore, the highest biogas production was recorded as 308.33 mL/day on the 23rd day of the experiment in the R1 reactor. Moreover, an apparent increase in biogas production was seen in R1 compare to other reactors. No significant difference among the reactors receiving 4, 8, and 16 mg/L was seen along with control. Therefore the addition of Ni2+ at a concentration of 2 mg/L performs better in terms of biogas yield than other concentrations. The present study’s biogas yield was comparable to the study conducted by Tian et al. (2017), who observed an increase in biogas yield when 2 mg/L of Ni2+ was added to the digester [32].



Moreover, Tian et al. (2017) found that high biogas yield would occur after 20 days of the experiment [32]. While in our experiment, the first peak was observed on the twenty-third day of the experiment. From this point, Ni2+ has a positive impact on the daily biogas production at 2 mg/L. However, later on, a decrease in biogas production was observed. This could be attributed to the decrease in stability parameters such as alkalinity and pH.





4. Conclusions


The present study investigated the impacts of nickel on the stability parameters of the anaerobic digestion of molasses. During the first phase of the experiment, a higher COD removal rate and methane content by 2–3% was observed in the reactors added with 2 and 4 mg/L. However, instability was observed in all reactors including the control due to a decrease in pH. Later on, in the third phase of the experiment, a high COD removal rate and methane content was observed in all reactors receiving Ni2+ compared to the control. Simultaneously, in the third phase, enhancement in daily biogas production was observed in reactors added with 2 mg/L of Ni2+; whereas no obvious difference was observed in alkalinity and pH in all reactors and control. It can be suggested from the current experiment that Ni2+ can enhance the process in terms of COD removal rate, methane content, and daily biogas, but have no impacts on the long-term stability of the anaerobic digestion of molasses.
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Figure 1. Percent of COD removal rate after supplementation of Ni2+ at different concentrations. 
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Figure 2. Methane contents produced in biogas under the addition of different concentrations of Ni2+. 






Figure 2. Methane contents produced in biogas under the addition of different concentrations of Ni2+.



[image: Sustainability 13 04971 g002]







[image: Sustainability 13 04971 g003 550] 





Figure 3. Concentrations of alkalinity in different treated groups during the digestion process. 
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Figure 4. Detection of pH daily during the digestion process. 
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Figure 5. Daily biogas production measured in different treated groups. 
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Table 1. Molasses and rice alcohol wastewater properties [22].
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	COD g/L
	BOD g/L
	TN
	pH
	Ni µg/L





	Molasses
	862.842–935.62
	486.35–618.46
	1.42–2.2
	5.7–6.2
	4.9



	RAW
	35–40
	18.4–21.67
	0.08–0.16
	4.6–5.2
	Nill
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Table 2. Design for the operating conditions of the second experiment.
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	S. No.
	Running Period

(Days)
	COD in

(g/L)
	OLR (COD in * F)/V

(g COD/L·d)
	HRT Vol R/Flow Rate

(Days)
	Flow Rate

(mL/d)
	M:RAW





	1
	5–15
	34
	6.8
	5
	40
	1:00



	2
	16–30
	25
	5
	5
	40
	1:00



	3
	31–40
	28
	5.6
	5
	40
	1:00



	4
	41–70
	34
	6.8
	5
	40
	4:1



	5
	71–100
	34
	6.8
	5
	40
	1:0







“*” denotes multiplication of CODin and Flow rate.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Sju2Ju0 ) UuLYI2A %

— —J L'}
-~ W, -
L 1
- -
o
L -
a
O - K
-
= A .
=
2 - O =N < R
= O 0 & o o 4
! T,

Phase I1

Phase |

7.0 =

@ )

(P 1/A0D3) Y10

Time (d)





nav.xhtml


  sustainability-13-04971


  
    		
      sustainability-13-04971
    


  




  





media/file2.png
OLR(gCOD/L.d)

7.2 =

Phase | Phase Il

Phase I11

—u— OLR(gCOD/L.d)
—e— Control

—a— R

—y— R2

——R3

—<4— R4

50 60
Time (d)

T
70 80 2 100

COD removal Rate (%)





media/file5.jpg
Phase | Phase Il Phase 111

S50
= Control
5000 *RI1
4—R2
4500 | —v—r3
= —— R4
E
8
]
& 0 '
z 1 T
3000 '
1 LS
1
2500 ' 1
1
1
2000 !
i |
1500 + 1
o ) W0 “ 0 i

Time (d)





media/file3.jpg
OLR (gCOD/L.d)

0

0

ss

0

Phase |

Phase 11l

o
@
s
—=—OLR (COD/L.d) |
—e—Control
—a—RI |
——R2 |
——rR3
——R4 |
t - "
) "

B

Time (d)

9% Methane Contents





media/file1.jpg
Phase | Phase Il Phase 111

72 ! ”
|
| s
8 |
|
i 0
S e ; £
< 75 £
I s ¢
8 i 2
% 60 ' 0 §
Z ' :
3 I e 174
6 X | [ —=—otrecopry | o
| V| —e—conol 8
I [ @
s2 ! [
! I " s
| [
m . s
o 0 2 @ @ % @ 1 s % 100

ime (d)





media/file7.jpg
76

74

720

68

66

Phase |

Phase I

Phase I1l
—=—Control

Rl
aR2
v—R3

R4

Time (d)

o0

50

100





media/file10.png
—m— Control

340 -

320 -

140 -

Time (d)





media/file9.jpg
—=— Control

30





media/file0.png





media/file8.png
Daily pH

7.6 =

T

Phase |

i

i, il

"1f|

3
i

'I

: L)
."" == AR

S

Phase 11

|
L%

IF“ {

Phase 111

-—

—=— Control
—e— RI1
—&— R?2
v—R3
—o— R4

I ':1'"“Il *“‘

.J.ir

", “’!- i v

Time (d)

5 q& '! r\'ﬁn ol Te “ .
ral IV a A A '” . ‘iﬁ\'“ :'. o |
| \;ﬂ,_ a3 e di .
|
l
[
[
| !
- I |
|
1
" 1 1 . | . | : 1
0 20 40 60 80 100






media/file6.png
Alkalinity CaCO3 mg/L

Phase |

Phase 11

Phase I11

5500 - ' :
I I —a— Control
5000 - : : o R
| A I —&— R2
4500 = | \ | R3
A R
4000 - : f \ |
I i $-4
3500 : [ : x
i o, O ] , : | | -§
3000 - / ' N : \ S5
: A _ ~
\ y | Voo S G
. B ‘ﬁ S
2500 N . / ! X
P '/ :
' |
2000 = N '
- ' '
1500 , ; : il : ' :
0 20 40 60 80 100

Time (d)






