[image: image1]Co-digestion approach for enhancement of biogas production by mixture of untreated napier grass and industrial hydrolyzed food waste

		ORIGINAL RESEARCH
published: 08 January 2024
doi: 10.3389/fbioe.2023.1269727


[image: image2]
Co-digestion approach for enhancement of biogas production by mixture of untreated napier grass and industrial hydrolyzed food waste
Jayen Aris Kriswantoro1,2,3, Kuan-Yin Pan2,4 and Chen-Yeon Chu1,2,5*
1Ph.D. Program of Mechanical and Aeronautical Engineering, Feng Chia University, Taichung, Taiwan
2Institute of Green Products, Feng Chia University, Taichung, Taiwan
3School of Life Sciences and Technology, Bandung Institute of Technology, Bandung, Indonesia
4Department of Materials Science and Engineering, College of Engineering and Science, Feng Chia University, Taichung, Taiwan
5National Research Council of Italy, Institute of Atmospheric Pollution Research, Rome, Italy
Edited by:
Pau Loke Show, University of Nottingham Malaysia Campus, Malaysia
Reviewed by:
Shunli Wang, Chinese Academy of Agricultural Sciences, China
Prawit Kongjan, Prince of Songkla University, Thailand
* Correspondence: Chen-Yeon Chu, cychu@mail.fcu.edu.tw
Received: 30 July 2023
Accepted: 20 December 2023
Published: 08 January 2024
Citation: Kriswantoro JA, Pan K-Y and Chu C-Y (2024) Co-digestion approach for enhancement of biogas production by mixture of untreated napier grass and industrial hydrolyzed food waste. Front. Bioeng. Biotechnol. 11:1269727. doi: 10.3389/fbioe.2023.1269727

The co-digestion of untreated Napier grass (NG) and industrial hydrolyzed food waste (FW) was carried out in the batch reactor to investigate the effect of substrate ratios on biogas production performance. Two-stage anaerobic digestion was performed with an initial substrate concentration of 5 g VSadded/L and a Food to Microorganism Ratio (F/M) of 0.84. The 1:1 ratio of the NG and FW showed the optimum performances on biogas production yield with a value of 1,161.33 mL/g VSadded after 60 days of digestion. This was followed by the data on methane yield and concentration were 614.37 mL/g VSadded and 67.29%, respectively. The results were similar to the simulation results using a modified Gompertz model, which had a higher potential methane production and maximum production rate, as well as a shorter lag phase and a coefficient of determination of 0.9945. These findings indicated that the co-digestion of Napier grass and hydrolyzed food waste can enhance biogas production in two-stage anaerobic digestion.
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1 INTRODUCTION
Environmental pollution, including the emission of carbon dioxide (CO2), and shortage of energy supply have affected human health and life, stimulating research on renewable energy for a better life. Nowadays, there is an abundance of reports showing that the anaerobic digestion reaction system for biogas production is a feasible and cost-effective way for energy recovery from various resources including lignocellulosic material such as food waste and any agricultural biomass waste (Azam et al., 2023). Anaerobic digestion (AD) is a biological process that breaks down organic substrates and converts them to methane (CH4) and carbon dioxide (Wu Q. et al., 2022). Methane is a high heating value (55.5 MJ/kg) energy resource, and the relative abundance in biogas is about 55%–75%. Biogas is considered to become an important sustainable renewable energy sources in the future (Arutyunov et al., 2022). However, an in-depth understanding of efficient renewable energy production through a biological process in combination with low-cost implementation is absolutely necessary. Therefore, biogas production from organic wastes has been reported in many studies (He C. et al., 2022; Al Ajlouni, 2022; Norouzi and Dutta, 2022; Simioni et al., 2022). According to previous reports, the cellulose and hemicellulose contained in AD feedstocks must be hydrolyzed to small sugars such as glucose, xylose, mannose, and galactose. These sugars can then be used as carbon sources for methanogenesis in the final stage of anaerobic digestion on biomethane production (Gomes et al., 2022; Soltaninejad et al., 2022; Thongbunrod and Chaiprasert, 2023; Yadav et al., 2023).
As the most abundant organic waste on earth, food waste includes household, food processing, canteen, and restaurant waste, which mainly contains carbohydrates such as starch and sugar, proteins and lipids. With this composition, food waste had great potential for biogas production using the AD system and the benefits of organic waste reduction (Cohn et al., 2022; Onyeaka et al., 2022; Qian et al., 2022). On the other hand, Napier grass, which is classified as lignocellulosic biomass, has cellulose, hemicellulose, and lignin as its main organic components. This lignocellulosic biomass can be used as a feedstock for biogas production, potentially combined with food waste in the AD system (Donkor et al., 2022; Govarthanan et al., 2022; Yadav et al., 2023). Napier grass, a perennial C-4 grass species indigenous to Africa, has been cultivated in numerous tropical regions, including various countries in Southeast Asia for ruminant feed. Currently, research focused on generating bioenergy and environmentally friendly bio-based products has intensified, particularly exploring second-generation feedstock that comprises perennial grasses (Thaemngoen et al., 2020; Rakau et al., 2022). Switchgrass and Miscanthus sp. have attracted researchers in America and Europe, respectively, while Napier grass has become more appealing to many Asian countries due to its benefits (Pomdaeng et al., 2022). Napier grass is classified as biomass with high lignocellulosic content (>34%) (Manokhoon and Rangseesuriyachai, 2020; Gundupalli et al., 2023), resulting in high production yield (40–87 tons per 10,000 m2/year) and low overall production cost (Thaemngoen et al., 2020; Pomdaeng et al., 2022; Balakrishnan et al., 2023). It is advantageous because of its ease of harvesting and fast growth, requiring low attention for plantation and nutrient demand (Gundupalli et al., 2023). The organic nutrient from the feedstock is converted into biogas biologically through the following four steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Akcakaya et al., 2022). Mono-anaerobic digestion may be less efficient for biogas production, and mixing the two materials into a co-digestion system can help increase biogas production. The use of a single substrate in mono-digestion, in some cases, showed lower methane production yield due to the lack of nutrients to support the methanogenesis process by methanogen (Choudhary et al., 2022; Jiang et al., 2022).
Several co-digestion systems have been studied, including waste paper slurry, sewage sludge, algae, and rice straw (Liu H. et al., 2022; Kaushal et al., 2022; Xu et al., 2022; Sawasdee et al., 2023). Various analyses have been performed on these substrates, such as the effect of C/N (Carbon-to-Nitrogen) ratio measurements on biogas production, with high C/N ratios leading to increased nitrogen use efficiency (NUE) in cellulosic materials. This condition could increase the biomass produced in the digester while extending the cellulose digestion times (Yong et al., 2015; Huang et al., 2022). The operating temperature affects the performance of the reactor by providing a suitable condition for methanogen growth. Most methanogens are mesophiles, they overgrow at mesophilic temperatures and convert a higher proportion of organic matter in the mesophilic temperature range (Rahman et al., 2021). Therefore, the co-digestion of untreated Napier grass and hydrolyzed food waste was examined in mesophilic conditions in this study. Food waste hydrolysate (FW) is a complex organic material that possesses inhibitory compounds for anaerobic digestion, including phenolic compounds and other preservative residues found in food (Pomdaeng et al., 2023). Due to its protein and lipid richness, the FW encounters methane generation challenges as it has the potential to inhibit methanogenesis activities (Xu et al., 2020). The protein-rich feedstock leads to the accumulation of ammonia that can interfere with the methanogen’s enzyme activity also causing the proton imbalance and potassium deficiency inside the bacterial cell (Milán et al., 2010; Xiao et al., 2022). The lipid content in AD, especially the long-chain fatty acids (LCFAs), acts as a limiting factor of lipid degradation for methane production (He X. et al., 2022). The co-digestion of food waste with untreated Napier grass has the potential to address the aforementioned challenges.
Currently, there are many studies on the co-digestion of food waste with other feedstocks, including various sludge and animal manure (Liu H. et al., 2022; Abbas et al., 2023). Few reports have been published on biogas production by co-digestion of food waste (FW) with Napier grass (NG). However, Napier grass and food waste are abundant in many areas, especially in tropical regions, that can be easily harvested and obtained for further processing. Aside from the benefits, Napier grass contains over 34% cellulose content, compared to hemicellulose (18%–21.4%) and lignin (6%–23.4%) contents (Manokhoon and Rangseesuriyachai, 2020). Therefore, the potential of the feedstock in bioenergy generation via anaerobic digestion depends on its cellulose and hemicellulose contents. The profile of Napier grass holds significant potential to be studied for biogas generation. Most reported studies have focused on using treated Napier grass to produce biogas, including chemical pretreatment with sodium hydroxide or deep eutectic solvents (Pinpatthanapong et al., 2022; Gundupalli et al., 2023), biological pretreatment with mixed cultures enzyme (Rangseesuriyachai et al., 2023), and physical pretreatment with sonication (Song et al., 2023). However, there are limited studies on the use of untreated Napier grass. Only one study reported the performance of untreated Napier grass and food waste (without hydrolysis process) co-digestion in repeated batch fermentation that only targeted methane as the final product. The optimal C/N ratio of the feedstocks in single-stage repeated batch fermentation was suggested by yielding the methane with a value of 411 mL/g VSadded at a ratio of 1:4 (NG:FW) (Boonpiyo et al., 2018). Subcritical water hydrolysis (SCWH) was used in this study to pretreat food waste. The method’s unique features were implemented for optimal results in biogas production, thereby enhancing the novelty of this study. The use of two-stage anaerobic digestion becomes the focus of this study to explore the effect of different ratios of Napier grass and food waste on biohydrogen and methane production performance. As a novel way of enhancing the biogas generation performances, the two-stage digestion approach applied in this study performs the co-digestion of interesting feedstocks. The two-stage anaerobic digestion adopted from previous studies (Pomdaeng et al., 2022; Kriswantoro et al., 2023), that worked with bioplastic waste and Napier grass, had two separate processes. The first stage focused on the production of biohydrogen and organic acids using hydrogen-producing bacteria as inoculum, while the second stage’s primary purpose was methane production by methanogens in the mixtures. In addition to total solids (TS), volatile solids (VS), and soluble chemical oxygen demand (SCOD), this study investigated the change in volatile fatty acid (VFA) concentration after fermentation. The kinetic study using the modified Gompertz model was also performed to predict the effect of NG/FW ratio on biogas production in batch reactors.
2 MATERIALS AND METHODS
2.1 Substrates and inoculum
The substrate of this study was mixed with raw Napier grass and food waste hydrolysate. The raw Napier grass (Pennisetum purpureum) (NG) was collected from Nantou, Central Taiwan. The chopped fresh Napier grass was dried and ground into powdery size. Food waste (FW) mainly contained cooked food residues such as rice, noodles, meat, fish, and vegetables which were collected from various places in Taichung City. The food waste and water were mixed at a ratio of 1:1 and then transferred to the reactor for subcritical water (SCW) pretreatment in 70%–75% of the working volume. The SCW hydrolysis was carried out for 30 min by Riqian Development Co., Taiwan at a pressure of 1.9–3.5 bar and a temperature range of 119°C–195°C. This SCWH method was adapted from a previous study (Chen et al., 2023). The slurry of food waste hydrolysate was sealed in plastic bags and stored in a freezer at −20°C.
The mixed culture of hydrogen-producing bacteria was used as the inoculum in the first stage for biohydrogen production which was provided by the Institute of Green Product (IGP), Feng Chia University. The sludge from anaerobic digestion treating the swine manure was used as methane inoculum of the second stage in this study, which was collected from a pig farm, in Nantou, Central Taiwan. The characteristics of substrates and inoculum were shown in Table 1.
TABLE 1 | Characteristic of substrate and inoculum.
[image: Table 1]2.2 Anaerobic digestion in batch reactor
The anaerobic digestion was conducted in a two-stage batch using a vial bottle as a reactor with an initial F/M ratio (Food-to-Microbe ratio) and substrates concentration was set at 0.84 and 5 g VSadded/L, respectively. In the co-digestion reactor, the mixture ratio (in gram of VS) between Napier grass (NG) and food waste (FW) labeled as A, B, C, D, E, NG, and FW which represent NG: FW ratio of 4:1, 3:2, 1:1, 2:3, 1:4, 5:0 and 0:5, respectively. The mixture of inoculum and distilled water were used as a control. The glass vial bottles were then sealed with rubber and metal sealers. The sealed bottles were flushed with Argon gas (inert gas) for 2 min to achieve anaerobic conditions. The first stage was carried out for about 2 days and then was changed to the second stage by swine manure inoculation (F/M ratio 0.84 in grams of VS) as the source of methanogens, and the pH was adjusted to 7. The characteristics of the different two-stage experiments are shown in Table 2. In this study, all experiments were performed in duplicate.
TABLE 2 | Initial SCOD, pH and VS in different ratio of NG and FW with final condition after methane production.
[image: Table 2]2.3 Analytical methods
The SCOD, TS, TSS (Total Suspended Solid), VS, VSS (Volatile Suspended Solid), and pH were analyzed according to the standard method (American Public Health Association (APHA), 1998). In brief, SCOD was detected by using potassium dichromate reagent and sulfuric acid reagent. Before testing, the sample was centrifuged for 5 min and filtered using the 0.45 µm membrane filter. TS and VS were measured after the sample was dried at 105°C and 550 °C in the oven (Precision Oven Model JA-72) and furnace (Model KEO-27L), respectively. The pH was determined by a pH meter (Thermo Scientific Orion Star A111). For the biogas composition was measured by gas chromatography (GC) with a Thermal Conductivity Detector (TCD) (GC System HP 6890 Series, USA). The temperature of the injector and detector were set at 175 °C and 250 °C, respectively. Helium (He) was used as the carrier gas at a flow rate of 40 mL/min. High-Performance Liquid Chromatography (HPLC-CM5000 series, Japan) from HITACHI was used to examine the volatile fatty acids (VFAs) concentration in the digester mixture.
3 RESULTS AND DISCUSSIONS
3.1 Biogas production performance
The performances of the biogas production from the co-digestion of Napier grass (NG) and food waste (FW) at different mixing ratios were shown in Figure 1. The cumulative biogas production results (see Figure 1A) showed that the production increased significantly after 8 days of incubation. This trend was observed in all fermentation conditions except the control due to the lack of nutrients to support the bacterial growth in the reactor. The increase in cumulative biogas production remained significant up to 38 days of incubation. Supported by the biogas production rate data (see Figure 1B), the highest rate was reached after 14 days of incubation and then decreased dramatically until day 40 with a value of less than 10 mL/g VSadded per day. After day 40, the production rate decreases steadily until the end of fermentation after 60 days of incubation at 37°C. In the first 8 days of incubation, including the 2 days of the first stage and the early stage of the second stage, the increased value of the biogas produced was insignificant. The content of biohydrogen in the biogas produced in the first stage was also low. The results in Figures 1C, D showed the cumulative biohydrogen production after 2 days below 1 mL per gram VSadded with hydrogen concentration below 2.5%, which were much lower compared to the control (using sucrose as the main substrate). The sucrose in the control is less complex than any other sugar or compound found to be abundant in the NG and FW mixture, as it is a disaccharide compound. This led to the highest cumulative production and concentration of hydrogen from sucrose. The inoculum utilized in this study was collected from the mother tank reactor that had been fed with sucrose at a concentration of 40 g/L and 12 h of hydraulic retention time (HRT). Since the reactor had reached a steady state, the bacteria within it had sufficiently adapted to produce hydrogen using sucrose as the primary substrate. Additionally, the dominant strains in the initial stage’s inoculum were Ethanoligenens sp. (approximately 30%), Bifidobacterium sp. (approximately 23%), and Sporolactobacillus sp. (approximately 18%) (data not presented in this study). Those bacteria genera were reported in biohydrogen reactors that showed a good ability for hydrogen production together with sucrose consumption (Michelz Beitel et al., 2017; Li et al., 2019; Chu et al., 2021). The aforementioned conditions corroborate the findings of this study, which demonstrated that sucrose yielded the highest hydrogen production in comparison to the co-digestion of NG and FW. However, the involvement of lactic acid bacteria in the hydrogen production reactor is still debatable due to some findings mentioning their ability to inhibit the hydrogen production rate by competing the sugar consumption with other hydrogen-producing bacteria (Dzulkarnain et al., 2022).
[image: Figure 1]FIGURE 1 | Biogas production performance with different ratios of NG and FW. (A) Cumulative Biogas Production (mL/g VSadded); (B) Biogas Production Rate (mL/g VSadded per day); (C) Cumulative Hydrogen Production (mL/g VSadded); (D) Hydrogen Concentration (%); (E) Cumulative Methane Production (mL/g VSadded); (F) Methane Concentration (%).
In the first stage, the hydrolysis of the complex substance in the mixture including cellulose, hemicellulose, protein, and fats has susceptibly happened produced fermentable sugar and other less complex substances. Those components will be utilized by bacteria cells for their growth while producing organic acid that acidifies the mixtures also another important desired product, is biohydrogen (H2) (Li et al., 2010). Due to the untreated Napier grass used in this study, a complex substance remained in the mixtures making it difficult to produce hydrogen via digestion. The mono-digestion of NG exhibited the lowest hydrogen concentration with a value of 0.6%, while all co-digestions accounted for higher values ranging between 0.9% and 2.3%. Despite the possible improvement of hydrogen production via co-digestion with food waste hydrolysate, the production results remained low. Lower production of hydrogen in the FW may be attributed to the protein and fat compositions, as reported in previous studies (Yun et al., 2018; Sohrab Hossain et al., 2023). The previous study has reported the 7 days lag phase on co-digestion of Sargassum spp., categorized as lignocellulosic biomass, and organic domestic waste. This lag phase was observed due to the bacteria from the anaerobic sludge that treating the swine manure needing time to adapt to the new condition that was rich in organic acid and undigested materials in the first stage. This study has a similar lag phase period and in line with the previously reported study (López-Aguilar et al., 2023).
All conditions reached the peak hydrogen concentration after 48 h of incubation. The observed hydrogen concentration correlated with the amount of food waste in the mixtures. As the proportion of food waste hydrolysate in the mixture increased while decreasing for the untreated Napier grass, so did the hydrogen concentration in the produced biogas after 2 days of fermentation. Based on these results, Table 2 shows that only Napier Grass achieved the lowest H2 yield (mL/g COD) compared to only FW and all co-digestions. Among all the co-digestions, the NG:FW ratio of 4:1 resulted in the lowest H2 yield compared to other conditions that generated higher hydrogen yield with a higher FW ratio in the mixture. It made sense due to the higher fermentable sugar in the higher proportion of pretreated food waste with subcritical water compared to untreated Napier grass. The subcritical water pretreatment was reported to be a promising approach to hydrolyze the food waste before involving it as substrate in anaerobic digestion (Chen et al., 2023). The findings in this study could support the previous study for involving emerging technology in energy recovery from waste through anaerobic digestion. In this study, the C/N ratio was not found to be the main factor affecting hydrogen production performance. This is because both substrates investigated had similar C/N ratios (see Table 1). Previous studies have shown that C/N ratios significantly affect hydrogen biosynthesis. Different C/N ratios have been found to influence the metabolic pathway inside dark fermentation, which is related to hydrogen production performance (Litti et al., 2022).
The second stage of the anaerobic digestion system used in this study was mainly aimed at methane production from these substrate mixtures. The methanogens from the swine manure used as inoculum can potentially be divided into two main groups based on the methanogenesis pathway. The first, hydrogenotrophic methanogenesis, is the biosynthetic pathway that converts hydrogen (H2) and carbon dioxide to methane. The second pathway named acetoclastic methanogenesis which the methanogens could convert acetate into methane and carbon dioxide (Nikitina et al., 2022). A two-stage anaerobic digestion process may offer benefits for attaining optimal conditions for producing both hydrogen and methane. The first stage focuses on acidification, but methanogenesis is inhibited by acid accumulation in acidic environments. Higher acid production was found to be correlated with increased hydrogen generation in the first stage. The highest NG ratios (A; 4:1 of NG:FW) resulted in the lowest hydrogen production yield, as previously mentioned. However, the A conditions were able to produce significantly higher methane yield compared to all conditions except for the 1:1 ratio, with a value of 220 mL/g COD (see Table 2). A higher proportion of FW in the mixture provided more fermentable sugars for hydrogen production, but also resulted in the production of organic acids as a byproduct. However, excessive organic acid production in this stage is undesirable for the methanogenesis stage as it may inhibit the methanogens. The second stage reactor facilitates methanogen maturation in a neutral environment, separated from hydrogen and acid production (Chu et al., 2020; Saidi et al., 2023). The performance of methane production in various conditions of the NG: FW ratio was shown in Figures 1E, F. All the ratios examined in this study observed similarity in reaching the logarithmic phase of methane generation. After 10 days of incubation, the cumulative methane production significantly increased until day 40. The data on methane concentration also supported this observation that the methane proportion in the biogas produced sharply increased after 10 days of incubation and remained increased until reached the peak on day 30. The methane concentration was maintained at a constant level of 65%–80% until the end of the fermentation process. This finding was in line with the previous report that biogas produced from anaerobic digestion is composed of 55%–65% biomethane, 45% carbon dioxide, and 1%–2% other gases (Antukh et al., 2022).
The maximum methane yield in the co-digestion system, 614.37 mL/g VSadded, at the optimal Napier grass to food waste ratio of 1:1, was 6% higher than that obtained from Napier grass alone in the mixtures. This finding means that among the co-digestion conditions (A to E), condition C (ratio of 1:1) had relatively the highest yield of methane production, which is the optimal ratio for co-digestion of these two substrates. According to these results, the untreated Napier grass was less susceptible to AD compared to the food waste hydrolysate due to the high content of complex substances, including cellulose (41%), hemicellulose (14%), and lignin (13%) (see Table 1). These findings were in line with the previous studies that the rate of the hydrolysis step in the AD process was influenced by the composition of the substrate used to produce methane (Boonpiyo et al., 2018). The 1:1 ratio yielded the highest amount of methane, with a value of 235 mL/g COD (refer to Table 2). This is 28.4% and 39.9% higher than the methane yield of the mono-digestions of NG and FW, respectively. This ratio helped to mitigate the negative effects of acidic accumulation in the first stage and created a more favorable environment for methanogens to produce methane. The second stage mixture contained the complex nutrients (mainly derived from NG), which were continuously degraded and supplied sufficient material for methane generation.
The methane production performances identified in this study were compared to previous reports, as shown in Table 3. Compared to other reports working on the co-digestion of NG and FW, this study produced the highest methane yield (mL/g VSadded) and concentration (%). The two-stage anaerobic digestion was only reported in this study for co-digestion of both feedstocks for energy recovery from waste. This comparison showed that the two-stage system could improve the performance of methane production by enhancing the higher yield and concentration. In line with the previous reports (Chu et al., 2020; Yang et al., 2023), the two-stage AD could give the specific optimum conditions for both hydrogen-producing bacteria and methanogens in different containments due to favorable conditions for hydrolytic-acidogenic bacteria, methanogenesis may be suppressed, particularly at low pH levels. In certain cases, the methane concentration obtained exceeded the levels in this study when co-digesting NG with elephant (Rangseesuriyachai et al., 2023) and chicken manure (Yodthongdee et al., 2019). Nevertheless, the methane production yield still surpassed those of the two feedstocks. Recent studies involving food waste co-digestion with a variety of wastes exhibited a lower methane production yield than this study (Liu X. et al., 2022; Kosheleva et al., 2023; Lee et al., 2023; Yang et al., 2023). Alkaline pretreatment of food waste used for co-digestion with sewage sludge in two-stage anaerobic digestion (Lee et al., 2023) resulted in lower methane yield production. According to the comparison, the most suitable condition for methane production performance and effective energy recovery from these feedstocks is the combination of Napier grass and pretreated food waste with subcritical water hydrolysis in two-stage anaerobic digestion.
TABLE 3 | Comparison of methane production performances with the previous studies on Napier grass and food waste.
[image: Table 3]3.2 SCOD, VS removal and VFA analysis for methane production
The SCOD and VS removal characteristics of the different substrate ratios are shown in Table 2. The SCOD removal efficiency of all digesters was in the range of 30.5%–68.5% in the co-digestion system and 46.0%–50.4% in the mono-digestion. The nutrients for bacterial cell growth, in the form of SCOD, enter the fermentation process as simple short-chain compounds after hydrolysis. The decrease in SCOD content in the mixtures indicates that the organic chemical has also been reduced. The removal of soluble chemical oxygen demand is a significant indicator of the effectiveness of anaerobic digestion in processing liquid substrates. Generally, stable anaerobic digestion achieves an SCOD removal rate of 80% or higher (Huang et al., 2017). Related to SCOD, the VS content represents the concentration of biodegradable organic matter in the mixtures, which can be assumed to be bacterial cells. Unfavorable environmental conditions can affect the inhibition of bacterial growth, resulting in the failure of the AD system (Hidalgo et al., 2015). The SCOD and VS removal data could be used as a basis for convincing the optimum NG:FW ratio in this study. As the maximum variation for methane production, the 1:1 ratio of NG:FW results in 45.1% of SCOD removal and only 5.7% VS removal. Compared to other variations, the SCOD removal performance was not the best. However, the lower VS removal provides promising support for condition C (1:1 ratio) to become the optimal ratio. As mentioned earlier, the low VS removal correlated with a favorable condition for bacterial growth. These results support the methane yield data where variation C (1:1) produced the highest among all co-digestion conditions (614.37 mL/g VSadded or 235 mL/g COD). The presence of untreated NG in the mixture could reduce the acidic inhibition effect in the second stage and create more favorable conditions for methane production. However, this would result in less hydrogen production in the first stage. However, the FW provides more sugar for hydrogen and organic acid in the mixture, resulting in a lower methane yield (refer to Table 2). It is necessary to explore the optimal ratio between NG and FW for two-stage anaerobic digestion due to the significant impact on hydrogen and methane yield. Although it has a lower bacterial cell degradation in the system, the conversion of nutrients into desired products, namely, hydrogen and methane, is also ineffective. A significant approach is required to improve the conversion of feedstock into energy. Prolonged fermentation incubation may be effective due to the use of untreated lignocellulosic biomass in the mixture which is probably most derived from the untreated Napier grass.
The content of VFAs in the mixture could represent the methane production performance in the AD system. As mentioned above, the acetoclastic methanogens require the presence of acetate, one of the organic acids grouped as VFAs, for methane biosynthesis. However, the high concentration of VFAs in the mixture could also cause system failure by acidifying the reactor, which must be avoided to maintain methanogen activity. The high-performance liquid chromatography (HPLC) can perform rapid and simultaneous qualitative and quantitative analysis of samples containing various solute components (Klimek-Turek et al., 2016), including for detecting the VFAs and sugar content. The sugar and VFAs profile for the initial and final second stage of methane production was shown in Table 4. The propionate and butyrate, which were produced during acidogenesis, were increased after fermentation in all conditions. In contrast, acetate, citrate, and glucose were significantly decreased after fermentation in all the conditions. These results showed that the VFAs, especially the acetate, will be highly correlated with methane production in the second stage of the AD system due to the activity of methanogens in producing the methane (Detman et al., 2021; Matambo et al., 2022).
TABLE 4 | VFA analysis for co-digestion of methane production process.
[image: Table 4]The increase of propionic acid at the end of fermentation is probably related to two main factors. First, compared to other VFAs, propionic acid production from sugar is easier during the acidogenic bacteria in the mixed culture (Uhlenhut et al., 2018). The acidogenic process remained active after 60 days of incubation due to the availability of complex substances, such as cellulose and hemicellulose, from untreated Napier grass. Second, during methanogenesis, propionic acid is more difficult to degrade compared to acetic acid (Li et al., 2017). The complex substances that remain in the mixture may have provided the necessary sustenance for the butyric acid-producing bacteria to acidify the anaerobic digester while also supplying hydrogen for hydrogenotrophic methanogens. Theoretically, the butyric acid pathway could result in a greater hydrogen yield than the propionic acid pathway. Also, it has been observed that there is a common occurrence of switching pathways from the propionic acid pathway to the butyric acid or ethanol pathway due to the influence of pH changes. Furthermore, these conditions are more likely to lead to a significant increase in the production of butyric acid during fermentation (Fang et al., 2017; Shi et al., 2019). As a longer carbon chain compared to acetic acid, the degradation of propionic acid and butyric acid during the methanogenesis becomes more challenging. The acetate at the final incubation was decreased due to the activity of acetoclastic methanogen that converts acetate into methane and carbon dioxide. On the other hand, the propionate and butyrate remained produced and needed thermodynamically favorable conditions (negative value of ΔG, Gibbs free energy) for their degradation (Wu D. et al., 2022). The increased concentration of propionic and butyric acid suggests that the untreated NG and FW hydrolysate mixture was insufficiently converted during the 60-day incubation period.
3.3 Kinetic for biomethane production by modified gompertz model
The kinetic study was conducted to investigate the optimum condition for co-digestion of NG and FW with different ratios. The modified Gompertz model was used to simulate the biomethane production parameters, including the potential total methane production (P), the maximum production rate (Rm), and the length of the lag phase (λ). The higher number of P and Rm were desirable, while the better for the lag phase (λ) remained lower. The parameters simulated with the modified Gompertz model are shown in Table 5. The R2 in all conditions showed a value higher than 0.99, which means that the predicted and experimental data fit well. In general, the co-digestion approach could reduce the lag phase of methane production compared to the mono-digestion of each Napier grass and food waste. A shorter lag phase was more desirable because it will reduce the incubation time and also reduce the operating cost in the AD system. The co-digestion also increases the potential total methane produced coupled with a higher maximum production rate. The kinetics study results are also useful for the optimum NG: FW ratio selection in this study. In the kinetic study, variation D (2:3) observed had the highest potential on methane production at 605.6 mL/g VSadded which is higher than variation C. However, the D condition had around 38% lower maximum production rate compared to C (1:1) and approximately 2 days longer in the lag phase. Based on these results, the 1:1 ratio of NG-to-FW remained the optimum condition for methane production in the NG-FW co-digestion system.
TABLE 5 | The kinetics study results using Modified Gompertz Model on methane production data.
[image: Table 5]4 CONCLUSION
The co-digestion of untreated Napier grass with hydrolyzed food waste enhanced the methane yield in two-stage anaerobic digestion. The optimal ratio of NG:FW was 1:1 in a gram of VS, with the value of cumulative biogas and methane production at 1,161.33 mL/g VSadded and 614.37 mL/g VSadded, respectively. The methane concentration was higher than 65% on day 20 and remained in the range between 65%–80% until the end of fermentation. The SCOD and VS removal were 45.1% and 5.7%, respectively, with higher potential methane production and maximum production rate and also a shorter lag phase. This study showed that the two-stage anaerobic digestion and subcritical water hydrolysis (SCWH) could enhance the methane yield in the co-digestion of NG and FW. This finding could be implemented to enhance the effectiveness of energy recovery from biomass waste (NG and FW) via biological processes in anaerobic conditions. The room for improvement is also widely open for this research topic area, especially in pretreating the Napier grass as a potential source for bioenergy production from second-generation feedstock.
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Substrate Pretreatment CHy yield CH, Reference

(ML/gVS,qdeq) coONC. (%)

1 Napier grass + Food Untreated; Subcritical Batch 37 6144 67.3 This study
waste hydrolysate (1:1) water hydrolysis
Two-Stage
2 Napier grass + Food Untreated; Untreated Batch 30 411 56.1 Boonpiyo et al. (2018)
waste (1:4)
Single Stage
3 Napier silage + Food Fermentation; Untreated Batch 30 362 . Boonpiyo et al. (2018)
waste (3:2) —
Single Stage
4 Treated Napier grass + | Alkaline pretreatment: Batch - 285 - Pinpatthanapong et al.
Food waste (1:3) Untreated (2022)
Single Stage
5 Napier grass + Elephant | Enzyme pretreatment; Batch 35 2348 - Rangseesuriyachai et al.
dung (1:1) Untreated (2023)
Single Stage
6 Napier grass + Chicken | Untreated; Untreated Batch 46 492 739 Yodthongdee et al. (2019)
manure (5.7:1) B |
Single Stage
7 Mixed straw + Food Untreated; Untreated Batch 35 580 676 Yong et al. (2015),
waste (1:5) Shrestha et al. (2023)
Single Stage
8 Synthetic food waste + | Untreated; Untreated Semi- 37 331 57.3 Kosheleva et al. (2023)
Bioplastic (98:2) continuous
Single Stage
9 Food waste + Sewage Alkaline pretreatment Batch 55 4819 - Lee et al. (2023)
sludge (5 + 1)
Alkaline pretreatment Two-Stage
10 Food waste + Chicken | Untreated; Untreated Batch 37 288.7 - Liu et al. (2022b)
manure (17:3)
Two-Stage
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Parameters NG FW Hydrogen inoculum Methane inocul
Total Solids (TS) (%) 929 £02 9.0 £0.1 | 594004 108401
Volatile Solids (V) (%) 844 %06 72£01 55+ 003 51702
VS/TS (%) 90.8 + 0.01 796 + 001 932 + 001 47.9 + 001
Total Carbohydrate (%) 689 £ 0.01 393 £022 NA NA
CIN Ratio 65329 689 £ 0.12 Na NA
Calluose (%) Cass1s NA Na NA
Hemicellulose (%) s NA NA NA
Lignin (%) 132£17 NA NA NA
Phenolic content (mg/L) NA 113 £ 001 NA NA
Grease content (%) NA 058 +0.04 NA Na

NA (Not Applied)
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