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Abstract

:

Enhancement of methane production by co-digestion of Napier grass and Napier silage with food waste was investigated in batch and repeated batch modes. First, the ratios of Napier grass to food waste and Napier silage to food waste were varied at different g-volatile solids (VS) to g-VS at an initial substrate concentration of 5 g-VS/L. The optimum ratios of Napier grass to food waste and Napier silage to food waste were 1:4 and 3:2 (g-VS/g-VS), respectively. This gave maximum methane yields (MY) of 411 and 362 mL-CH4/g-VSadded, respectively. Subsequently, the suitable ratios were used to produce methane at various substrate concentrations. A maximal MY of 403 and 353 mL CH4/g-VS were attained when concentrations of Napier grass co-digested with food waste and Napier silage co-digested with food waste were 15 g-VS/L and 20 g-VS/L, respectively. Under the optimum substrate concentration, the maximum MY from co-digestion of Napier grass with food waste was 1.14 times higher than that of Napier silage with food waste. Thus, co-digestion of Napier grass with food waste was further investigated at various organic loading rates (OLRs) in a 10.25 L horizontal reactor with a working volume of 5 L at an optimal ratio of 1:4 (g-VS/g-VS) and substrate concentration of 15 g VS/L. An OLR of 1.5 g-VS/L∙d gave a maximum methane production rate and MY of 0.5 L CH4/L∙d and 0.33 L-CH4/g-VSadded, respectively. Under the optimum OLR, the predominant methane producers were Methanoregula sp., Methanotorris sp., Methanobacterium sp., Methanogenium sp. and Methanosarcina sp. An energy production of 11.9 kJ/g-VSadded was attained.
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1. Introduction


Methane is an alternative energy resource that has received considerable attention due to its high heating value of 55.5 MJ/kg [1], which is equivalent to 15.4 kWh of electricity and 1.2 times higher than an equal mass of liquefied petroleum gas (LPG) [2]. In Thailand, various kinds of agricultural feedstock have been used to produce methane, e.g., biomass residues from palm oil milling [3,4], cassava pulp [5], Napier grass and Napier silage [6], and rice straw [7]. Napier grass (Pennisetum purpureum) contains high content of cellulose, hemicellulose [6,8] and other nutrients which made it suitable to use as the substrate for energy and animal feed. Napier grass is rapidly regenerated after cutting with a high yield per unit area, and fast growth. Thus, the utilization of Napier grass to energy does not compete with the utilization as animal feed. In Thailand, Napier grass is promoted as the energy crop by Thai Government [9]. The Department of Alternative Energy Development and Efficiency (2018) [9] reported that one tonne of fresh Napier grass can produce 90 m3 of biogas. Napier silage, produced from a self-fermentation of Napier grass under anaerobic conditions, can also be used as a feedstock to produce methane. During the ensiling process, cellulose and hemicellulose in fresh Napier grass are partially digested into sugars and volatile fatty acids (VFAs). Then, the VFAs are converted to methane. As a consequence, methane production can be improved [10,11].



In order to enhance the methane production, various kinds of methods have been conducted e.g., in situ injection of hydrogen inside the anaerobic reactor and ex situ injection of hydrogen in a separate reactor [12]. Among the existing methods, the classical approach is to optimize the key environmental factors affecting methane production process. In this study, the carbon to nitrogen ratio (C/N) was optimized. Carbon is an energy source while nitrogen is used for cell synthesis. If the C/N ratio is high, methanogens will rapidly consume the nitrogen to meet their protein requirements and will no longer consume the remaining carbon content of the material. As a result, gas production will be low. Alternatively, if the C/N ratio is very low, nitrogen will be liberated and accumulated in the form of ammonium (NH4+), which is toxic to methanogens [13]. Therefore, to achieve maximal methane production from Napier grass and Napier silage, the C/N ratio should be properly adjusted. Since the main component of Napier grass and Napier silage is carbon, an organic substance containing a high nitrogen content should be co-digested with Napier grass and Napier silage to balance the C/N ratio.



Food waste is the largest organic waste over the world [14]. Over 8.6 million tonnes of it is produced per year in Thailand [15]. Food wastes are rich in degradable carbohydrates, proteins, and lipids in the ranges of 41–62%, 15–25% and 13–30%, respectively [16]. Food waste has a high nitrogen content with the C/N ratio in the range of 11.27 to 16.50% which make it suitable substrate to co-digest with Napier grass and Napier silage to balance the C/N ratio for methane production.



In this study, co-digestion of Napier grass with food waste and Napier silage with food waste in batch and repeated batch mode was conducted to produce methane. The ratio of Napier grass to food waste and Napier silage to food waste for methane production was first optimized. The concentration of Napier grass and food waste, Napier silage and food waste for methane production was further investigated. Then, the organic loading rate (OLR) for methane production from a co-digestion of Napier grass with food waste and Napier silage with food waste under an optimum ratio and substrate concentration was determined in a horizontal reactor. Pre-dominant microorganisms at the optimum OLR in a repeated batch mode were identified by polymerase chain reaction—denaturing gradient gel electrophoresis (PCR-DGGE).




2. Results and Discussion


2.1. Optimization of the Mixture Ratios and Substrate Concentration for Methane Production


The variation of mixing ratios of Napier grass to food waste and Napier silage to food waste resulted in a variation of methane production potential (MP), methane production rate (MPR), and methane yield (MY) (Table 1). A slight increase in the pH at the end of the fermentation could have been caused by the degradation of protein in food waste and subsequent release of ammonia into the fermentation broth. This has been previously reported in experiments using protein-rich feedstocks such as food waste, meat extract and kitchen waste as substrates in an anaerobic digestion (AD) [17,18]. However, the final pH of the fermentation broth was not markedly different (in the range of 7.41–7.49) (Table 1). This is probably due to the buffering capacity of NaHCO3 in the Basic Anaerobic medium (BA medium) [19]. The compositions of BA medium is shown in Section 3.3.



MP and MY obtained from co-digestion of Napier grass with food waste increased with an increase in the proportion of food waste in the substrate (Table 1). Simple organic components such as sugars, protein and fat were the primary degradable substrates in food waste, while cellulose and hemicellulose, accounting for 64.58% of VS content, were the degradable substrates in Napier grass. An increase in the proportion of food waste in the substrate increased the overall substrate digestion resulting in an increase in the MP and MY. The MY obtained from the fermentation of food waste alone (410 mL-CH4/g-VSadded) was 1.7 times greater than that of Napier grass alone (240 mL-CH4/g-VSadded) (Table 1), indicating that food waste was more susceptible to AD than Napier grass. Deublein and Steinhauser [20] reported that the composition of the substrate used to produce methane affected the rate of hydrolysis step in AD process.



The maximum MY, 411 mL-CH4/g-VSadded, at the optimum Napier grass to food waste ratio of 1:4 (g-VS/g-VS) with a C/N ratio of approximately 18.35 was 1.71 times greater than that obtained from Napier grass alone (C/N ratio of 58.15). This result indicated an enhancement of MY by co-digestion of Napier grass with food waste. Thus, the optimal Napier grass to food waste ratio of 1:4 (g-VS/g-VS) was selected for used in subsequent experiments.



The fermentation of Napier silage alone yielded MP and MY values of 964.9 mL-CH4/L and 193 mL-CH4/g-VSadded, respectively, which were less than that obtained from the fermentation of Napier grass alone (Table 1). This may due to the fact that Napier grass has a higher organic carbon (45.36 %) than the silage (43.18%). The enhancement of methane production by co digestion of Napier silage with food waste was clearly observed. Greater MP and MY values were via co-digestion compared to the fermentation of Napier silage alone (Table 1). MP and MY obtained from co-digestion increased with the proportion of food waste in the substrate (Table 1).



Lower MP and MY values were observed at Napier silage to food waste ratios of 2.5:2.5 and 2:3 (g-VS/g-VS) than at a ratio of 3:2 (g-VS/g-VS). The maximum MP and MY values were achieved at a Napier silage to food waste ratio of 1:4 (g-VS/g-VS). However, the MY obtained at Napier silage to food waste ratios of 1:4 (371 mL-CH4/g-VSadded) and 3:2 (g-VS/g-VS) (362 mL-CH4/g-VSadded) were not statistically different. Since the main purpose of this study is to use Napier grass and Napier silage as a feedstock for methane production, the ratio containing more Napier silage, 3:2 (g-VS/g-VS), was selected and used in further experiments.



Substrate concentrations were further optimized at the optimal Napier grass and Napier silage to food waste ratios. Cumulative methane production and lag time for Napier grass co-digested with food waste was found to increase with the substrate concentration. Further increases in the substrate concentration to levels greater than 35 g-VS/L, resulted in an increase in the cumulative methane production and a longer lag time (Table 2). These results suggested that the microorganisms required time to adapt to higher substrate concentrations. Similar trends were observed for co-digestion of Napier silage with food waste. A maximum MY of 416 mL CH4/g-VSadded was achieved at 10 g-VS/L, which was not significantly different than that of 15 g-VS/L. However, the MPR at a substrate concentration of 15 g-VS/L was 1.25 times higher than at 10 g-VS/L. Thus, the substrate concentration of 15 g-VS/L was selected for use as the initial substrate concentration for co-digestion of Napier grass with food waste in the subsequent experiment.



Co-digestion of Napier silage with food waste at the substrate concentration of 10 and 15 g-VS/L showed no lag time in the fermentation. This occurred since the cellulose and hemicellulose in silage was partially digested by lactic acid bacteria, forming sugars and organic acids [10,11] before being further converted to methane. However, at substrate concentrations greater than 15 g-VS/L, a longer lag time was observed (Table 2).



At a ratio of Napier silage with food waste of 3:2 (g-VS/g-VS), variation of substrate concentration resulted in changes in the MPR and MY. Total substrate concentrations of 20 g-VS/L and 30 g-VS/L gave the same MY of 353 mL-CH4/g-VSadded and MPR values of 256.7 and 339.9 mL-CH4/L∙d, respectively. However, the lag time at a substrate concentration of 20 g-VS/L was shorter than the lag time at 30 g-VS/L. Therefore, the suitable substrate concentration for co-digestion of Napier silage with food waste was 20 g-VS/L. This resulted in a maximum MY of 353 mL-CH4/g-VSadded.



The pH of the fermentation broth of all treatments was quite stable. At the end of the fermentation, it was in the range of 7.42–7.65 and 7.21–7.38 for co-digestion of Napier grass with food waste and Napier silage with food waste, respectively (Table 2). These results implied that microbes rapidly converted accumulated VFAs to methane. Moreover, the buffer in the BA medium might have helped maintain the pH of fermentation broth during AD. Thus, the final pH was not drastically changed.



The maximum MY obtained from co-digestion of Napier grass with food waste (403 mL-CH4/g-VSadded) was 1.14 times higher than the MY from the co-digestion of Napier silage with food waste (353 mL-CH4/g-VSadded). Therefore, co-digestion of Napier grass with food waste at a ratio of 1:4 (g-VS/g-VS) and substrate concentration of 15 g-VS/L was further used to optimize the OLRs in the horizontal reactor in a repeated batch mode.




2.2. Repeated Batch Fermentation of Napier Grass Co-Digested with Food Waste


Napier grass was co-digested with food waste at a ratio of 1:4 (g-VS/g-VS) and a total substrate concentration of 15 g-VS/L in a repeated batch mode. At the start-up period, the methane content increased from 0 to 56.1% and was stable (45.7%) at day 20 (Figure 1). Then the reactor was switched to a repeated batch mode at various OLRs of 0.5, 1, 1.5 and 2 g VS/L∙d. The results showed that the variation in the OLR led to a changes in the MPR and PH. The biogas consisted of methane and carbon dioxide.



The methane content of the biogas at each OLR was between 55 and 59%. The MPR and MY gradually increased with increasing OLR from 0.5 to 1.5 g-VS/L∙d (Table 3). However, when OLR was greater than 1.5 g-VS/L∙d, the MPR and MY showed a decreasing trend. The methane content was stable in the range of 57.6 to 58.1% at OLR values of 0.5 1.5 g VS/L∙d. An increase in OLR to 2.0 g-VS/L∙d resulted in the slight decrease in methane content to 54.6%. The increased OLR brought more substrate into the horizontal anaerobic reactor system and increased the substrate concentration. Consequently, methane production was enhanced.



At each OLR, VFAs/alkalinity ratios of 0.045 to 0.353 were observed (Table 3), indicating the stability of this reactor. Callaghan et al. (2002) [21] reported that the VFAs/alkalinity ratio should be kept below 0.4 to avoid the process instabilities. At OLR 0.5–1.5 g-VS/L∙d, the pH could remain above 6.8, indicating a well buffered fermentation. However, the pH decreased to 6.66 at an OLR 2.0 g-VS/L∙d, which is correlated with a decrease in the MPR and MY. The optimum pH for methanogens ranges from 6.8–7.2 [13]. At pH values lower than 6.6, inhibition of methanogens has been observed [13].




2.3. Energy Production and a Comparison with the Literature Values


The maximum energy yields of 14.5 and 12.7 kJ/g-VSadded were obtained from batch fermentation of a co-digestion of Napier grass with food waste and Napier silage with food waste, respectively. These values are comparable to those of the studies of Prapinagsorn et al. [22], González et al. [23] and Silva et al. [24]. In contrast, they are lower than that reported by Schievano et al. [25]. The difference in energy yield could be due to the ratio of substrate to inoculum, type of substrate as well as the type of inoculum and fermentation conditions.



The maximum energy yield (11.9 kJ/g-VSadded) obtained at the optimum OLR of 1.5 g-VS/L·d was lower than that reported in the studies of Prapinagsorn et al. [22], González et al. [23] and Silva et al. [24]. However, it was higher than reported by Arreola-Vargas et al. [26], Nualsri et al. [27] and Prapinagsorn et al. [6] (Table 4). The discrepancies might also have been due to variations in substrate types, concentrations, inoculum types and fermentation modes.




2.4. Microbial Community


The predominant microorganisms at an OLR level of 1.5 g-VS/L∙d were Methanoregula sp. (band 4) Methanotorris sp. (band 1) Methanobacterium sp. (band 3), Methanogenium sp. (band 5) and Methanosarcina sp. (band 2, Figure 2). These microorganisms are methanogens that play an important role in the AD process. Methanoregula sp. is the primary mesophilic archaea (30–35 °C) found in granular sludge [6,27]. Methanoregula sp., Methanotorris sp. and Methanogenium sp. are methanogens that use hydrogen, carbon dioxide and formate as the substrates to produce methane (equations (1) and (2)) [32].



Strictly hydrogenotrophic methanogenic bacteria, Methanobacterium sp., utilize hydrogen and carbon dioxide to form methane (Equation (2)) [33,34,35] while acetoclastic methanogenic bacterium, Methanosacina sp., is capable of converting acetic acid to methane (Equation (1)) [6,35]:


CH3COO− + H2O  [image: Energies 11 03200 i001] CH4 + HCO3−  ΔG = −31.0 kJ/mol



(1)







Acetoclastic methanogens


4H2 + CO2  [image: Energies 11 03200 i001] CH4 + 2H2O  ΔG = −139 kJ/mol



(2)







Hydrogenotrophic methanogens





3. Material and Methods


3.1. Substrate


The Pak Chong 1 strain of Napier grass from Sriviroj Farm Co., Ltd., Khon Kaen, Thailand, was used as the substrate. It was harvested after 60 days of growth by cutting it at level 5 10 cm above the ground. All parts of Napier grass plant, including stems and leaves were used as a substrate. Napier silage was prepared by fermenting fresh Napier grass in tightly closed containers under anaerobic conditions and room temperature (30 ± 3 °C) for two weeks (self-fermentation). Both substrates were ground in a blender and then passed through a 2 mm sieve (10 mesh). They were stored at −20 °C and hawed at room temperature before use.



Food waste was collected from a canteen on the Khon Kaen University Campus, Khon Kaen, Thailand. Bones and plastic materials were removed from food waste before being ground in a food blender. The processed food waste was stored at −20 °C before use as a substrate for methane production. The initial compositions of Napier grass, Napier silage and food waste are shown in Table 5.




3.2. Inoculum


Anaerobic granular sludge was collected from an up-flow anaerobic sludge blanket reactor (UASB) used to produce methane from a hydrogenic effluent obtained from a reactor producing hydrogen from sugarcane syrup by Clostridium butyricum TISTR1032. Prior to use, UASB granules were degassed in a 600 mL serum bottle, capped with butyl rubber stoppers and aluminum caps. The bottle contents were purged with nitrogen gas for 10 minutes to create anaerobic conditions. The inoculum bottles were degassed for 7 days at room temperature (30 ± 3 °C) to allow the inoculum to utilize the residual biodegradable sugars and VFAs.




3.3. Optimization of the Mixture Ratios of Napier Grass and Napier Silage to Food Waste and Substrate Concentration for Methane Production


Co-digestion of Napier grass with food waste and Napier silage with food waste were conducted at various initial g-VS/g-VS ratios of 4.75:0.25, 4.5:0.5, 4.25:0.75, 4:1, 3:2, 2.5:2.5, 2:3 and 1:4, with a total substrate concentration of 5 g-VS/L. Batch experiments were carried out in 120 mL serum bottles with a working volume of 70 mL. Each serum bottle contained 20% (v/v) of inoculum, BA medium (Table 6—Modified from Angelidaki and Sanders [19]) and 5 g-VS/L of substrate. The pH was adjusted to 7 by addition of either 5 M HCl or 5 M NaOH. The bottles were capped with butyl rubber stoppers and aluminum caps and then purged with nitrogen for 5 min to create anaerobic conditions. Then, they were incubated at room temperature (30 ± 3 °C) and shaken at 150 rpm. During the fermentation, the volume of biogas was measured using a wetted glass syringe method [36]. Gas samples were taken to analyze the percentage of methane in the biogas using gas chromatography (GC). The fermentation was continued until biogas was no longer produced. The ratios of Napier grass and Napier silage to food waste that gave the highest methane production were further used as the optimal ratios in subsequent experiments.



The substrate concentration of Napier grass and Napier silage and food waste were determined using the optimal ratios of Napier grass to food waste and Napier silage to food waste from the previous experiment. The experiments were conducted by varying concentration of VS at 10, 15, 20, 25, 30, 35, 40, 45 and 50 g-VS/L. The experimental set up, pH adjustment, methane fermentation and gas measurement were conducted as described above.




3.4. Repeated Batch Methane Production in the Horizontal Reactor


Repeated batch methane production was carried out in a horizontal reactor with a total volume of 10.25 L and a working volume of 5 L. The horizontal reactor was 20 cm in diameter and 30 cm in length. A schematic and image of the horizontal reactor is shown in Figure 3. The agitation speed of the impeller was set at 82 rpm while the agitation cycle was continuous stirring for 5 min followed by an idle period of 30 min. The optimum ratio of Napier grass or Napier silage to food waste and optimum substrate concentration obtained from the batch experiments were used in the reactor of this experiment. First, the reactor was started by feeding it with 4 L of feedstock at the optimum ratio of feedstock and 20% (v/v) of inoculum. It was then purged with nitrogen gas for 15 min to create anaerobic conditions. Then, the reactor was incubated in a batch mode for 20 days at a temperature of 37 ± 1 °C using a controlled heater. After that, the reactor was switched to a repeated batch mode at an OLR of 0.5 g-VS/L∙d. The effluent was replaced by fresh feedstock every 24 h until methane production reached a steady state condition, i.e., there was less than 10% variation in the methane production rate (MPR) over 10 days. Then the OLR of reactor was stepwise increased to 1, 1.5 and 2 g-VS/L∙d. During repeated batch operation, the volume of biogas was measured using a gas counter. The biogas was analyzed using GC to determine its composition. The effluent was collected to analyze for alkalinity, VFA concentration and the microbial community.





4. Analytical Methods


Total solids (TS), VS, moisture content, ash, carbon, nitrogen and COD were determined following standard methods [37]. Lignin, cellulose and hemicellulose were determined based on the method of Sluiter et al. [38]. pH was measured using a pH meter (pH-500, Clean Instrument Co Ltd., New Taipei City, Taiwan). The total sugar concentration was analyzed using a phenol sulfuric acid method with glucose as a standard [39]. Protein concentration was determined by Lowry’s method [40]. The total lipid concentration was determined following the method of Mishra et al. [41]. The biogas composition was analyzed using a GC (GC-2014, Shimadzu Co Ltd., Japan) equipped with a thermal conductivity detector (TCD) and a 2-m stainless steel column packed with Shin carbon (50/80 mesh). The operating conditions were set according to Laocharoen et al. [42].



The DNA extraction and microbial community analysis were conducted by PCR-DGGE following the methods of Kongjan et al. [43]. Briefly, genomic DNA was used as a template for PCR reactions with the specific primer pair Arch21f and Arc958r [42] to detect the archaea population in the co-digestion process. Most of the bands were excised from the gel and re-amplified. After re-amplification, PCR products were purified and sequenced by Macrogen Inc. (Seoul, Korea). Closest matches for partial 16S rRNA gene sequences were identified by database searches in GenBank using BLAST [44].



The energy production from methane (kJ/g-VS) was determined by multiplying the methane yield (MY) (L-CH4/g-VS) by the relative density of methane (0.72 g-CH4/L-CH4) and its heating value (50.0 kJ/g-CH4) [45].




5. Conclusions


Co-digestion of Napier grass and Napier silage with food waste improved methane production. The optimum conditions for the co-digestion of Napier grass with food waste were a ratio of 1:4 (g-VS/g-VS) at a substrate concentration of 15 g-VS/L. This gave a MY of 403 mL CH4/g VSadded. The optimum ratio of 3:2 (g-VS/g-VS) at a total substrate concentration of 20 g-VS/L were suitable for co-digestion of Napier silage with food waste resulting with a MY of 353 mL-CH4/g-VSadded. Co-digestion of Napier silage with food waste had a shorter lag time than that of co-digestion of Napier grass with food waste. However, a lower maximum methane production rate was observed. Co digestion of Napier grass with food waste in a repeated batch horizontal reactor at an OLR level of 1.5 g-VS/L∙d gave a maximum MY of 0.33 L-CH4/g-VSadded and a maximum energy yield of 11.9 kJ/g-VSadded. At this OLR, the predominant species were Methanoregula sp., Methanotorris sp. and Methanogenium sp.
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Nomenclature




	AD
	anaerobic digestion



	BA
	basic anaerobic



	C/N ratio
	carbon to nitrogen ratio



	COD
	chemical oxygen demand



	DGGE
	denaturing gradient gel electrophoresis



	Eq
	equation



	FW
	food waste



	G
	grass



	GC
	gas chromatography



	G:FW
	co-digestion of grass with food waste



	HPLC
	high performance liquid chromatography



	MP
	methane production (mL-CH4/L)



	MPRmax
	maximum methane production rate (mL-CH4/L∙h)



	MY
	methane yield (mL-CH4/g-VSadded)



	OLR
	organic loading rate



	PCR
	polymerase chain reaction



	rpm
	revolutions per minute



	S
	silage



	S:FW
	co-digestion of silage with food waste



	TCD
	thermal conductivity detector



	TS
	total solid



	VFAs
	volatile fatty acids



	VS
	volatile solid
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Figure 1. Effect of organic loading rate (OLR) on the performance of a horizontal reactor. (a) methane production rate (MPR), (b) methane content and (c) pH. 
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Figure 2. PCR-DGGE profiles of archaea at the end of methane production from co-digestion of Napier grass with food waste at an optimum ratio of 1:4 (g-VS/g-VS) and optimum substrate concentration of 15 g-VS/L. Lane M is a DGGE marker, Lane S1 represents the archaea community at the OLR level of 1.5 g-VS/L∙d. 
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Figure 3. Schematic (a) and image (b) horizontal reactor. 
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Table 1. C/N ratios, MPR, MP, MY, and final pH from a co-digestion of Napier grass and Napier silage with food waste at various ratios.
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	Ratio (g-VS/g-VS/)
	C/N ratio
	MPRmax (mL-CH4/L∙h)
	MP (mL-CH4/L)
	MY* (mL-CH4/g-VS)
	Final pH





	G:FW
	
	
	
	
	



	4.75:0.25
	51.92
	3.0 ± 0.1
	1229.6 ± 13.8
	246e ± 2.8
	7.47 ± 0.01



	4.5:0.5
	46.83
	3.2 ± 0.5
	1291.8 ± 52.4
	258e ± 10.5
	7.47 ± 0.01



	4.25:0.75
	42.58
	2.7 ± 0.2
	1478.5 ± 116.2
	296d ± 23.2
	7.46 ± 0.01



	4:1
	38.99
	2.8 ± 0.2
	1596.2 ± 129.7
	319cd ± 25.9
	7.45 ± 0.01



	3:2
	28.87
	5.9 ± 0.7
	1666.1 ± 127.7
	333bc ± 25.5
	7.44 ± 0.02



	2.5:2.5
	25.40
	3.5 ± 0.7
	1664.8 ± 15.6
	333bc ± 15.6
	7.45 ± 0.01



	2:3
	22.60
	7.3 ± 0.2
	1802.6 ± 57.2
	361b ± 11.4
	7.45 ± 0.01



	1:4
	18.35
	8.3 ± 0.3
	2053.7 ± 8.8
	411a ± 1.8
	7.46 ± 0.01



	S:FW
	
	
	
	
	



	4.75:0.25
	42.91
	2.3 ± 0.6
	1000.6 ± 2.5
	200f ± 0.5
	7.41 ± 0.01



	4.5:0.5
	39.50
	2.3 ± 0.1
	1294.7 ± 3.1
	259e ± 0.6
	7.44 ± 0.01



	4.25:0.75
	36.56
	1.7 ± 0.1
	1570.4 ± 11.8
	314d ± 2.4
	7.43 ± 0.01



	4:1
	34.00
	2.5 ± 0.4
	1610.6 ± 89.5
	322cd ± 17.9
	7.43 ± 0.02



	3:2
	26.41
	3.2 ± 0.1
	1808.2 ± 17.5
	362b ± 3.5
	7.41 ± 0.03



	2.5:2.5
	23.68
	3.1 ± 0.3
	1701.7 ± 3.6
	340c ± 0.7
	7.43 ± 0.01



	2:3
	21.42
	4.1 ± 0.2
	1660.3 ± 93.8
	332cd ± 18.8
	7.43 ± 0.01



	1:4
	17.89
	5.9 ± 0.5
	1856.0 ± 66.0
	371b ± 13.2
	7.45 ± 0.02



	G
	58.15
	1.9 ± 0.2
	1200.2 ± 84.0
	240e ± 16.8
	7.46 ± 0.01



	S
	46.93
	2.1 ± 0.5
	964.9 ± 9.6
	193f ± 5.9
	7.44 ± 0.03



	FW
	15.26
	7.3 ± 0.3
	2052.0 ± 8.3
	410a ± 5.7
	7.49 ± 0.02







G: Grass; S: Silage; FW: Food waste; MPRmax: maximum methane production rate; MP: methane production; MY: methane yield; VS: volatile solids; C/N ratio: carbon to nitrogen ratio. *Comparison between treatments are significantly different (Duncan, p < 0.05) if marked with different letters.
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Table 2. Substrate concentration, MPR, MY, lag time, and final pH for co-digestion of Napier grass with food waste and Napier silage with food waste at optimal ratios of 1:4 and 3:2 (g VS/g-VS).
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Substrate Concentrations (g-VS/L)

	
Lag Time (d)

	
MPRmax (mL-CH4/L∙d)

	
MY* (mL-CH4/g-VS)

	
Final pH






	
Napier grass to food waste ratio of 1:4 (g-VS/g-VS)




	
10

	
0.1 ± 0.0

	
244.3 ± 12.5

	
416a ± 19.1

	
7.42 ± 0.01




	
15

	
1.6 ± 0.6

	
305.6 ± 11.3

	
403ba ± 11.5

	
7.47 ± 0.04




	
20

	
7.3 ± 1.0

	
430.5 ± 7.4

	
400ba ± 15.0

	
7.53 ± 0.01




	
25

	
14.3 ± 0.2

	
411.0 ± 22.1

	
398ba ± 2.0

	
7.54 ± 0.08




	
30

	
20.3 ± 0.2

	
445.8 ± 42.0

	
379c ± 7.1

	
7.65 ± 0.04




	
35

	
26.5 ± 1.2

	
419.7 ± 3.7

	
377c ± 1.4

	
7.46 ± 0.02




	
40

	
32.5 ± 1.7

	
396.1 ± 19.3

	
385cb ± 4.0

	
7.46 ± 0.03




	
45

	
45.9 ± 5.1

	
350.7 ± 32.6

	
352d ± 5.0

	
7.44 ± 0.02




	
50

	
56.6 ± 4.9

	
454.2 ± 23.9

	
374c ± 6.9

	
7.43 ± 0.03




	
Napier silage to food waste ratio of 3:2 (g-VS/g-VS)




	
10

	
0

	
203.7 ± 18.6

	
314d ± 4.0

	
7.30 ± 0.02




	
15

	
0

	
227.1 ± 23.9

	
324dc ± 12.9

	
7.28 ± 0.01




	
20

	
0.4 ± 0.3

	
256.7 ± 14.7

	
353a ± 5.8

	
7.30 ± 0.02




	
25

	
3.3 ± 0.4

	
313.8 ± 15.1

	
349a ± 2.5

	
7.33 ± 0.02




	
30

	
6.9 ± 0.8

	
339.9 ± 22.6

	
353a ± 8.2

	
7.38 ± 0.01




	
35

	
12.1 ± 0.4

	
346.8 ± 41.5

	
339ba ± 8.2

	
7.21 ± 0.02




	
40

	
15.5 ± 1.1

	
380.8 ± 48.1

	
348a ± 6.1

	
7.27 ± 0.02




	
45

	
20.1 ± 2.7

	
378.5 ± 34.1

	
342ba ± 2.8

	
7.27 ± 0.03




	
50

	
25.4 ± 0.7

	
406.8 ± 9.1

	
331cb ± 7.1

	
7.27 ± 0.03








MPRmax: maximum methane production rate; MY: methane yield; VS: volatile solids. *Comparison between treatments are significantly different (Duncan, p < 0.05) if marked with different letters.
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Table 3. Summarization of methane production rate, MY, methane content, alkalinity. VFAs/alkalinity ratio and the final pH at steady-state for each OLR.
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Parameters

	
OLR (g-VS/L·d)




	
0.5

	
1

	
1.5

	
2






	
MPR (L-CH4/L·d)

	
0.15 ± 0.01

	
0.32 ± 0.01

	
0.50 ± 0.02

	
0.40 ± 0.04




	
MY (L-CH4/g-VS)

	
0.29 ± 0.02

	
0.32 ± 0.01

	
0.33± 0.01

	
0.20 ± 0.02




	
Methane content (%)

	
57.8 ± 3.30

	
57.6 ± 1.80

	
58.1 ± 0.03

	
54.6 ± 1.84




	
Alkalinity (mg-CaCO3/L)

	
2537 ± 21

	
2020 ± 48

	
2063 ± 38

	
1777 ± 28




	
VFAs/alkalinity ratio

	
0.045 ± 0.006

	
0.058 ± 0.002

	
0.063 ± 0.001

	
0.353 ± 0.026




	
Final pH

	
7.17 ± 0.04

	
6.88 ± 0.03

	
6.93 ± 0.04

	
6.66 ± 0.01








OLR: organic loading rate; MPR: methane production rate; MY: methane yield; VFAS: volatile fatty acids; VS: volatile solids.
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Table 4. Comparison of energy yields from one-stage methane production by an anaerobic mixed culture with published reports.
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Substrate

	
Inoculum

	
Temperature (°C)

	
Energy yield (kJ/g-VS)

	
Reference






	
Batch mode:




	
Food waste, sewage sludge and raw glycerol

	
Anaerobic sludge

	
35

	
12.3

	
[24]




	
Pre-treated solid residue of grass with cow dung

	
Anaerobic sludge

	
30 ± 2

	
13.3

	
[22]




	
Pre-treated solid residue of Silage with cow dung

	
Anaerobic sludge

	
30 ± 2

	
13.4




	
Grass with cow dung

	
Anaerobic sludge

	
30 ± 2

	
6.5

	
[6]




	
Silage with cow dung

	
Anaerobic sludge

	
30 ± 2

	
7.5




	
Agave tequilana bagasse hydrolysate

	
Anaerobic granular sludge

	
37

	
5.84a

	
[26]




	
Food waste with straw

	
Granular sludge

	
7.04

	
14.1

	
[28]




	
Maize silage with swine manure

	
Thermophilic anaerobic sludge

	
55

	
15.2

	
[25]




	
Napier grass with food waste

	
Anaerobic granular sludge

	
30 ± 3

	
14.5

	
The current study




	
Napier silage with food waste

	
Anaerobic granular sludge

	
30 ± 3

	
12.7

	
The current study




	
Continuous, semi-continuous and repeated batch mode:




	
Sugarcane press mud with vinasse

	
Anaerobic sludge

	
35

	
13.1

	
[23]




	
Sugarcane syrup

	
Anaerobic sludge

	
30 ± 2

	
9.76a

	
[27]




	
Ensiled sorghum, cheese whey and liquid cow manure

	
Anaerobic sludge

	
37

	
8.0b

	
[29]




	
Palm oil mill effluent

	
Anaerobic sludge

	
28–34

	
8.2a

	
[30]




	
Sun flower stalk

	
Granular sludge

	
35

	
6.9c

	
[31]




	
Napier grass with food waste at the optimum OLR

	
Anaerobic granular sludge

	
30 ± 3

	
11.9

	
The current study








a: Expressed in mL or kJ per g-COD. b: Calculated from the original data and expressed in mL/g-COD and kJ/g-COD units. c: Converted from the original data and expressed in kg/g-VS unit. TS: Total solid; VS: Volatile solid; COD: Chemical oxygen demand; kJ: kilojoules.
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Table 5. Characteristics of Napier grass, Napier silage and food waste.
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	Substrate
	Napier Grass
	Napier Silage
	Food Waste





	Total solids (g/kg)
	311.02 ± 1.4
	405.40 ± 1.7
	194.74 ± 0.6



	Volatile solids (g/kg)
	288.75 ± 1.2
	379.74 ± 1.8
	179.43 ± 0.7



	Total COD (g/kg)
	na
	na
	171.77 ± 2.9



	Total sugars (g/kg)
	30.9 ± 3.40
	na
	77.06 ± 6.6



	Proteins (g/kg)
	27 ± 2.97
	na
	64.74 ± 0.8



	Lipids (g/kg)
	14.8 ± 1.63
	na
	28.71 ± 1.81



	Lignin (%)
	31.74 ± 1.0
	35.18 ± 0.7
	na



	Moisture (%)
	68.89 ± 0.1
	59.46 ± 0.2
	80.53 ± 0.1



	Ash (g/kg)
	22.27 ± 0.2
	25.66 ± 0.3
	15.32 ± 0.1



	Organic carbon (%)
	45.36
	43.18
	38.16



	Total kjeldahl nitrogen (%)
	0.78
	0.92
	2.50







na: not analyzed.
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Table 6. Composition of basic anaerobic medium stock.
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	Stock
	Composition and Quantity (g/L)
	Used (mL/L)





	A
	NH4Cl, 100; NaCl, 10; MgCl2.6H2O, 10; CaCl2.2H2O, 5
	10



	B
	K2HPO4.3H2O, 200
	2



	C
	NaHCO3, 52
	50



	D
	FeCl2.4H2O, 2; H3BO3, 0.05; ZnCl2, 0.05; CuCl2.2H2O, 0.038; MnCl2.4H2O, 0.05; (NH4)6Mo7O24.4H2O, 0.05; AlCl3.6H2O, 0.05; CoCl2.6H2O, 0.05; NiCl2.6H2O, 0.092; EDTA, 0.5; concentrated HCl, 1 mL; Na2SeO3.5H2O, 0.1
	1



	E
	Yeast extract, 100
	1











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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