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Abstract

:

This study was conducted in order to examine the impact of magnetite (Fe3O4), a conductive material capable of promoting direct interspecies electron transfer (DIET) among microorganisms, on the efficiency of anaerobic digestion in a plug flow reactor (PFR) using food wastewater (FW) as the substrate. The effects of recovering and replenishing magnetite discharged along with the digestate during continuous operation of the PFR were also evaluated. A PFR with a total volume of 17 L was utilized as the reactor for anaerobic digestion. The inoculum was obtained from Icheon Biogas Research Facility, which operated with a mixture of pig slurry and FW in a 7:3 (w/w) ratio. FW was used as the substrate (volatile solids (VS) content of 85,865 mg-VS/L). The PFR was set for operation at 39 °C, and after a stabilization period of approximately 82 days, the hydraulic retention time (HRT) was set at 40 days. The study was conducted in three stages: stage 1 (83~122 days), stage 2 (123~162 days), and stage 3 (163~202 days). For the maintenance of an organic loading rate of 2.12 kg-VS/m3/d, 0.3 L/d of substrate was added every 24 h, and analysis of an equal amount of discharged digestate was performed. The experimental treatments included a control without the addition of magnetite after the stabilization period, treatment (T1) with addition of magnetite (20 mM in digestate) and subsequent recovery and replenishment of magnetite on the discharge of digestate, and treatment (T2) with addition of magnetite (20 mM) without the replenishment of magnetite. Analytical parameters included the characteristics of the discharged digestate (pH, NH4+-N, chemical oxygen demand (CODCr), total volatile fatty acids (TVFAs), and alkalinity), and methane production (Mp). During the period of operation of the PFR after the stabilization period, no significant differences in pH and NH4+-N, based on the recovery and replenishment of magnetite, were observed, and a stably functioning PFR was observed. However, in stage 2, due to the increased degradation of organic matter caused by DIET, the CODCr of T1 and T2 decreased by 9.42% compared with the control. In stage 3, the magnetite content in the reactor in T2 decreased by a maximum of 9.42% compared to T1. In stage 3, the Mp for T2 was similar to that of the control, with a maximum discharge of magnetite of 3.06%, and the Mp decreased by 5.40% compared to T1. Regarding the ratio of methanogens in the community, the results of an analysis of the digestate from stage 3 showed an increase in the community of acetotrophic methanogens, specifically Methanosarcina. The findings of this study confirm that DIET was effectively promoted by maintaining the concentration of 20 mM magnetite in the PFR while using FW as a substrate.
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1. Introduction


Anaerobic digestion (AD) is a biological conversion process that occurs under anaerobic conditions, which involves the sequential transformation and conversion of organic matter to biogas, including CH4, by anaerobic microorganisms through hydrolysis, acidogenesis, acetogenesis, and methanogenesis [1]. In conventional AD processes, oxidation-reduction mediators, such as H2 and formate, are required for indirect interspecies electron transfer (IIET), for the transfer of electrons between acetogens and methanogens using their nutritional symbiotic relationship. However, for substrates with high organic loading rates and organic acid content, imbalances in the rates of each transformation stage and a reduction in pH due to acid accumulation can inhibit anaerobic microbial activity, leading to the decreased efficiency of AD [2].



Recent studies have reported that the efficiency of AD can be enhanced by promoting direct interspecies electron transfer (DIET) for substrates with high organic loading and organic acid content, through an improvement in degradation rates and the prevention of accumulation of organic acid [3,4,5]. Unlike IIET, DIET does not require electron carriers and involves the introduction of conductive materials into anaerobic digesters to enhance the efficiency of AD through direct electron transfer reactions among anaerobic microorganisms [2]. Materials capable of promoting DIET include iron-based conductive substances (magnetite, hematite, goethite, ferrihydrite, etc.) and carbon-based materials (granular activated carbon, biochar, carbon cloth, graphite, etc.). Magnetism is a characteristic of magnetite (Fe3O4), an iron-based conductive material, which can enable easy recovery during the discharge process of anaerobic digestate. Magnetite’s introduction into anaerobic digesters has been reported to enhance the efficiency of DIET by anaerobic microorganisms, due to its high conductivity [6,7,8]. AD studies involving the addition of conductive materials reported that the efficiency of AD varied depending on factors including the type of substrate, such as FW, livestock manure, and sewage sludge, the type of conductive material, and the input concentration. According to some reports, at certain concentrations or higher, excessive acceleration of the hydrolysis, acidogenesis, and acetogenesis phases can lead to inhibited production of CH4 [9,10,11]. In AD using FW, some studies have reported that, due to the high concentration of organic matter, rapid degradation by anaerobic microorganisms can lead to excessive accumulation of total volatile fatty acids (TVFAs), resulting in a sharp decrease in pH [12,13]. Methanogens, which play a critical role in the production of methane during AD, include acetotrophic methanogens (AMs) and hydrogenotrophic methanogens (HMs), whose community composition can vary based on environmental factors (pH, temperature, hydraulic retention time, and substrate) [14,15]. In AD, Methanimicrococcus spp. belongs to the HMs; Methanosarcina spp. is known for its versatility, but within the context of anaerobic digestions, it is commonly referred to as belonging to the AMs. Jung et al. [16] reported that the addition of magnetite, at a concentration of 20 mM in anaerobic digestion using sewage sludge, resulted in the rapid production of CH4 caused by the DIET effect of methanogens, leading to a significant dominance of the HM community. According to Baek et al. [17], continuous supplementation of magnetite is necessary during operation of a continuous anaerobic reactor with a substrate containing high concentrations of organic matter. In addition, Lee et al. [2] reported that introduction of FW as a substrate increased the rate of CH4 generation with the addition of magnetite, at concentrations exceeding 20 mM, due to the effect of DIET. It was believed that the DIET effect would vary due to the variation in the content caused by the discharge of magnetite from an anaerobic digester.



Therefore, in this study, a plug flow reactor (PFR) was employed, and FW was used as the substrate, and analysis of the effects of DIET, based on the recovery and supplementation of conductive material, specifically 20 mM magnetite, in relation to the characteristics of anaerobic digestate, daily methane production (Mp), and the composition of the methanogen community, was performed. The objective of this study was to determine whether magnetite can exert a DIET effect when high-concentration organic matter is used as the substrate in the operation of a PFR.




2. Materials and Methods


2.1. Inoculum and Food Wastewater


The inoculum used in this study was collected from a mesophilic (38 °C) anaerobic digester with a capacity of 20 m3/day, located in Icheon, Gyeonggi-do, Republic of Korea, where pig slurry and FW are treated in a 7:3 (w/w) ratio. The collected inoculum was subjected to a two-week mesophilic (38 °C) anaerobic digestion process to eliminate any remaining organic matter and gases. After this digestion, the physicochemical characteristics were analyzed (Table 1). The 300 L of FW utilized in this study was obtained from a food waste treatment facility located in Icheon. The substrate was divided into 20 L portions, stored at −20 °C, and each portion was thawed at 4 °C each time it was used. The physicochemical characteristics of the FW are shown in Table 1.




2.2. Continuous Anaerobic Digestion


A depiction of the continuous reactor used in this study is shown in Figure 1. The operational phases were designated as the stabilization period (~82 days), stage 1 (83~122 days), stage 2 (123~162 days), and stage 3 (163~202 days). The total volume of the PFR was 17 L. Three PRFs were employed in the study. Initially, 12 L of inoculum was introduced, and starting from the operational commencement date, FW was added daily while an equal amount of digestate was discharged and used for analysis. The pH of the inoculum was 7.97, the FW input was 300 mL/day at the same time every day, and the organic loading rate (OLR) was adjusted to 2.12 kg-VS/m3/day. The conductive material for enhancement of DIET, magnetite powder (Samchun, particle diameter below 5 μm, Korea, CAS NO: 1317-61-9) was added at a concentration of 20 mM (4.63 g/L) based on effective volume after the stabilization period. The experimental treatments included a control, T1 (addition of 20 mM magnetite with recovery and replenishment), and T2 (addition of 20 mM magnetite without replenishment). A magnet (Umagnet, Seoul, Korea) was used for recovery of the magnetite discharged along with the digestate, followed by washing three times with distilled water, drying, and weighing. Biogas was captured in a 30 L gas bag (Dong Bang Hitech, Seoul, Korea) and the measurement of gas production was performed using a flow meter (Kemik, Seoul, Korea). The volume of biogas generated was standardized by converting it under standard conditions (0 °C, 1 atm), as shown in Equation (1). In this equation, Vdry gas represents the volume of dry gas under standard conditions (0 °C, 1 atm), T indicates the operating temperature of the reactor, Vwet gas at T°C indicates the volume of humid gas at the reactor’s operating temperature (38 °C), P indicates the atmospheric pressure at the time of gas volume measurement, and PT indicates the saturated water vapor pressure at T°C (mmHg). In this study, P was 760 mmHg, and calculation of PT was based on the saturated water vapor pressure of water at 38 °C [18].


    V   d r y   g a s   =   V   w e t   g a s   a t   T ° C   ×   273   ( 273 + T )   ×   ( P −   P   T   )   760    



(1)








2.3. Analysis


The analysis of gas composition of biogas was performed using a gas chromatography (PerkinElmer, Boston, MA, USA) equipped with a thermal conductivity detector (TCD). A HayesepQ packed column (3 mm × 3 m, 80~100 mesh size) was used, and high-purity argon (Ar) gas was used as the carrier gas, with a flow rate of 30 mL/min. The analysis was performed under the following operating conditions: injector temperature at 150 °C, column oven temperature at 90 °C, and detector temperature at 150 °C [19]. Analyses of total solids (TS), volatile solids (VS), chemical oxygen demand (CODCr), soluble chemical oxygen demand (SCODCr), total Kjeldahl nitrogen (TKN), ammonium nitrogen (NH4+-N), alkalinity, total volatile fatty acids (TVFAs), and others were performed according to standard analytical methods [20].




2.4. DNA Extraction


Extraction of DNA was performed using a DNA extraction kit (Biofact, Seoul, Korea). For the extraction procedure, 200 μL of a solution containing 1% sodium dodecyl sulfate and 1% ethylenediaminetetraacetic acid (EDTA), along with 2 μL of lysozyme, was added to the microbial samples collected from digestate, and the mixture was incubated at 37 °C on a heat block for 30 min. A solution (200 μL) containing 5% Tris buffer, 5% Triton buffer, and 1% ammonium chloride was subsequently added, along with 5 μL of proteinase and 2 μL of RNase A. The mixture was heat-treated at 50 °C for 40 min, followed by further incubation at 70 °C for 15 min. Following this step, centrifugation (13,000× g, 10 min) was performed, with the addition of 200 μL of binding buffer to the upper layer. All liquids were centrifuged using a spin column tube (7000× g, 1 min), followed by two washes using wash buffer. The DNA was then diluted with DNA hydration solution (40 μL) and centrifugation was performed (13,000× g, 10 min) in order to obtain the final DNA.




2.5. Library Construction and Sequencing


The sequencing libraries were prepared according to the Illumina 16S Metagenomic. Sequencing library protocols were used for amplification of the V3 and V4 regions. The input gDNA 5 ng was amplified using PCR with 5x reaction buffer, 1 mM of dNTP mix, 500 nM each of the universal F/R PCR primer, and Herculase II fusion DNA polymerase (Agilent Technologies, Seattle, WA, USA). The cycle condition for the first PCR was 3 min at 95 °C for heat activation, and 25 cycles of 30 s at 95 °C, 30 s at 63 °C and 30 s at 72 °C, followed by a 5 min final extension at 72 °C. The universal primer pair with Illumina adapter overhang sequences used for the first amplifications were as follows:



16S 787F Amplicon PCR Forward Primer: 5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATTAGATACCCSBGTAGTCC



16S 1059R Amplicon PCR Reverse Primer: 5′ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCCATGCACCWCCTCT



The first PCR product was purified using AMPure beads (Agencourt Bioscience, Beverly, MA, USA), followed by amplification of 10 μL of the first PCR product, using PCR, for construction of the final library containing the index, using NexteraXT Indexed Primer. The cycle condition for the second PCR was the same as that used in the first PCR condition, except for 10 cycles. The PCR product was purified using AMPure beads. Quantification of the final purified product was then performed using qPCR according to the qPCR Quantification Protocol Guide (KAPA Library Quantification kits for Illumina Sequencing platforms) and qualification was performed using the TapeStation D1000 ScreenTape (Agilent Technologies). Sequencing was then performed using the MiSeq™ platform (Illumina, San Diego, CA, USA).




2.6. Statistical Analysis


Statistical analysis of the experimental results was performed using the GLM (general linear model) procedure from the SAS® software package (ver. 9.4, SAS Institute Inc., Cary NC, USA). Duncan’s multiple range test was performed to determine the significance (p < 0.05) of differences in means among treatments [21].





3. Results and Discussion


3.1. Changes in the Composition of Anaerobic Digestate and Methane Production


The results of the analysis of the digestate released during the operation of the continuous anaerobic digestion reactor, PFR, from stage 1 to stage 3, are shown in Table 2 and Figure 2. Throughout all stages, the pH within the PFR remained within an appropriate range of 7.71–7.80 (pH 7.7–8.2) [22]. The concentrations of NH4+-N, ranging from 3002 to 3488 mg/L, were consistent and did not reach levels that could affect the performance of the PFR [23]. The TVFAs/alkalinity within the PFR were maintained at levels between 0.04 and 0.11, well below the maximum value of 0.4, ensuring stable organic loading [24]. In stage 2, the addition of magnetite resulted in a significant reduction (p < 0.05) in CODCr for both T1 (3.02%) and T2 (4.50%) compared with the control, as well as a decrease in TVFAs by 35.33% and 35.40%, respectively. In stage 3, notable differences in the characteristics of the digestate were observed among treatment groups, and significantly higher CODCr (27,309 mg/L) and TVFAs (1418 mg/L) were observed for the control (p < 0.05). Compared with the control, T1 and T2 showed a reduction in CODCr, of 8.58% and 9.42% and 46.97% and 47.11% in TVFAs, respectively. The findings of one study indicated that operational time can be reduced, and that degradation of organic matter can be enhanced, with the use of the DIET effect, particularly at higher organic loading rates, within an anaerobic digestion reactor [25]. In this study, during stages 2 and 3, it was observed that, regardless of magnetite recovery and supplementation, the rate of organic degradation of substrate increased, leading to a reduction in CODCr. While the concentration of TVFAs in the control group increased by 7.37% and 10.01% in stages 2 and 3, respectively, compared to stage 1, reductions in TVFAs of 49.75% and 32.83%, respectively, were observed for T1 and T2 in stage 2, and 32.83% and 43.65%, respectively, in stage 3. This paradoxical reduction in TVFAs, despite the expected increase due to the DIET effect of magnetite, can be attributed to the faster conversion rates of TVFAs into CH4 and CO2 [6].



The analysis of Mp for each stage of operation of the PFR after the stabilization period is shown in Table 2. During stage 1, both T1 and T2 showed significantly higher Mp than the control (p < 0.05). In stage 1, the quantity of magnetite released from the reactor in T2 was negligible, accounting for only 0.97%. As a result, no substantial disparity in Mp was observed between T1 and T2, which showed increases of 2.67% and 2.59%, respectively, compared with the control group (p < 0.05). However, during stage 2, due to an increased loss of magnetite in T2 of 1.97%, its Mp was 3.19% lower than that of T1 and 2.23% higher compared with the control (p < 0.05). In stage 3, T1 showed the highest level of Mp at 10.92 L/day, an increase of 6.14% compared with the control (p < 0.05). However, the escalated loss of magnetite, totaling 3.06%, resulted in a 5.4% lower level of Mp compared to T1 and no significant difference from the control. Studies reported by Jing et al. [26] and Yin et al. [27] have suggested that enhancement of Mp can be achieved by the addition of magnetite during anaerobic digestion using glucose as a substrate. Kato et al. [6] reported increased Mp with the addition of magnetite (20 mM) in acetate-fed co-cultures of two anaerobic microorganisms compared with the control group. Similarly, Lee et al. [2] reported an increase in the production rate of CH4, CH4 yield, and substrate degradation rate when evaluating the effects of magnetite at levels ranging from 5 mM to 100 mM in pig slurry and FW substrate-fed anaerobic digestion; the increase was observed above a concentration of 20 mM. In comparison with the studies mentioned above, in stage 1, it was observed that an increase in Mp occurred regardless of magnetite loss and supplementation, compared with the untreated group. However, in stage 2, as the loss of magnetite increased in T2, a difference between T1 and T2 began to emerge. Subsequently, in stage 3, as the loss of magnetite in T2 reached 3.06%, Mp decreased to a level comparable with that of the control. Lee et al. [28] reported that, in continuous AD using high-concentration organic matter and supplemented with magnetite, consistent addition of magnetite is necessary for the maintenance of Mp. In the results of this study, during operation of the PFR, T2—where the loss of magnetite was not compensated for—showed a maximum decrease in magnetite content of 3.06% within the reactor compared to T1. Consequently, the concentration of magnetite within the PFR dropped to 19 mM. However, even at this level, its influence on Mp continued.




3.2. Microbial Community


During the 40-day period of operation of the PFR in stage 3, samples were collected by combining the anaerobic digestates from each treatment group. Subsequently, analyses of the differences in the methanogens community and bacterial community were performed separately. The microbial community was classified according to “Phylum” and “Genus”. In this study, the clusters representing less than 1.00% of the microbial community, in all treatment groups, were categorized as “other”. The results of analysis for the methanogens community in the anaerobic digestates for each treatment group are shown in Table 3, and the results of the analysis of the bacterial community are shown in Table 4. Within the PFR, at the phylum level of the methanogen community, a prominent presence of Candidatus Thermoplasmatota and Euryarchaeota was observed. Within the PFR, for the genus Candidatus Thermoplasmatota, only Methanomassiliicoccus was identified. Methanomassiliicoccus, a hydrogenotrophic methanogen classified as a HM, showed lower percentages in T1 (1.93%) and T2 (1.98%) compared with the control (9.78%). At the phylum level within the PFR, Euryarchaeota showed higher community proportions in T2 (97.65%) and T1 (97.20%) compared with the control (89.93%). At the genus level of Euryarchaeota, Methanoculleus, a hydrogenotrophic methanogen, showed the highest percentage in the control (87.99%), while it was lower in T1 (38.89%). In the same phylum, Methanosarcina, classified as an an AM, was not observed in the control, but showed higher community proportions in T1 (53.32%) than in T2 (23.82%). Baek et al. [25] previously reported a higher abundance of HMs (e.g., Methanomassiliicoccus) without the addition of magnetite in continuous anaerobic digestion, in agreement with the results of this study. Jang et al. [29] reported that in an anaerobic digestion reactor fed with FW, the analysis of the methanogen community showed that initially, AMs dominated at 81.3%. However, with the progression of time, the dominance of AMs showed a gradual decline, and an increase in HMs was observed. In this regard, Kim et al. [30] and Jang et al. [31] reported that in continuous anaerobic digestion, a transition from AMs to HMs occurs with the progression of time. In stage 3, where the anaerobic digestion time exceeded 80 days, except for in T1, the same results were observed for both the control and T2. In the results of this study, AMs were not observed in the control, while they were observed only in T1 and T2, where magnetite was added. In addition, as the concentration of magnetite in the reactor decreased, HMs showed an increase in T2 compared with AMs. Jung et al. [16] reported that when magnetite was utilized in anaerobic digestion, lower proportions were observed for the community of HMs, including Methanoculleus. Similarly, the results of this study showed that the Methanoculleus community showed the highest levels in the control, and among the treatments, higher levels were observed for T2 compared to T1, where the concentration of magnetite was maintained. Lei et al. [32] reported an increase in the Methanosarcina community with the addition of magnetite to an anaerobic digestion reactor, potentially due to the enhancement of DIET from the direct transfer of electrons from conductive materials. However, the findings of this study indicated that the Methanosarcina community decreased in T2, where the concentration of magnetite decreased compared to T1. No significant differences in the bacterial community within the anaerobic digestate of the PFR was observed among the treatment groups. Findings reported by Zheng et al. [33] demonstrated that use of high-concentration organic matter as a substrate and magnetite to confirm the DIET effect did not impact the structure of the microbial community.





4. Conclusions


The purpose of this study was to examine the enhancing effect of DIET through recovery and supplementation after addition of 20 mM magnetite, a conductive material, to a PFR using FW as the substrate. The objective was to determine the impact of the promotion of DIET on the characteristics of the anaerobic digestate, Mp, and MC. The stabilization period was conducted until pH, NH4+-N, and the level of TVFAs became consistent. Throughout operation of the PFR, pH and NH4+-N were maintained within an appropriate range regardless of magnetite addition or replenishment. TVFAs/alkalinity remained between 0.04 and 0.11, ensuring stable operation. However, after stage 2, the increased rate of organic degradation caused by DIET led to a reduction in CODCr of 9.42% and a reduction in TVFAs of 47.11% for both T1 and T2 compared with the control. These results are thought to have affected Mp as a DIET promotion. T1, where the input quantity of magnetite into the PFR was maintained at 20 mM, consistently showed the highest level of Mp in all stages, indicating the positive effect of DIET. However, in T2, where magnetite was discharged along with the digestate, the level of Mp decreased as the period of operation of the PFR was extended. In stage 3, there was a magnetite loss of 3.06%, and the levels of Mp observed for T2 were similar to those of the control. In Stage 3, in the methanogen community, the Methanosarcina community, which benefits from DIET through conductive materials, was highest in T1. In T2, due to the reduced concentration of magnetite within the PFR and the diminishing effect of DIET promotion, the presence of methanogens within the Methanosarcina genus was observed, but at a lower level compared to T1. In addition, it is expected that TVFAs will significantly decrease compared to the control, due to the increase in the proportion of Methoansarcina, AMs, and the increased utilization of acetate.). The findings of this study confirm that the use of FW as a substrate in the PFR while maintaining the concentration of 20 mM magnetite, can enhance anaerobic digestion. The conduction of additional research will be needed for the evaluation of concentrations of magnetite exceeding 20 mM, at which Mp can be sustained without additional supplementation.







Author Contributions


Conceptualization, C.-H.K.; methodology, S.-Y.K. and J.-H.L.; software, G.-S.B.; validation, G.-S.B. and Y.-M.Y.; formal analysis, S.-Y.K. and J.-H.L.; investigation, S.-Y.K. and J.-H.L.; resources, C.-H.K.; data curation, C.-H.K.; writing—original draft preparation, S.-Y.K.; writing—review and editing, C.-H.K.; visualization, J.-H.L.; supervision, C.-H.K.; project administration, C.-H.K.; funding acquisition, C.-H.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by the Korea Institute of Energy Technology Evaluation and Planning (KETEP) grant funded by the Korean government (MOTIE) (Project No. 2021202090056A).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that there are no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Laiq Ur Rehman, M.; Chang, C.C.; Li, W.; Ju, M. Anaerobic digestion. Water Environ. Fed. 2019, 91, 1253–1271. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.H.; Kim, T.B.; Kim, C.H.; Yoon, Y.M. Effects of magnetite(Fe3O4) as electrical conductor of direct interspecies electron transfer on methane yield of food wastewater. J. Korea Org. Resour. Recycl. Assoc. 2023, 31, 15–26. [Google Scholar]

	



Masahiko, M.; Nikhil, S.M.; Ashley, E.F.; Zarath, M.S.; Ludovic, G.; Amelia, E.R.; Camelia, R.; Derek, R.L. Potential for direct interspecies electron transfer in methanogenic wastewater digester aggregates. Am. Soc. Microbiol. 2011, 2, e00159-11. [Google Scholar]

	



Rotaru, A.E.; Shrestha, P.M.; Liu, F.; Shrestha, M.; Shrestha, D.; Embree, M.; Zengler, K.; Wardman, C.; Nevin, K.P.; Lovley, D.R. A new model for electron flow during anaerobic digestion: Direct interspecies electron transfer to Methanosaeta for the reduction of carbon dioxide to methane. Energy Environ. Sci. 2014, 7, 408–415. [Google Scholar] [CrossRef]

	



Baek, G.H.; Kim, J.A.; Kim, J.S.; Lee, C.S. Role and potential of direct interspecies electron transfer in anaerobic digestion. Energies 2018, 11, 107. [Google Scholar] [CrossRef]

	



Kato, S.; Hashimoto, K.; Watanabe, K. Microbial interspecies electron transfer via electric currents through conductive minerals. Proc. Natl. Acad. Sci. USA 2012, 109, 10042–10046. [Google Scholar] [CrossRef]

	



Zhao, Z.; Zhang, Y.; Woodard, T.L.; Nevin, K.P.; Lovley, D.R. Enhancing syntrophic metabolism in up-flow anaerobic sludge blanket reactors with conductive carbon materials. Bioresour. Technol. 2015, 191, 140–145. [Google Scholar] [CrossRef]

	



Zhuang, L.; Tang, J.; Wang, Y.; Hu, M.; Zhou, S. Conductive iron oxide minerals accelerate syntrophic cooperation in methanogenic benzoate degradation. J. Hazard. Mater. 2015, 293, 37–45. [Google Scholar] [CrossRef]

	



Moreno, A.G.S.; Cerón, N.E.; Hernández, V.A.; Eugenio, H.G.; Méndez, A.M.Á.; Solares, A.T. Enhancing methane yield of chicken litter in anaerobic digestion using magnetite nanoparticles. Renew. Energy 2020, 147, 204–213. [Google Scholar] [CrossRef]

	



Corona, A.M.F.; Reza, A.O.; Moreno, D.A. Biostimulation of food waste anaerobic digestion supplemented with granular activated carbon, biochar and magnetite: A comparative analysis. Biomass Bioenergy 2021, 149, 106105. [Google Scholar]

	



Li, D.; Song, L.; Fang, H.; Li, P.; Teng, Y.; Li, Y.Y.; Liu, R.; Niu, Q. Accelerated bio-methane production rate in thermophilic digestion of cardboard with appropriate biochar: Dose-response kinetic assays, hybrid synergistic mechanism, and microbial networks analysis. Bioresour. Technol. 2019, 290, 121782. [Google Scholar] [CrossRef] [PubMed]

	



Nagao, N.; Tajima, N.; Kawai, M.; Niwa, C.; Kurosawa, N.; Matsuyama, T.; Yusoff, F.M.; Toda, T. Maximum organic loading rate for the single-stage wet anaerobic digestion of food waste. Bioresour. Technol. 2012, 118, 210–218. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Su, H.; Baeyens, J.; Tan, T. Reviewing the anaerobic digestion of food waste for biogas production. Renew. Sustain. Energy Rev. 2014, 38, 383–392. [Google Scholar] [CrossRef]

	



Demirel, B.; Scherer, P. The roles of acetotrophic and hydrogenotrophic methanogens during anaerobic conversion of biomass to methane: A review. Rev. Environ. Sci. Bio/Technol. 2008, 7, 173–180. [Google Scholar] [CrossRef]

	



Akuzawa, M.; Hori, T.; Haruta, S.; Ueno, Y.; Ishii, M.; Igarashi, Y. Distinctive responses of metabolically active microbiota to acidification in a thermophilic anaerobic digester. Microb. Ecol. 2011, 61, 595–605. [Google Scholar] [CrossRef] [PubMed]

	



Jung, S.Y.; Kim, M.J.; Lee, J.Y.; Shin, J.H.; Shin, S.G.; Lee, J.Y. Effect of magnetite supplementation on mesophilic anaerobic digestion of phenol and benzoate: Methane production rate and microbial communities. Bioresour. Technol. 2022, 350, 126943. [Google Scholar] [CrossRef]

	



Baek, G.H.; Jung, H.J.; Kim, J.A.; Lee, C.S. A long-term study on the effect of magnetite supplementation in continuous anaerobic digestion of dairy effluent–magnetic separation and recycling of magnetite. Bioresour. Technol. 2017, 241, 830–840. [Google Scholar] [CrossRef] [PubMed]

	



Oh, S.Y.; Yoon, Y.M. Energy Recovery Efficiency of Poultry Slaughterhouse Sludge Cake by Hydrothermal Carbonization. Energies 2017, 10, 1876. [Google Scholar] [CrossRef]

	



Sørensen, A.H.; Nielsen, W.M.; Ahring, B.K. Kinetics of lactate, acetate and propionate in unadapted and lactate-adapted thermophilic, anaerobic sewage sludge: The influence of sludge adaptation for start-up of thermophilic UASB-reactors. Appl. Microbiol. Biotechnol. 1991, 34, 823–827. [Google Scholar] [CrossRef]

	



Rice, E.; Baird, R.; Eaton, A.; Clesceri, L. APHA (American Public Health Association): Standard Method for the Examination of Water and Wastewater; AWWA (American Water Works Association) and WEF (Water Environment Federation): Washington, DC, USA, 2012. [Google Scholar]

	



Duncan, D.B. Multiple range and multiple F tests. Biometrics 1955, 11, 1–42. [Google Scholar] [CrossRef]

	



Khanal, S.K. Anaerobic Biotechnology for Bioenergy Production. Principles and Application; Willey and Blackwell: Ames, IA, USA, 2008; pp. 161–186. [Google Scholar]

	



Van Velsen, A. Adaptation of methanogenic sludge to high ammonia-nitrogen concentrations. Water Res. 1979, 13, 995–999. [Google Scholar] [CrossRef]

	



Lili, M.; Biró, G.; Sulyok, E.; Petis, M.; Borbély, J.; Tamás, J. Novel approach on the basis of FOS/TAC method. Analele Univ. Oradea Fasc. Protecţia Mediu. 2011, 17, 713–718. [Google Scholar]

	



Baek, G.H.; Kim, J.A.; Lee, C.S. A long-term study on the effect of magnetite supplementation in continuous anaerobic digestion of dairy effluent—Enhancement in process performance and stability. Bioresour. Technol. 2016, 222, 344–354. [Google Scholar] [CrossRef]

	



Jing, Y.; Campanaro, S.; Kougias, P.; Treu, L.; Angelidaki, I.; Zhang, S.; Luo, G. Anaerobic granular sludge for simultaneous biomethanation of synthetic wastewater and CO with focus on the identification of CO-converting microorganisms. Water Res. 2017, 126, 19–28. [Google Scholar] [CrossRef]

	



Yin, Q.; Miao, J.; Li, B.; Wu, G. Enhancing electron transfer by ferroferric oxide during the anaerobic treatment of synthetic wastewater with mixed organic carbon. Int. Biodeterior. Biodegrad. 2017, 119, 104–110. [Google Scholar] [CrossRef]

	



Lee, J.H.; Lee, J.H.; Kim, S.Y.; Yoon, Y.M. Effect of Addition of Zero-Valent Iron (Fe) and Magnetite (Fe3O4) on Methane Yield and Microbial Consortium in Anaerobic Digestion of Food Wastewater. Processes 2023, 11, 759. [Google Scholar] [CrossRef]

	



Jang, H.M.; Kim, J.H.; Ha, J.H.; Park, J.M. Bacterial and methanogenic archaeal communities during the single-stage anaerobic digestion of high-strength food wastewater. Bioresour. Technol. 2014, 165, 174–182. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.I.; Bae, J.S.; Choi, O.K.; Ju, D.H.; Lee, J.M.; Sung, H.J.; Park, S.B.; Sang, B.I.; Um, Y.S. A pilot scale two-stage anaerobic digester treating food waste leachate (FWL): Performance and microbial structure analysis using pyrosequencing. Process Biochem. 2014, 49, 301–308. [Google Scholar] [CrossRef]

	



Jang, H.M.; Cho, H.U.; Park, S.K.; Ha, J.H.; Park, J.M. Influence of thermophilic aerobic digestion as a sludge pre-treatment and solids retention time of mesophilic anaerobic digestion on the methane production, sludge digestion and microbial communities in a sequential digestion process. Water Res. 2014, 48, 1–14. [Google Scholar] [CrossRef]

	



Lei, Y.; Wei, L.; Liu, T.; Xiao, Y.; Dang, Y.; Sun, D.; Holmes, D.E. Magnetite enhances anaerobic digestion and methanogenesis of fresh leachate from a municipal solid waste incineration plant. Chem. Eng. J. 2018, 348, 992–999. [Google Scholar] [CrossRef]

	



Zheng, S.; Yang, F.; Huang, W.; Lei, Z.; Zhang, Z.; Huang, W. Combined effect of zero valent iron and magnetite on semi-dry anaerobic digestion of swine manure. Bioresour. Technol. 2022, 346, 126438. [Google Scholar] [CrossRef] [PubMed]








[image: Processes 11 03001 g001] 





Figure 1. A schematic diagram of plug flow reactor operation. (The sample comes out from the culture medium outlet). 
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Figure 2. The effects of addition of magnetite on pH, TVFAs, and ammonium nitrogen in the plug flow reactor (T1: maintenance replenishment after addition of 20 mM magnetite compared to digestates; T2: only 20 mM magnetite added). 






Figure 2. The effects of addition of magnetite on pH, TVFAs, and ammonium nitrogen in the plug flow reactor (T1: maintenance replenishment after addition of 20 mM magnetite compared to digestates; T2: only 20 mM magnetite added).



[image: Processes 11 03001 g002]







 





Table 1. Chemical composition of inoculum and food wastewater.
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	Parameter
	
	Inoculum
	Food Wastewater





	pH
	-
	7.97 (±0.00)
	3.43 (±0.15)



	TS (1)
	mg/L
	42,900 (±299)
	100,721 (±2263)



	VS (2)
	mg/L
	24,250 (±111)
	85,865 (±1992)



	TKN (3)
	mg/L
	10,581 (±325)
	14,856 (±1423)



	NH4+-N (4)
	mg/L
	8631 (±68)
	383 (±96)



	CODCr (5)
	mg/L
	31,675 (±212)
	177,273 (±4775)



	SCODCr (6)
	mg/L
	22,360 (±294)
	117,315 (±3671)



	Alkalinity
	(as CaCO3)
	17,200 (±164)
	-



	TVFAs (7)
	(as acetate)
	1011 (±4)
	10,397 (±1550)







(1) Total solid, (2) volatile solid, (3) total Kjeldahl nitrogen, (4) ammonium nitrogen, (5) chemical oxygen demand, (6) soluble chemical oxygen demand, (7) total volatile fatty acids.













 





Table 2. Chemical characteristics of anaerobic digestate and daily methane production from addition of magnetite to plug flow reactor incubation at each stage.
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Operation Step

	
pH

	
NH4+-N (1)

	
TVFAs (2)

	
CODCr (3)

	
FOS/TAC (4)

	
Mr (5)

	
Mp (6)




	
(-)

	
(mg/L)

	
(mg/L)

	
(mg/L)

	
(-)

	
(%)

	
(L/day)






	
Stage 1 (7)

	
Control

	
7.71

	
3134

	
1289 b

	
27,004

	
0.09

	
-

	
10.92 b




	
T1 (10)

	
7.73

	
3202

	
1781 a

	
28,363

	
0.11

	
0

	
11.22 a




	
T2 (11)

	
7.74

	
3225

	
1331 b

	
28,262

	
0.08

	
0.97

	
11.21 a




	
SEM

	
0.02

	
102

	
82

	
55

	
-

	
-

	
0.07




	
p-value

	
<0.05

	
<0.05

	
<0.05

	
<0.05

	
-

	
-

	
<0.05




	
Stage 2 (8)

	
Control

	
7.79

	
3316

	
1384 a

	
27,504 a

	
0.10

	
-

	
10.50 c




	
T1

	
7.80

	
3488

	
895 b

	
26,266 b

	
0.07

	
0

	
11.09 a




	
T2

	
7.80

	
3218

	
894 b

	
26,673 b

	
0.06

	
1.97

	
10.74 b




	
SEM

	
0.01

	
161

	
111

	
427

	
-

	
-

	
0.04




	
p-value

	
<0.05

	
<0.05

	
<0.05

	
<0.05

	
-

	
-

	
<0.05




	
Stage 3 (9)

	
Control

	
7.80

	
3130 ab

	
1418 a

	
27,309 a

	
0.09

	
-

	
10.25 b




	
T1

	
7.80

	
3002 b

	
752 b

	
24,965 b

	
0.05

	
0

	
10.92 a




	
T2

	
7.79

	
3177 a

	
750 b

	
24,736 b

	
0.04

	
3.06

	
10.33 b




	
SEM

	
0.01

	
53

	
181

	
586

	
-

	
-

	
0.06




	
p-value

	
<0.05

	
<0.05

	
<0.05

	
<0.05

	
-

	
-

	
<0.05








ab Means with a different letter differed significantly between treatments (p < 0.05). SEM = standard error of the mean. (1) Ammonium nitrogen, (2) total volatile fatty acids, (3) chemical oxygen demand, (4) volatile organic acids/total inorganic carbon (alkalinity/TVFAs), (5) magnetite recovery rate, (6) daily methane production, (7) fermentation time during a period of 40 days from the 83rd to the 122nd day after operation of the plug flow reactor, (8) fermentation time during a period of 40 days from the 123rd to the 162nd day after operation of the plug flow reactor, (9) fermentation time during a period of 40 days from the 163rd to the 202nd day after operation of the plug flow reactor, (10) maintenance replenishment after addition of 20 mM magnetite compared to digestate (11) only 20 mM magnetite added.













 





Table 3. Taxonomic composition ratio of methanogens at the phylum and genus levels in anaerobic digestion with addition of magnetite.
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Phylum

	
Genus

	
Metabolic (1)

	
(%)




	
Control

	
T1 (4)

	
T2 (5)






	
Candidatus Thermoplasmatota

	
Methanomassiliicoccus

	
HMs (2)

	
9.78

	
1.93

	
1.98




	
Euryarchaeota

	
Methanoculleus

	
HMs

	
87.99

	
38.89

	
72.37




	
Methanimicrococcus

	
HMs

	
1.94

	
5.44

	
1.01




	
Methanosarcina

	
AMs (3)

	
0.00

	
53.32

	
23.82




	
Others (6)

	
-

	
0.29

	
0.42

	
0.83








(1) Metabolic pathway for methanogenesis (2) hydrogenotrophic methanogens, (3) acetotrophic methanogens, (4) maintenance replenishment after addition of 20 mM magnetite compared to substrate, (5) only 20 mM magnetite added, (6) less than 1% methanogens.













 





Table 4. Taxonomic composition ratio of bacteria at the phylum and genus levels in anaerobic digestion with addition of magnetite.
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Phylum

	
Genus

	
(%)




	
Control

	
T1 (1)

	
T2 (2)






	
Atribacterota

	
Atribacter

	
64.02

	
66.39

	
65.54




	
Bacillota

	
Capillibacterium

	
5.73

	
4.53

	
5.54




	
Thermanaeromonas

	
3.59

	
3.33

	
3.01




	
Syntrophaceticus

	
6.89

	
5.59

	
5.09




	
Keratinibaculum

	
2.42

	
2.54

	
2.36




	
Others (3)

	
17.35

	
17.62

	
18.46








(1) Maintenance replenishment after addition of 20 mM magnetite compared to substrate, (2) only 20 mM magnetite added, (3) less than 1% methanogens.
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