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Abstract

:

Anaerobic digestion (AD) has the advantages of utilizing complex substrates and producing renewable energy and is currently one of the mainstream technologies for food waste (FW) resourcing. However, at high organic loads and low inoculum-to-substrate ratios (ISRs), AD with FW as substrate is prone to acid accumulation, resulting in a drastic decrease in gas production and system collapse. This study investigated the effect of the coupled addition of zero-valent iron (ZVI) and activated carbon (AC) on the AD of FW at three low ISRs of 0.715, 0.625, and 0.5. The results showed that the control group acidified and stopped producing biogas when the ISR decreased to 0.625 and 0.5, but ZVI coupled with AC alleviated the acidification and increased the cumulative biogas yield. Especially at ISR = 0.5, the cumulative biogas yield for the ZVI + AC group was 31.5%, 99.5%, and 11.43 times higher than that of the ZVI, AC, and control groups, respectively. ZVI coupled with AC also increased the degradation of volatile fatty acids (70.5–84.4%) and soluble chemical oxygen demand (50.0–72.9%) while decreasing propionate concentration and improving the stability of the AD system. COD mass balance analyses indicated that the coupled addition of ZVI and AC promoted the conversion of particulate organic matter to soluble organic matter and increased the conversion of carbon sources to methane.
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1. Introduction


In recent years, with rapid economic development, accelerated urbanization, and the rapid development of catering enterprises, the generation of food waste (FW) has increased rapidly [1,2]. Due to weaknesses in traditional management practices and the lack of corresponding treatment facilities, a large amount of untreated FW and gutter oil has flowed into communities through various ways, which has not only affected environmental hygiene but also brought about serious hidden dangers to people’s dietary safety [3]. The large amount of generated FW is a threat to environmental protection, public health, and social management, and is gradually becoming a global problem [4]. Globally, up to 1.3 billion tons of FW is produced annually, which is about 44% of the total amount of solid waste [5]. FW is one of the main causes of greenhouse gas emissions, and traditional treatment methods, such as incineration and landfill, contribute to greenhouse gas emissions and leachate pollution [6]. According to statistics, global FW contributed 8–10% of all anthropogenic greenhouse gas emissions from 2010 to 2016 [7]. Therefore, material or energy recovery of FW is important for reducing carbon emissions and achieving environmental sustainability.



FW has a high content of organic matter, which can be utilized in resourceful ways to produce fertilizers [8], lactic acid [9], methane [10], etc. Anaerobic digestion (AD) is a widely accepted resourcing technology that reduces FW while producing biogas, which can be purified and used as fuel [11,12]. Biogas production in AD usually follows four phases carried out by the metabolism of numerous bacteria and methanogens [13]. Macromolecule organic matter in the substrate is first broken into easily dissolved monomers, including the conversion from carbohydrates, proteins, and fats to sugars, amino acids, and long-chain fatty acids, which is a process called hydrolysis. The second stage is known as acidogenesis, where the monomers are further broken into short-chain fatty acids, including volatile fatty acids (VFAs), lactic acid, pyruvic acid, acetic acid, and formic acid. Then, in the acetogenesis stage, acids such as lactate and pyruvate are digested into acetic acid and hydrogen. The final stage is called methanogenesis, where hydrogen and acetic acid are converted to methane by the action of methanogenic archaea [11,14]. The digestate produced by the AD process can also be used for composting, biopesticides, insect feed, etc., thus realizing reduction, resourcefulness, and harmlessness. Therefore, methane production by AD using FW as the substrate has become an important resource technology, which is of great significance for achieving the goals of circular economy development, environmental protection, reduction in greenhouse gas emissions, and production of renewable energy [15]. Organic load is one of the important factors that affect the AD of FW. High organic loads can increase the amount of substrate processed and greatly increase methane production. However, the AD of FW at high loads usually shows fast acidification and slow methane production, resulting in a significant accumulation of VFAs. Accumulation of VFAs, especially propionate and butyrate, can severely inhibit the methanogenic process, which is known as the phenomenon of “acid inhibition” [16].



Zero-valent iron (ZVI) can be added to AD systems to increase methane production by alleviating acidification and stimulating microbial metabolic performance [17,18]. The addition of ZVI to AD with high organic loading rates can promote the degradation of VFAs and increase system pH, thereby alleviating system acidification [19]. The inoculum-to-substrate ratios (ISRs) can determine the ability of the AD system to resist organic acid loading, which is a direct factor affecting the performance of AD. An inadequately low ISR will lead to system acidification and gas production stopping. Wu et al. found that acidification occurred at ISRs below 1.0 [20]. A previous study showed that methane production stopped at ISR = 0.65, but the mean concentration of total volatile fatty acid (TVFA) decreased by about 19.0% and pH increased to approximately 7.5 with ZVI, which successfully resumed methane production [21]. However, adding ZVI required considerable time to alleviate acid accumulation with a certain lag time, which resulted in an inefficient AD system.



On the other hand, it has been shown that activated carbon (AC) can effectively shorten the lag time and improve the system hydrolysis efficiency and methanogenic efficiency [22]. Interspecies electron transfer using hydrogen or formate as carriers is known as interspecies hydrogen transfer (IHT) and interspecies formate transfer (IFT). However, these processes are relatively inefficient due to the diffusion limitations of electron carriers, and thus become limiting steps in overall methanogenesis [23]. Recent studies have demonstrated that direct interspecies electron transfer (DIET) is an alternative to IHT in the metabolism of AD [24]. The addition of a conductive material, such as AC, can facilitate DIET by dispensing with the involvement of conductive hairs and exo-c-type cytochromes, which allow the attachment of mutualistic microorganisms to the surface of the conductive material for electron exchange [25]. DIET, when established in AD using conductive material delivery, has an electron transfer rate that is 106 times faster than that of IHT [24]. Studies showed that the addition of AC enhances the mutualistic metabolism between bacteria and methanogens capable of performing DIET, thereby facilitating DIET and methanogenic efficiency [26,27,28]. Studies have also shown that carbon-based materials also play an important role in improving the efficiency of AD. Liu et al. showed that the coupled addition of ZVI and activated carbon, graphite, or Fe-C materials further shortened the methanogenic lag and enhanced the degradation of soluble organic matter [29]. Eraky et al. found that the addition of tween 20 and magnesium@ functionalized graphene oxide increased the biohydrogen productivity by >200% compared to the control, and enhanced the acetate fermentation pathway, the enzymatic activities, and the biodegradation of phenolic compounds [30]. Wang et al. investigated the effect of biochar-supported nano-ZVI on a two-phase AD of FW. Results suggested that a 3:1 carbon/iron ratio increased the concentration of VFAs in the acid-producing phase and the cumulative methane production in the methanogenic phase by 31.4% and 24.8%, respectively [31]. Calabrò et al. found that ZVI coupled with AC helped to enhance the stability of a semicontinuous AD experiment and to increase methane production, but this study was conducted with pretreated orange peel waste as a substrate [32]. Therefore, it is expected that ZVI coupled with AC may be able to increase the rate of anaerobic digestion while alleviating the acidification of low ISR systems. However, the above studies were conducted at high ISR and only investigated the promotional effects of the ZVI or AC on AD, and did not investigate the alleviating effects of the ZVI and AC on the acid inhibition system.



In this study, from the point of view of the application of AD engineering for FW, the effect of low ISRs (ISR = 0.715, 0.625, 0.5) on the AD of FW was first investigated. Subsequently, four groups (only ZVI, only AC, ZVI + AC, and control) under each ISR condition were conducted to investigate the effects of the coupled addition of ZVI and AC on AD from a comprehensive analysis of gas production performance, system stability, and COD balance. The objective of this study was to investigate the alleviating effects of coupled ZVI and AC additions on acid inhibition in the AD system under high loading (three different low ISRs) conditions. This aims to provide a simple and effective new method to mitigate acid accumulation during AD and to provide theoretical support for the resource utilization of FW and the industrial application of AD.




2. Materials and Methods


2.1. Substrate and Inoculum


The FW was obtained from the student canteen of the University of Science and Technology Beijing (Beijing, China). The FW was picked out from bones and peels, then mechanically milled and frozen in the refrigerator at −20 °C. It was removed and thawed in a −4 °C refrigerator for 12 h before use. The inoculated sludge was obtained from the Dongcun Waste Treatment Plant in Tongzhou District, Beijing, China. The sludge was acclimated at 37 °C for one week with 0.5 g vs. of FW as substrate every two days before use. Zero-valent iron (98% purity, 0.2 mm diameter, 0.05 m2/g specific surface area) and activated carbon (32–60 mesh) used for the experiments were produced by Aladdin Co., Ltd., Shanghai, China. The physicochemical characteristics of FW and sludge are shown in Table 1.




2.2. Experimental Operation


Based on three ISRs (VSsludge: VSFW) of 0.715, 0.625, and 0.5, sludge and FW were mixed in different proportions. The experiments were conducted in 100 mL fermentation bottles with an effective volume of 50 mL. It has been proved that 5–10 g/L of ZVI or AC can effectively increase methane production and promote AD [29,33]. Therefore, four experimental groups were designed under each of the three ISRs: 5 g/L ZVI + 5 g/L AC, 10 g/L ZVI, 10 g/L AC, and a control group in which neither of them was added, which were referred to as the ZVI + AC, ZVI, AC, and control groups, respectively. After the addition of ZVI or AC, each bottle was aired with nitrogen for 3 min to remove oxygen from the system, and then sealed with butyl rubber stoppers and aluminum caps. All bottles were incubated in an incubator at 37 °C, 120 rpm. The experiment was destructive, and no samples were collected throughout to ensure its anaerobic environment. The experiment lasted for 53 days, and samples were collected at the initiation and end of the experiment to determine the pH, alkalinity, total ammonia nitrogen (TAN), soluble chemical oxygen demand (SCOD), and VFAs. Gas volume and components were determined at two-day intervals. Parallel experiments were conducted, the results of the repeated experiments were averaged, and standard deviations were calculated.




2.3. Analytical Methods


The total solids (TS) and volatile solids (VS) were determined according to the method determined by the State Environmental Protection Administration (2002). The pH values were determined using a PHS-3C digital pH meter (INESA Scientific Instrument Co., Ltd., Shanghai, China). The contents of C, H, O, and N were determined by an elemental analyzer (FlashSmart; ThermoFisher Scientific, Dreieich, Germany). Samples were centrifuged at 12,000 rpm and 4 °C for 10 min and the supernatant was filtered through a 0.45 µm microporous membrane. The alkalinity was determined using the bromocresol green–methyl red indicator titration method (State Environmental Protection Administration, 2002). The soluble chemical oxygen demand (SCOD) and total ammonia nitrogen (TAN) concentration were determined using a UV–visible spectrophotometer (UV-8000; Metash Instruments Co., Ltd., Shanghai, China). Volatile fatty acids (VFAs) were measured with a Shimadzu CP3800 gas chromatograph, which was equipped with a DB-FFAP capillary column (30 m × 0.53 mm × 0.5 µm; Agilent Technologies Co., Ltd., Santa Clara, CA, USA) and a flame-ionization detector. The gas volume was determined by the differential gas pressure method, and the gas components were determined with GC (GC2010Plus; Shimadzu, Kyoto, Japan) packed with ShinCarbon ST Micropacked Column (19,043; 1.00 m × 0.53 mm, 80–100 mesh; Restek, Bellefonte, PA, USA) and thermal conductivity detector (TCD). Argon was used as the carrier gas. The column, detector, and injection port temperatures were set to 190 °C, 200 °C, and 190 °C, respectively.





3. Results and Discussion


3.1. Biogas Production and Methane Concentration


Figure 1 compares the changes in cumulative biogas yields between the groups adding ZVI or AC and the control group under different ISRs. The results showed that the control group acidified and stopped gas production as the ISR decreased from 0.715 to 0.625 and 0.5 while adding ZVI or AC significantly alleviated acidification and increased biogas yield. The coupled addition of ZVI and AC further increased the cumulative biogas yield; for example, the cumulative biogas yield of the ZVI + AC group increased by 59.5%, 23.7%, and 92.7% compared to the single ZVI, single AC, and control groups, respectively, at the ISR = 0.715. At ISR = 0.625, the cumulative biogas yield of the ZVI + AC group was 15.6%, 59.6%, and 10.29 times higher than that of the ZVI, AC, and control groups, respectively. At ISR = 0.5, the cumulative biogas yield of the ZVI + AC group was 31.5%, 99.5%, and 11.43 times higher than that of the ZVI, AC, and control groups, respectively. A previous study also showed that the coupled addition of ZVI and AC increased cumulative methane production by 2.77–35.0% compared to the addition alone and the control [34]. Similarly, the addition of biochar-supported nano-ZVI increased cumulative methane production by 24.8% [31]. This indicated that the addition of ZVI or AC to a low ISR system could promote substrate degradation to methane, while the coupled addition of ZVI and AC further increased the cumulative biogas production.



Figure 1a showed that there was a lag time of up to 17 days for AD of FW at an ISR of 0.715, and adding ZVI and AC effectively reduced this lag time. In contrast, the lag time of the AC and ZVI + AC groups was shorter than that of the ZVI group, and AC had a more obvious advantage in shortening the lag time. A previous study also reported that the coupled addition of ZVI and AC shortened the time to reach maximum daily methane yield by 18.2% compared to ZVI groups [34]. The reason may be that the iron ions produced by ZVI combined with the activated radicals and produced stabilized complexes, thus inhibiting the hydrolyzation in the sludge [35]. The shortening of the lag time by AC is due to the fact that its richer microporous–mesoporous structure creates a suitable microbial environment. This facilitates the enrichment of methanogens at the initiation of AD [33] and thus facilitates the degradation and utilization of soluble organic matter. In addition, AC has an adsorption effect on VFAs produced by acidification. When the activity of methanogens and syntrophic acetogenic bacteria increases, the VFAs adsorbed by AC are gradually utilized, which corresponds to a slow release of VFAs. Therefore, ZVI coupled with AC in the low ISR system not only alleviated acidification and increased cumulative gas yield, but also improved AD efficiency.



Methane concentration is the percentage by volume of methane in biogas. It is an important indicator of the quality of biogas and is usually 50–70% [36]. Figure 2 shows the average methane concentration of each group at different ISRs. The results showed that all three groups with the addition of ZVI or AC had higher average methane concentrations than the control group. At ISR = 0.715, the mean methane concentration in the ZVI + AC group reached 62.0%, which was 2.5, 2.8, and 12.3 percentage points higher than that in the ZVI group (59.5%), the AC group (59.2%), and the control group (49.7%), respectively. At ISR = 0.625, the mean methane concentration in the ZVI + AC group (57.6%) was still higher than that in the ZVI group (56.0%), the AC group (57.0%), and the control group (31.1%). At ISR = 0.5, the mean methane concentration in the ZVI + AC group (56.4%) was higher than that in the ZVI group (51.1%), AC group (51.6%), and control group (30.6) by 5.3, 4.8, and 25.8 percentage points, respectively. Therefore, ZVI coupled with AC significantly increased the methane concentration in the system under each ISR.




3.2. System Stability Indexes


pH, alkalinity, and TAN concentration are key indicators that show the stabilization in the system [37]. Figure 3 showed that the pH for each group was within the suitable range of 6.5 to 8.2. The reason that the system acidified and stopped gas production in the low ISR (0.5) system and the pH did not decrease to acidic may be due to the high concentration of TAN, which increased the alkalinity. This is due to the fact that TAN can promote the dissolution of CO2, which can raise the bicarbonate alkalinity [38]. The alkalinity of each group decreased with the decrease in the ISR and was maintained in the range of 9.34 to 15.8 g/L. As can be seen in Figure 4, the TAN concentration of each group increased with the degradation of proteins during AD. When ISR = 0.5, the final TAN concentration in the ZVI + AC group was 26.0%, 8.82%, and 9.29% lower than that of the ZVI, AC, and control groups, respectively. Therefore, ZVI coupled with AC was more beneficial in alleviating ammonia inhibition at lower ISRs.




3.3. Organics Degradation


During AD, the concentration of SCOD in each group generally showed a decreasing trend, which was attributed to the degradation and consumption of soluble organic matter with the progress of fermentation [17,33]. The SCOD degradation rates of the ZVI + AC, ZVI, and AC groups were all greater than those of the control group at three ISRs (Figure 5). At ISR = 0.715, the SCOD degradation rate of the ZVI + AC group was 8.2%, 9.1%, and 34.4% higher than that of the ZVI, AC, and control groups, respectively. At ISR = 0.625, the SCOD degradation rate of the ZVI + AC group was 8.1%, 8.1%, and 18.2% higher than that of the ZVI, AC, and control groups, respectively. At ISR = 0.5, the SCOD degradation rates were 50.0%, 20.1%, 56.9%, and 16.1% of the ZVI + AC, ZVI, AC, and control groups, respectively. The results showed that the addition of ZVI or AC enhanced the degradation of soluble organic matter. The coupled addition of ZVI and AC could further promote the degradation of soluble organic matter, which is consistent with the conclusion that the cumulative biogas production was higher in the ZVI + AC group in Figure 1. Other studies have also found that the addition of AC loaded with nano-ZVI increased the degradation of organic matter from 37.49% to 66.56%, thus facilitating the methanogenic process [39].



VFAs are essential meso-products during AD [40,41]. Figure 6 shows the changes in the composition of VFAs in each group at the initiation and end of AD. The TVFA concentration of the control group at the end increased significantly as the ISR decreased. This is due to the higher amount of soluble organic matter at low ISRs, indicating that the system tends to accumulate VFAs at low ISRs. In particular, when the ISR = 0.715, the final TVFA concentration in the control group was higher than that in the other three groups by 49.9–94.8%. The degradation rate of VFAs in the ZVI + AC group (84.4%) was 4.67, 5.29, and 14.8 percentage points higher than that of the ZVI, AC, and control groups, respectively. At ISR = 0.625, the final TVFA concentration in the control group was 23.6–32.3% higher than those in the other three groups. The degradation rate of VFAs in the ZVI + AC group (76.3%) was 0.72 to 7.67 percentage points higher than that of the ZVI, AC, and control groups. At ISR = 0.5, the final TVFA concentration in the control group was 7.73–68.0% higher than those in the other three groups. The degradation rate of VFAs in the ZVI + AC group (70.5%) at ISR = 0.5 was 15.4, 15.7, and 19.1 percentage points higher than that in the ZVI, AC, and control groups, respectively. It can be seen that ZVI coupled with AC enhanced VFA degradation and thus increased the methane production more than adding ZVI or AC alone. This might be because ZVI and AC can stimulate fermentation products such as VFAs degraded to methane by promoting DIET [25].



It can also be seen from Figure 6 that acetate and propionate accounted for the highest percentage of TVFA during AD. Among them, acetate can be directly utilized, while propionate needs to be converted to acetate before producing methane [37]. When the concentration of propionate is too high in the system, acid accumulation will inhibit the methanogenic process [42,43]. At the end of AD, the control group at all three ISRs showed propionate accumulation compared to the ZVI + AC, ZVI, and AC groups, with the final concentrations of propionate ranging from 3.32 to 3.58 g/L, accounting for up to 55.3–74.5%. While the ZVI + AC group had the lowest final propionate concentrations, ranging from 0.63 to 2.50 g/L. The above result indicated that ZVI coupled with AC promoted the metabolism of propionate to acetate and avoided the accumulation of propionate, which ensured the successful operation of AD.




3.4. Substance Balance Analysis Based on COD


Material balance analysis at the initiation and end of AD can provide a more intuitive explanation of the organic matter degradation process. The COD mass balance of the groups at the initiation and end was analyzed according to a previous study [44]. All COD in AD systems comes from the substrate, usually in the form of gas (CH4-COD), supernatant (S-COD), and particle (P-COD) [45,46]. According to the principle of AD, it can be seen that all COD basically exists in the particle phase (P-COD) and supernatant phase (S-COD) at the time of feeding (Figure 7). After the hydrolysis and acidification process, the particle-phase COD is transferred to the supernatant phase (S-COD), which exists in the form of VFAs, etc.; then, the methanogenesis process occurs, with the methane produced by the degradation of VFAs, the supernatant-phase COD is transferred to the gas phase (CH4-COD).



At the initial state of the three ISRs, organic matter existed in the form of particles and supernatants, and the proportion of P-COD increased from 34.24% to 44.07% and 61.62% as the ISRs decreased. Usually, soluble organic matter is preferentially utilized in AD and particulate organic matter is not easily degraded, therefore, a low ISR is not conducive to methane production. As AD proceeded, S-COD decreased substantially and was utilized for methane production, resulting in a relative increase in the proportion of P-COD and a substantial increase in CH4-COD. The ZVI + AC group had the highest proportions of CH4-COD (33.7–52.8%) and lower proportions of S-COD (17.80–19.29%), which intuitively indicated that ZVI coupled with AC increased the conversion rate of carbon sources to methane. The higher proportions of S-COD and P-COD in the control group under low ISR indicated that the activities of hydrolyzing bacteria and methanogens were inhibited under high loading conditions, and could not efficiently hydrolyze organic matter and utilize it for methane production. The relative abundance of hydrolyzing bacteria, such as Clostridium, was also found to be lower at low ISR in previous studies, while the addition of ZVI increased the abundance of hydrolyzing bacteria in the system [21]. Yang et al. found that the addition of AC-enriched hydrolyzing and methanogenic bacteria in the system, and accelerated substrate consumption and methane production [47]. Therefore, ZVI coupled with AC can fully utilize the advantages of both to maintain gas production under high loading conditions and improve the hydrolysis efficiency and degradation rate of organic matter, thus promoting AD.





4. Conclusions


To solve the problems of acid inhibition during high-load AD of FW, this study investigated the effects of coupled addition of ZVI and AC under three low ISR conditions of 0.715, 0.625, and 0.5, from the perspective of engineering applications. The results showed that the TVFA concentration in the control group increased significantly, the system acidified and stopped gas production as the ISR decreased from 0.715 to 0.625 and 0.5, while adding ZVI or AC alone effectively alleviated acidification and increased biogas production. Moreover, the coupled addition of ZVI and AC had the highest cumulative biogas production and the shortest lag time under the three ISRs, which effectively improved the anaerobic digestion efficiency. The ZVI + AC group had the highest SCOD degradation rates, VFAs degradation rates, and lowest propionate concentrations under the three ISRs, as well as reducing the TAN concentration when ISR = 0.5, which effectively alleviated acidification and ammonia inhibition under high-load conditions. COD mass balance analyses indicated that the coupled addition of ZVI and AC promoted the conversion of particulate organic matter to soluble organic matter and increased the conversion of carbon sources to methane.







Author Contributions


Conceptualization, S.Z. and Q.W.; methodology, S.Z.; validation, S.Z. and P.Z.; formal analysis, S.Z.; investigation, S.Z. and P.Z.; resources, X.S.; data curation, S.Z. and Q.W.; writing—original draft preparation, S.Z.; writing—review and editing, P.Z. and Q.W.; visualization, S.Z.; supervision, Q.W.; project administration, M.G. and C.W.; funding acquisition, M.G., C.W. and X.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key R&D Program of China grant number [2018YFC1900903] and the National Natural Science Foundation of China grant number (22276012).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ogunmoroti, A.; Liu, M.; Li, M.; Liu, W. Unraveling the environmental impact of current and future food waste and its management in Chinese provinces. Resour. Environ. Sustain. 2022, 9, 100064. [Google Scholar] [CrossRef]

	



Zhang, S.; Ma, X.; Sun, H.; Zhao, P.; Wang, Q.; Wu, C.; Gao, M. Response of semi-continuous anaerobic digestion of food waste to progressively increasing temperature: Methanogen community, correlation analysis, and energy balance. Ind. Crops Prod. 2023, 192, 116066. [Google Scholar] [CrossRef]

	



Lu, F.; Wu, X. China food safety hits the “gutter”. Food Control 2014, 41, 134–138. [Google Scholar] [CrossRef]

	



Wang, Q.; Yang, N.; Cai, Y.; Zhang, G.; Wu, Y.; Ma, W.; Fu, C.; Zhang, P. Advanced treatment and valorization of food waste through staged fermentation and chain elongation. Bioresour. Technol. 2023, 384, 129286. [Google Scholar] [CrossRef]

	



Zan, F.; Iqbal, A.; Lu, X.; Wu, X.; Chen, G. “Food waste-wastewater-energy/resource” nexus: Integrating food waste management with wastewater treatment towards urban sustainability. Water Res. 2022, 211, 118089. [Google Scholar] [CrossRef]

	



Bretter, C.; Unsworth, K.L.; Russell, S.V.; Quested, T.E.; Kaptan, G.; Doriza, A. Food waste interventions: Experimental evidence of the effectiveness of environmental messages. J. Clean. Prod. 2023, 414, 137596. [Google Scholar] [CrossRef]

	



Li, X.; Shimizu, N. Effects of Lipase Addition, Hydrothermal Processing, Their Combination, and Co-Digestion with Crude Glycerol on Food Waste Anaerobic Digestion. Fermentation 2021, 7, 284. [Google Scholar] [CrossRef]

	



Xu, M.; Sun, H.; Yang, M.; Xie, D.; Sun, X.; Meng, J.; Wang, Q.; Wu, C. Biodrying of biogas residue through a thermophilic bacterial agent inoculation: Insights into dewatering contribution and microbial mechanism. Bioresour. Technol. 2022, 355, 127256. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Gao, M.; Liu, S.; Li, Y.; Sun, X.; Wang, Q. An innovative approach for reducing the water and alkali consumption in the lactic acid fermentation via the reuse of pretreated liquid. Bioresour. Technol. 2022, 352, 127108. [Google Scholar] [CrossRef]

	



Zhang, S.; Guan, W.; Sun, H.; Zhao, P.; Wang, W.; Gao, M.; Sun, X.; Wang, Q. Intermittent energization improves microbial electrolysis cell-assisted thermophilic anaerobic co-digestion of food waste and spent mushroom substance. Bioresour. Technol. 2023, 370, 128577. [Google Scholar] [CrossRef] [PubMed]

	



Ren, Y.; Yu, M.; Wu, C.; Wang, Q.; Gao, M.; Huang, Q.; Liu, Y. A comprehensive review on food waste anaerobic digestion: Research updates and tendencies. Bioresour. Technol. 2018, 247, 1069–1076. [Google Scholar] [CrossRef]

	



Mahmoud, A.; Zaghloul, M.S.; Hamza, R.A.; Elbeshbishy, E. Comparing VFA Composition, Biomethane Potential, and Methane Production Kinetics of Different Substrates for Anaerobic Fermentation and Digestion. Fermentation 2023, 9, 138. [Google Scholar] [CrossRef]

	



Bertacchi, S.; Ruusunen, M.; Sorsa, A.; Sirviö, A.; Branduardi, P. Mathematical Analysis and Update of ADM1 Model for Biomethane Production by Anaerobic Digestion. Fermentation 2021, 7, 237. [Google Scholar] [CrossRef]

	



Zhu, J.; Liu, Y.; Luo, Z.; Ling, C.; Yin, K.; Tong, H. Methane mitigation strategy for food waste management: Balancing socio-economic acceptance and environmental impacts. Sustain. Prod. Consum. 2023, 37, 389–397. [Google Scholar] [CrossRef]

	



Braguglia, C.M.; Gallipoli, A.; Gianico, A.; Pagliaccia, P. Anaerobic bioconversion of food waste into energy: A critical review. Bioresour. Technol. 2018, 248, 37–56. [Google Scholar] [CrossRef]

	



Sun, J.; Kosaki, Y.; Kawamura, K.; Watanabe, N. Operational load enhancement for an anaerobic membrane bioreactor through ethanol fermentation pretreatment of food waste. Energy Convers. Manag. 2021, 249, 114840. [Google Scholar] [CrossRef]

	



Li, Y.; Chen, Y.; Wu, J. Enhancement of methane production in anaerobic digestion process: A review. Appl. Energy 2019, 240, 120–137. [Google Scholar] [CrossRef]

	



Ye, M.; Liu, J.; Ma, C.; Li, Y.; Zou, L.; Qian, G.; Xu, Z.P. Improving the stability and efficiency of anaerobic digestion of food waste using additives: A critical review. J. Clean. Prod. 2018, 192, 316–326. [Google Scholar] [CrossRef]

	



Kong, X.; Wei, Y.; Xu, S.; Liu, J.; Li, H. Inhibiting excessive acidification using zero-valent iron in anaerobic digestion of food waste at high organic load rates. Bioresour. Technol. 2016, 211, 65–71. [Google Scholar] [CrossRef]

	



Wu, C.; Wang, Q.; Yu, M.; Zhang, X. Effect of ethanol pre-fermentation and inoculum-to-substrate ratio on methane yield from food waste and distillers’ grains. Appl. Energy 2015, 155, 846–853. [Google Scholar] [CrossRef]

	



Zhang, S.; Ren, Y.; Ma, X.; Guan, W.; Gao, M.; Li, Y.; Wang, Q.; Wu, C. Effect of zero-valent iron addition on the biogas fermentation of food waste after anaerobic preservation. J. Environ. Chem. Eng. 2021, 9, 106013. [Google Scholar] [CrossRef]

	



Deng, C.; Kang, X.; Lin, R.; Wu, B.; Ning, X.; Wall, D.; Murphy, J.D. Boosting biogas production from recalcitrant lignin-based feedstock by adding lignin-derived carbonaceous materials within the anaerobic digestion process. Energy 2023, 278, 127819. [Google Scholar] [CrossRef]

	



Martins, G.; Salvador, A.F.; Pereira, L.; Alves, M.M. Methane Production and Conductive Materials: A Critical Review. Environ. Sci. Technol. 2018, 52, 10241–10253. [Google Scholar] [CrossRef] [PubMed]

	



Cruz Viggi, C.; Rossetti, S.; Fazi, S.; Paiano, P.; Majone, M.; Aulenta, F. Magnetite Particles Triggering a Faster and More Robust Syntrophic Pathway of Methanogenic Propionate Degradation. Environ. Sci. Technol. 2014, 48, 7536–7543. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Rotaru, A.; Shrestha, P.M.; Malvankar, N.S.; Nevin, K.P.; Lovley, D.R. Promoting direct interspecies electron transfer with activated carbon. Energy Environ. Sci. 2012, 5, 8982–8989. [Google Scholar] [CrossRef]

	



Sun, J.; Rene, E.R.; He, Y.; Ma, W.; Hu, Q.; Qiu, B. Carbon, iron, and polymer-based conductive materials for improving methane production in anaerobic wastewater treatment systems: A review on their direct interspecific electron transfer mechanism. Fuel 2023, 342, 127703. [Google Scholar] [CrossRef]

	



Dang, H.; Yu, N.; Mou, A.; Zhang, L.; Guo, B.; Liu, Y. Metagenomic insights into direct interspecies electron transfer and quorum sensing in blackwater anaerobic digestion reactors supplemented with granular activated carbon. Bioresour. Technol. 2022, 352, 127113. [Google Scholar] [CrossRef]

	



Li, L.; Gao, Q.; Liu, X.; Zhao, Q.; Wang, W.; Wang, K.; Zhou, H.; Jiang, J. Insights into high-solids anaerobic digestion of food waste enhanced by activated carbon via promoting direct interspecies electron transfer. Bioresour. Technol. 2022, 351, 127008. [Google Scholar] [CrossRef]

	



Liu, J.; Zheng, J.; Niu, Y.; Zuo, Z.; Zhang, J.; Wei, Y. Effect of zero-valent iron combined with carbon-based materials on the mitigation of ammonia inhibition during anaerobic digestion. Bioresour. Technol. 2020, 311, 123503. [Google Scholar] [CrossRef]

	



Eraky, M.; Nasr, M.; Elsayed, M.; Ai, P.; Tawfik, A. Synergistic interaction of tween 20 and magnesium@ functionalized graphene oxide nano-composite for dual productivity of biohydrogen and biochar from onion peel waste. Renew. Energy 2023, 216, 119082. [Google Scholar] [CrossRef]

	



Wang, P.; Yu, M.; Lin, P.; Zheng, Y.; Ren, L. Effects of biochar supported nano zero-valent iron with different carbon/iron ratios on two-phase anaerobic digestion of food waste. Bioresour. Technol. 2023, 382, 129158. [Google Scholar] [CrossRef] [PubMed]

	



Calabrò, P.S.; Fazzino, F.; Folino, A.; Scibetta, S.; Sidari, R. Improvement of semi-continuous anaerobic digestion of pre-treated orange peel waste by the combined use of zero valent iron and granular activated carbon. Biomass Bioenergy 2019, 129, 105337. [Google Scholar] [CrossRef]

	



Ma, J.; Wei, H.; Su, Y.; Gu, W.; Wang, B.; Xie, B. Powdered activated carbon facilitates methane productivity of anaerobic co-digestion via acidification alleviating: Microbial and metabolic insights. Bioresour. Technol. 2020, 313, 123706. [Google Scholar] [CrossRef]

	



Zhang, S.; Ma, X.; Xie, D.; Guan, W.; Yang, M.; Zhao, P.; Gao, M.; Wang, Q.; Wu, C. Adding activated carbon to the system with added zero-valent iron further improves anaerobic digestion performance by alleviating ammonia inhibition and promoting DIET. J. Environ. Chem. Eng. 2021, 9, 106616. [Google Scholar] [CrossRef]

	



Xu, Y.; Lu, Y.; Dai, X.; Dong, B. The influence of organic-binding metals on the biogas conversion of sewage sludge. Water Res. 2017, 126, 329–341. [Google Scholar] [CrossRef]

	



Zhang, S.; Ma, X.; Sun, H.; Xie, D.; Zhao, P.; Wang, Q.; Wu, C.; Gao, M. Semi-continuous mesophilic-thermophilic two-phase anaerobic co-digestion of food waste and spent mushroom substance: Methanogenic performance, microbial, and metagenomic analysis. Bioresour. Technol. 2022, 360, 127518. [Google Scholar] [CrossRef]

	



Gao, M.; Zhang, S.; Ma, X.; Guan, W.; Wu, C. Effect of yeast addition on the biogas production performance of a food waste anaerobic digestion system. R. Soc. Open Sci. 2020, 7, 200443. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Xiong, N.; Wang, X.; Dai, X.; Dong, B. New insight into volatile sulfur compounds conversion in anaerobic digestion of excess sludge: Influence of free ammonia nitrogen and thermal hydrolysis pretreatment. J. Clean. Prod. 2020, 277, 123366. [Google Scholar] [CrossRef]

	



Dong, D.; Wang, R.; Geng, P.; Li, C.; Zhao, Z. Enhancing effects of activated carbon supported nano zero-valent iron on anaerobic digestion of phenol-containing organic wastewater. J. Environ. Manag. 2019, 244, 1–12. [Google Scholar] [CrossRef]

	



Ma, X.; Yu, M.; Song, N.; Xu, B.; Gao, M.; Wu, C.; Wang, Q. Effect of ethanol pre-fermentation on organic load rate and stability of semi-continuous anaerobic digestion of food waste. Bioresour. Technol. 2020, 299, 122587. [Google Scholar] [CrossRef]

	



Gu, J.; Liu, R.; Cheng, Y.; Stanisavljevic, N.; Li, L.; Djatkov, D.; Peng, X.; Wang, X. Anaerobic co-digestion of food waste and sewage sludge under mesophilic and thermophilic conditions: Focusing on synergistic effects on methane production. Bioresour. Technol. 2020, 301, 122765. [Google Scholar] [CrossRef] [PubMed]

	



Kong, X.; Yu, S.; Xu, S.; Fang, W.; Liu, J.; Li, H. Effect of Fe0 addition on volatile fatty acids evolution on anaerobic digestion at high organic loading rates. Waste Manag. 2017, 71, 719–727. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; Green, H.; Tao, W. Reversibility of propionic acid inhibition to anaerobic digestion: Inhibition kinetics and microbial mechanism. Chemosphere 2020, 255, 126840. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Yu, M.; Yang, M.; Gao, M.; Wu, C.; Wang, Q. Synergistic effect from anaerobic co-digestion of food waste and Sophora flavescens residues at different co-substrate ratios. Environ. Sci. Pollut. Res. 2019, 26, 37114–37124. [Google Scholar] [CrossRef] [PubMed]

	



Qin, Y.; Wu, J.; Xiao, B.; Hojo, T.; Li, Y. Biogas recovery from two-phase anaerobic digestion of food waste and paper waste: Optimization of paper waste addition. Sci. Total Environ. 2018, 634, 1222–1230. [Google Scholar] [CrossRef]

	



Ren, Y.; Wang, C.; He, Z.; Qin, Y.; Li, Y. Biogas production performance and system stability monitoring in thermophilic anaerobic co-digestion of lipids and food waste. Bioresour. Technol. 2022, 358, 127432. [Google Scholar] [CrossRef]

	



Yang, Y.; Zhang, Y.; Li, Z.; Zhao, Z.; Quan, X.; Zhao, Z. Adding granular activated carbon into anaerobic sludge digestion to promote methane production and sludge decomposition. J. Clean. Prod. 2017, 149, 1101–1108. [Google Scholar] [CrossRef]








[image: Fermentation 09 00818 g001] 





Figure 1. Variation in cumulative biogas yield with time for each group at different ISRs. 
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Figure 2. Mean methane concentration in each group at different ISRs. 
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Figure 3. Variation in pH and alkalinity in different ISRs for each group. 
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Figure 4. TAN concentration in each group under different ISRs. 
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Figure 5. (a) SCOD and (b) degradation rate of each group under different ISRs. 
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Figure 6. Variations in volatile fatty acids concentration in each group under different ISRs. 
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Figure 7. COD balance of each group at the initial and end stages of the AD process. 
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Table 1. Physicochemical characteristics of FW and sludge.
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	FW
	Sludge





	TS (%)
	26.30 ± 0.03
	3.73 ± 0.01



	VS (%)
	25.10 ± 0.03
	2.07 ± 0.03



	pH
	4.70 ± 0.07
	8.84 ± 0.05



	C * (%)
	46.80 ± 0.30
	30.80 ± 0.17



	N * (%)
	3.00 ± 0.25
	5.75 ± 0.15



	C/N
	15.60 ± 1.48
	5.35 ± 1.20



	H * (%)
	7.05 ± 0.07
	4.39 ± 0.04



	O * (%)
	31.40 ± 0.31
	22.40 ± 0.34







Note: * refers to dry basis.
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