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Abstract

:

Direct interspecies electron transfer (DIET), which does not involve mediation by electron carriers, is realized by the addition of conductive materials to an anaerobic digester, which then activates syntrophism between acetogenic and methanogenic microorganisms. This study aimed to investigate the effect of the addition of two conductive materials, zero-valent iron (ZVI) and magnetite, on the methane production and microbial consortium via DIET in the anaerobic digestion of food wastewater. The operation of a batch reactor for food wastewater without the addition of the conductive materials yielded a biochemical methane potential (Bu), maximum methane production rate (Rm), and lag phase time (λ) of 0.380 Nm3 kg−1-VSadded, 15.73 mL day−1, and 0.541 days, respectively. Upon the addition of 1.5% ZVI, Bu and Rm increased significantly to 0.434 Nm3 kg−1-VSadded and 19.63 mL day−1, respectively, and λ was shortened to 0.065 days. Simultaneously, Methanomicrobiales increased from 26.60% to 46.90% and Methanosarcinales decreased from 14.20% to 1.50% as the ZVI input increased from 0% to 1.50%. Magnetite, at an input concentration of 1.00%, significantly increased the Bu and Rm to 0.431 Nm3 kg−1-VSadded and 18.44 mL day−1, respectively. However, although magnetite improves the efficiency of methanogenesis via DIET, the effect thereof on the methanogen community remains unclear.
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1. Introduction


As of 2020, the amount of food waste generated in Korea was reported to be 5,160,000 tons per year, with more than 95% of food waste being utilized as resources for feeding and composting processes [1]. These processes generate a large amount of food wastewater, which, because of its high organic content and high hydrolysis rates, is an excellent raw material for biogas production. Anaerobic digestion is an energy-efficient process as it consumes less energy and produces bioenergy as a final product. Notably, anaerobic digestion is also environmentally friendly because it is suitable for the decomposition of highly concentrated organic matter, such as food wastewater, and can minimize the generation of surplus sludge in the treatment process. Therefore, compared to other biological treatments or physical/chemical treatment technologies, anaerobic digestion is the preferred food wastewater treatment technology with regard to pollution prevention and renewable energy production [2].



Anaerobic digestion is a process in which organic matter is converted into biogas mainly composed of methane and carbon dioxide. The organic matter undergoes microbial chemical reactions (hydrolysis, acidogenesis, acetogenesis, and methanogenesis), in which various anaerobic microorganisms participate, in a reduced state in the absence of oxygen. Importantly, the stable anaerobic digestion of food wastewater requires the activity and reaction rates of the anaerobic microorganisms involved in hydrolysis, acidogenesis, acetogenesis, and methanogenesis to be balanced. In turn, the balancing of the microbial reaction rates in anaerobic digestion depends on the mechanism of syntrophy (cross feeding) between microorganisms in each reaction phase. In particular, the problems that typically arise in the operation of anaerobic digesters are due to the imbalance of nutrient symbiosis among microorganisms. Indirect interspecies electron transfer (IIET) is a form of syntrophism in which hydrogen or formate, which are products of acetogenic microorganisms, act as electron carriers between methanogenic microorganisms. In general, methanogenic microorganisms are sensitive to changes in environmental conditions, such as the concentration of organic acids, pH, temperature, and organic loading rates. Therefore, changes in these operational conditions within which anaerobic digesters operate affect the activity of methanogens, and for acetogenic microorganisms, the IIET mechanism is often found to be the problem. In particular, in the anaerobic digestion of highly concentrated biodegradable organic materials, such as food wastewater, hydrolysis, acidogenesis, and acetogenesis reactions proceed rapidly and lead to the accumulation of volatile fatty acids (VFAs). This phenomenon is problematic because it reduces the operational safety of anaerobic digesters. Specifically, the accumulation of these VFAs lowers the pH in the anaerobic digester, and the biogas conversion efficiency drops sharply owing to the inhibition of the IIET mechanism because of the decreased activity of the methanogens [3,4,5]. Therefore, the efficiency of anaerobic digestion is improved by promoting direct interspecies electron transfer (DIET) reactions, which do not depend on mediation by electron carriers such as hydrogen or formate, by adding conductive materials to anaerobic digesters [6,7].



Conductive materials that promote DIET include iron-based conductive materials, such as zero-valent iron (ZVI), magnetite, hematite, and ferrihydrite, and carbon-based conductive materials (biochar, carbon cloth, graphite, etc.). In iron-based conductive materials, iron occurs in various oxidation states (Fe0, Fe2+, Fe3+, etc.) [8,9]. The iron present in cytochromes, such as c-type cytochromes and F420H2 oxidase, plays an important role in methanogenesis [10,11]. In an anaerobic environment where alkaline conditions prevail, Fe0 is oxidized to Fe2+, and H+ is reduced in the presence of Fe0 with the production of H2 by hydrogenotrophic methanogens. Although hydrogen is produced, it is continually consumed by these methanogens; consequently, low hydrogen partial pressure is maintained [12]. In addition, Fe0 promotes the resistance of the methanogens to ammonia or acetic acid by increasing the number of ammonia-resistant Methanoculleus (hydrogenotrophic methanogen) species [13]. In addition, by promoting the DIET reaction, Fe0 can induce the accumulation of Syntrophomonas and Methanosaeta to improve methane production [14]. As such, electron transfer between acetogenic and methanogenic microorganisms can be activated by the addition of conductive materials, and the improvement of the DIET reaction’s efficiency prevents the accumulation of VFAs and induces efficient methane production, with an expected improvement in anaerobic digestion efficiency [15,16,17,18,19,20]. However, studies on DIET involving the addition of conductive materials have reported different anaerobic digestion enhancement efficiencies depending on the type of substrates, the type of conductive materials, the initial concentration of the additive in the digester, the timing of the addition, etc. Additionally, the acceleration of hydrolysis, acidogenesis, and acetogenesis inhibits methane production [21,22,23,24]. In particular, previous studies on DIET focused on evaluating the effect of the improvement of the methane yield by adding conductors, including granular activated carbon, biochar, ZVI, magnetite, hematite, and graphene, on the processing of simple substrates, such as glucose, propionate, and ethanol. There are a few studies on the application of the DIET reaction to the anaerobic digestion of organic waste such as sewage sludge and pig slurry. When 5–9 mg g−1-VS of ZVI nanoparticles was added to sewage sludge, the biochemical methane potential increased to a maximum yield of 0.238 Nm3 kg−1-VSadded [25], and it was reported of the semi-continuous anaerobic digestion of sewage sludge that a higher dose (4.33 g L−1) sustained positive effects for a longer time, along with higher methane content, and a marked increase in the relative abundance of members of the Methanothrix genus, which was recognized as an acetoclastic species showing high affinity for acetate [26]. Furthermore, the addition (at 42, 84, 168, and 254 mg-ZVI g−1-VSS) of ZVI nanoparticles at the time of methane production during the anaerobic digestion of pig slurry led to an increase in the average methane production rate of 165% and 94% in the thermophilic and mesophilic temperature ranges, respectively [27]. ZVI supplementation during the anaerobic digestion of ammonia-rich swine manure increased the efficiency of anaerobic digestion via the rapid growth of ammonia-tolerant hydrogenotrophic Methanoculleus species [13]. However, there are relatively few studies on the effect of ZVI on methane production during the anaerobic digestion of high-concentration organic matter such as food waste. In particular, because different types of food waste are present in varying compositions depending on the local food culture, each study has variable results, and there are hardly any studies on the application of DIET to food wastewater in Korea, whose food is characterized by its high starch and cellulose content but low protein and fat content [28]. Since the content of easily biodegradable organic matter is high in food waste, acid fermentation proceeds rapidly in the early stages of anaerobic digestion, which often causes operational problems in the anaerobic digestion of food waste. Therefore, DIET research may provide a technical alternative for the stabilization of food waste anaerobic digesters in Korea.



Therefore, herein, food wastewater, a major raw material for anaerobic digestion in Korea, was used as the substrate to characterize the DIET reaction in anaerobic digestion. In this study, we operated batch reactors by adding the conductive materials ZVI and magnetite. In addition, analyses of the methane yield (Bu), organic matter decomposition rate (VSr), and maximum methane production rate (Rm) enabled us to examine the effect of ZVI and magnetite, which are conductive materials involved in DIET, on the anaerobic digestion reaction rate of food wastewater. Next-generation sequencing (NGS) was used to analyze the characteristics of the microbial community in the anaerobic reactors according to the type and concentration of additives comprising conductive materials.




2. Materials and Methods


2.1. Materials


The food wastewater used in this study was collected from a food-waste-recycling facility in Icheon. The physicochemical properties and elemental analysis results of the food wastewater used in this study are shown in Table 1. TS and VS in food wastewater were 102,422 and 89,756 mg L−1, respectively.




2.2. Methane Production Potential


The food wastewater used in this study was collected from a food-waste-recycling facility in Icheon. The theoretical methane potential was calculated stoichiometrically, using Boyle’s (1976) equation for the decomposition reaction of organic matter (Equation (1)) based on the elemental analysis results of the published sample. Based on the complete equation for the decomposition reaction of organic matter, the formula for calculating theoretical methane potential (Equation (2)) was used.
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Biochemical methane potential (BMP) was evaluated by conducting a BMP assay [29]. The BMP of the control batch and that of the batches to which ZVI and magnetite were added were analyzed using an anaerobic batch reactor under medium temperature (38 °C) conditions. The anaerobic inoculum used in this study was collected from a biogas plant located in Icheon, and the physiochemical characteristics of the inoculum are presented in Table 2. The batch reactor used for the BMP test consisted of a 250 mL serum bottle, and food wastewater was added to the reactor while dispensing 125 mL of inoculum. The amount of food wastewater used as input was adjusted such that the ratio of volatile solids in the food wastewater to inoculum solution (S/I ratio) was 0.5. The conductive materials used as additives for DIET were ZVI powder (particle diameter of 44 μm or less) (Thermo Scientific, Waltham, MA, USA, CAS No. 7439-89-6) and magnetite (Fe3O4) powder (particle diameter of 5 μm or less) (Samchun Chemicals Co., Ltd., Seoul, South Korea, CAS No. 1317-61-9). The concentrations of conductive materials were 0.25, 0.50, 1.0, and 1.5% (2.5, 5.0, 10.0, and 15.0 mg/g-VS, respectively) for ZVI (and magnetite), and these values were based on the effective capacity of the batch reactor. A control group without ZVI and magnetite was created, and a blank test was performed to calibrate the biogas generated by the inoculum itself. Blank tests were repeated three times for all treatment groups. After filling the headspace with N2 gas, the batch reactor was completely sealed with a blue butyl rubber septum stopper and an aluminum crimp seal to maintain an anaerobic state. The contents of the anaerobic reactor were stirred once a day at 38 °C, and anaerobic digestion was carried out for 33 days in the convection incubator and manually mixed each day during the fermentation period.



The biogas that was generated was measured using a water column gas volume meter, and the generated biogas was converted to dry gas in the standard state (0 °C, 1 atm) by correcting the temperature and moisture level (as shown in Equation (3)) to obtain the cumulative methane production curve. In Equation (3), Vdry gas is the volume of dry gas under standard conditions (0 °C, 1 atm); T is the operating temperature of the reactor; Vwet gas at T °C is the volume of wet gas at the operating temperature of the reactor (T, 38 °C.); P is the atmospheric pressure at the time the volume of the gas was measured; and PT is the saturated water vapor pressure (mmHg) at T °C. In this study, P is considered to be 760 mmHg, and PT was calculated as the pressure of the saturated water vapor at 38 °C [30].
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The modified Gompertz model (Equation (4)) was employed to interpret the progress of cumulative methane production [31]. This enabled the cumulative methane production data to be optimized using these equations [32]. Particularly, the modified Gompertz model was applied for the estimation of the lag phase time and maximum methane production rate.


   M t  = P × exp   − e x p      R m  · e  P    λ − t   + 1      
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where Mt is the cumulative amount of methane production (mL), t is the anaerobic fermentation time (days), P is the final methane production (mL), e is the exp, Rm is the maximum methane production rate (mL/day), and λ represents the lag growth phase time (days).




2.3. Analysis of Microbial Consortium


2.3.1. DNA Extraction and Quantification


DNA was extracted using a DNA kit (GD141-050 Gram positive, Biofact, Korea) according to the manufacturer’s instructions. The extracted DNA was quantified using Quant-IT PicoGreen (Invitrogen).




2.3.2. Library Construction and Sequencing


Sequencing libraries were prepared according to the Illumina 16S Metagenomic Sequencing Library protocols to amplify the V5 and V6 regions. The input gDNA of 2 ng was PCR-amplified with 5x reaction buffer, 1 mM of dNTP mix, 500 nM each of the universal F/R PCR primers, and Herculase II fusion DNA polymerase (Agilent Technologies, Santa Clara, CA, USA). The reaction conditions for the 1st PCR cycle were as follows: 3 min at 95 °C for heat activation; then, 25 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C; and a 5 min final extension at 72 °C. The universal primer pair with Illumina adapter overhang sequences was used for the first amplifications as follows: V5-F: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′, and V6-R: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′. The 1st PCR product was purified with AMPure beads (Agencourt Bioscience, Beverly, MA). Following its purification, 2 µL of the 1st PCR product was amplified by PCR for final library construction containing the index using NexteraXT Indexed Primer. The cycle conditions for the 2nd PCR product were the same as those of the 1st PCR product except that 10 cycles were used. This PCR product was purified with AMPure beads. The final purified product was then quantified using qPCR according to the qPCR quantification protocol guide (KAPA Library Quantification kits for IlluminaSequencing platforms) and qualified using TapeStation D1000 ScreenTape (Agilent Technologies, Waldbronn, Germany). Paired-end (2 × 300 bp) sequencing was performed via Macrogen using the MiSeq™ platform (Illumina, San Diego, CA, USA).





2.4. Chemical Analysis


Elemental analysis (C, H, O, N, and S) was performed using an elemental analyzer (EA1108, Thermo Finnigan LLC, San Jose, CA, USA). The gas composition of the biogas was analyzed using gas chromatography machine (Clarus 680, PerkinElmer, Waltham, MA, USA) equipped with a thermal conductivity detector. A HayesepQ packed column (3 mm × 3 m, 80–100 mesh size) was used, and high-purity argon (Ar) gas was used as moving bed to perform the analysis at an injector temperature of 150 °C, a column oven temperature of 90 °C, and a detector temperature of 150 °C during operation at a flow rate of 30 mL/min [33]. The total solids (TS), volatile solids (VS), chemical oxygen demand (CODCr), soluble chemical oxygen demand (SCODCr), total Kjeldahl nitrogen (TKN) content, total ammonium nitrogen (NH4+-N) content, alkalinity, and total volatile fatty acids (TVFAs) were measured according to a standard analytical method [34]. The concentration of the solubilized Fe was determined in the digestate and the filtrate (from which TSS was removed) of digestate using inductively coupled plasma optical emission spectrometry (ICP-OES) (Avio 550 Max, PerkinElmer, USA).




2.5. Statistical Analysis


The statistical analysis of the results of this experiment was based on the general linear model of the SAS® program package (SAS ver. 9.4, SAS institute Inc., Cary, NC, USA), and the significant mean difference between treatments was determined using Duncan’s multiple-range test (p < 0.05) [35].





3. Results and Discussion


3.1. Methane Yield and Reaction Kinetics


The results of the experiments in which the methane yield was optimized via the addition of ZVI were calculated from the conducted BMP assay with the modified Gompertz model. These results are plotted in Figure 1, and the results of the analysis of the decomposition rate of organic matter for each treatment are presented in Table 3. The Bu, Rm, and lag phase of growth (λ) of the control groups were 0.380 Nm3 kg−1-VSadded, 15.73 mL day−1, and 0.541 days, respectively. For the group treated via the addition of ZVI at amounts of 0.25, 0.50, 1.00, and 1.50%, the calculated results are as follows: a Bu of 0.418, 0.423, 0.425, and 0.434 Nm3 kg−1-VSadded; an Rm of 19.09, 19.53, 20.32, and 19.63 mL day−1; and a λ of 0.352, 0.395, 0.364, and 0.065 days, respectively. The group treated with ZVI showed a statistically significant increase in methane yield as the ZVI concentration of the input increased. For the group to which 1.50% of ZVI was added, the Bu and Rm increased the most by 14.21% and 24.79%, respectively, and λ was 87.99% lower. Yuan et al. [36] reported that for the control group used in their study on the anaerobic digestion of food waste, the Rm and λ were 37.54 mL h−1 and 11.69 h, respectively, and when 10 g L−1 ZVI was added, the Rm increased to 51.88 and 50.30 mL h−1, respectively. The Rm increased by 38.20% during hydrolysis and acidogenesis and 33.99% during methanogenesis, while λ was found to be 5.00 and 6.73 h, which was shortened by 57.23 and 42.43%, respectively. In addition, it was reported that the reactor to which ZVI had been added contained a lower concentration of propionate than the control group, and the pH of the reactor increased as VFAs were consumed. Propionate, when accumulated in anaerobic reactors, is known to cause an imbalance in pH between the phases of acidogenesis and methanogenesis, which negatively affects the methanogenesis of anaerobic microorganisms. The addition of ZVI activates propionate’s enzymatic activities by reducing the Gibbs free energy of acetate-related enzymes by 8.0–10.2% and lowers the oxidation reduction potential to limit the production of propionate. By adding ZVI, the degradation rate of propionate increased by 12–34%, and an increase in propionic-utilizing bacteria and homoacetogenic bacteria has been previously reported [37].



Wang et al. [38] added 1.0 and 10.0 g L−1 of ZVI to a control group to improve the anaerobic digestion of waste-activated sludge. The level of methane production in the control group was reported to be 66.8 mL g−1-VSS and increased by approximately 33.6% to 89.2 mL g−1-VSS at 1.0 g L−1, whereas at 10.0 g L−1, the level of methane production decreased by approximately 42.1% to 28.1 mL g−1-VSS. Their study, therefore, concluded that the addition of ZVI generally increases methane production, but that excessive ZVI can inactivate anaerobic microorganisms because of the strong reducing power of iron. Moreover, iron corrosion causes the pH to deviate from the optimal pH in the digester, resulting in the inhibition of methane production [39,40,41]. Kong et al. [42] reported the following results. With respect to the anaerobic digestion of food waste with a high organic loading rate, the alkalinity and VFA/alkalinity of the digestive fluid in the group without ZVI were 15,875 mg-CaCO3 L−1 and 0.5 or more. However, upon treatment with ZVI, the alkalinity was in the range of 13,000–14,000 mg-CaCO3 L−1, and the VFA/alkalinity was maintained below 0.05, which improved the operational stability of the digester. Thus, the methanogens were activated even at low levels of ZVI during the anaerobic digestion of food waste, which effectively inhibited the acidification of the digester. This suggests that, in the case of a substrate such as food wastewater with a fast reaction rate during the hydrolysis, acidogenesis, and acetogenesis phases, operational problems are often attributable to the acidification of digesters. However, overcoming this operational problem is expected to greatly improve the operational safety of digesters by increasing the reaction rate in the methanogenic phase with the addition of ZVI.



In our study, the cumulative methane production curves of the group treated with magnetite and optimized with the modified Gompertz model are shown in Figure 2, and the results of the analysis of the decomposition reaction rates of organic matter for each treatment group are presented in Table 4. At input concentrations of 0.25, 0.50, 1.00, and 1.50%, the group to which magnetite was added had Bu values of 0.411, 0.412, 0.431, and 0.419 Nm3 kg−1-VSadded; Rm values of 15.94, 16.48, 18.44, and 18.26 mL day−1; and λ values of 0.469, 0.600, 0.673, and 0.650 days (p < 0.05). The methane yield of this group was the highest at an input concentration of 1.0%. At this concentration, the Bu and Rm increased by 10.26 and 16.08%, respectively, compared to the control group, while the λ was prolonged by 20.15%. Zhang et al. [43] reported that the Rm increased due to the activation of hydrogenotrophic methanogen by the addition of conductive materials; however, in the early stages of anaerobic digestion, the hydrogen partial pressure in the reactor remained high due to accelerated hydrogen production and the temporary inhibition of the activation of hydrogenotrophic methanogen, thereby prolonging the λ. Their results support those of our study. The efficiency of the DIET reaction was determined by using various substrates to which magnetite was added as a conductor. Jing et al. [44] reported that the addition of 0, 0.01, 0.10, and 1.00 g L−1 of magnetite to propionate as a substrate yielded 38.6 mL of methane and an Rm of 3.0 mL day−1 for the control group. For the group treated with magnetite, methane production increased to 41.6, 40.7, and 42.7 mL, respectively, and the maximum methane production rate increased to 4.1, 4.3, and 4.1 mL day−1, thus corroborating the results of our study. However, Jing et al. showed that the increase in Bu and Rm during the anaerobic digestion of propionate was the greatest when magnetite was added at a very low input concentration of 0.01 g L−1, which differs from the results of our study. The food wastewater used as a substrate in our study has more complex substrate characteristics, including proteins, fats, etc., when compared with propionate. Therefore, in the case of propionate, even relatively low magnetite input concentrations markedly increased the Bu and Rm. In addition, Yin et al. [45] reported that when magnetite was added at 10 g L−1 and a substrate comprising a mixture of soluble starch and tryptone was used, the lag phase growth was reduced by 20% compared to the control group and the Rm increased by 6.2%, and the COD removal rate increased by 23.8% in this process. Wang et al. [18] reported that when magnetite was added during the anaerobic digestion of sewage sludge at 0, 10, 50, and 100 mg g−1-TS, the cumulative methane production of the group treated with magnetite increased after 20 days of reactor operation. However, the methane production did not increase when the magnetite input was increased. In contrast, another study reported that treatment with >50 mg g−1-TS of magnetite increased the Rm. These previous studies led us to conclude that, in the case of composite substrates such as sewage sludge, the promotional effect of DIET as a result of the addition of various amounts of magnetite is unclear.



Nonetheless, many researchers have reported an increase in the efficiency of the DIET reaction via the addition of magnetite, while various inhibitory effects have also been observed. Akturk and Demier [46] reported that the addition of magnetite to food wastewater yielded a Bu of 293.0 mL g−1-VS for the control group, yet the methane potential was reduced by 33.6 and 9.7% when magnetite with initial concentrations of 2.0 and 5.0 g/L was added. In addition, Straub et al. [47] reported that in anaerobic digestive fluid analysis, the sample group treated with ferrihydrite accumulated 10 mM of iron ions, whereas the groups to which magnetite and hematite were added accumulated less than 2 mM of iron ions. The high redox potential of ferrihydrite and the dissociative reduction of iron for the oxidation of electron donors (acetate, H2) inhibit methane production. Thus, the results of various studies suggest that the efficiency of the DIET reaction with the addition of conductive materials differs depending on the types of the substrates employed and the characteristics of the composition. Even the same iron-based conductive materials affected the efficiency of the DIET reaction differently, depending on the type and structure of the conductor.




3.2. Microbial Community


At the end of the BMP assay, the changes in the anaerobic microbial community were analyzed by using NGS on the anaerobic digestion sludge of the control group and the groups to which ZVI and magnetite had been added. The results of this analysis were summarized at the order and genus levels in the anaerobic microbial classification system (Figure 3 and Figure 4). Analysis of the community distribution of methanogens with 0, 0.25, 0.50, 1.00, and 1.50% ZVI at the level of the order showed that the proportion of Methanomicrobiales increased to 26.60, 32.00, 39.50, 45.90, and 46.90%, whereas that of Methanosarcinales decreased to 14.20, 4.80, 2.70, 1.50, and 1.50% and that of Methanobacteriales decreased to 8.10, 5.60, 3.30, 2.20, and 2.20%. In addition, the quantity of Methanomassiliicoccales decreased to 1.60, 1.30, 0.80, 0.80, and 0.70%. In particular, the quantity of Thermoanaerobcaterales involved in acetogenesis increased to 9.80, 13.70, 13.70, 10.70, and 10.00%, and Eubacteriales showed characteristics of a colonization level to 14.70, 11.30, 5.50, 5.10, and 5.30%. Analysis of the community characteristics of methanogens at the level of genus showed that the quantity of Methanoculleus increased to 26.50, 32.00, 39.50, 45.90, and 46.90% with an increase in ZVI concentration, while that of Methanosarcinas decreased to 12.80, 4.00, 2.20, 1.00, and 1.10%. The microbial distribution of Methanosphaera, Methanobrevibacter, and Methanomassiliicoccus decreased. The Thermanaeromonas involved in acetogenesis showed proportions of 9.50, 13.40, 13.60, 10.70, and 9.90% for ZVI concentrations of 0, 0.25, 0.50, 1.00, and 1.50%, respectively, and the microbial distribution of Clostridium and Pelotomaculum decreased with an increasing ZVI concentration. Methanoculleus, Methanosphaera, Methanobrevibacter, and Methanomassiliicoccus have been reported to be hydrogenotrophic methanogens that use H2 and CO2 as substrates, and Methanosarcinas have been reported to be mixotrophic methanogens producing CH4 via CO2-reducing, methylotrophic, or acetotrophic pathways [48]. Based on these encouraging results, we added ZVI as a conductor for DIET, and resultantly, the microbial distribution of hydrogenotrophic methanogen increased significantly, whereas the microbial distribution of acetotrophic methanogen showed relatively less pronounced cluster characteristics. The distributions of acetate-producing bacteria (Thermanaeromonas, Clostridium, and Pelotomaculum) with methanogen and syntrophism were 18.10, 20.30, 16.70, 13.00, and 12.10% when ZVI was added in concentrations of 0, 0.25, 0.50, 1.00, and 1.50%, respectively. However, because of the continuous increase in the Bu and Rm with the increase in the initial amount of ZVI, the changes in the microbial distribution of acetate-producing bacteria (Thermanaeromonas, Clostridium, and Pelotomaculum) did not affect the DIET reaction. The group subjected to magnetite treatment showed neither an increasing nor a decreasing tendency for the generation of specific microorganisms in response to the concentration of the magnetite additive compared to the control group and ZVI.



Table 5 shows the results of the analysis of the solubilized Fe content in the ZVI and magnetite treatment groups after the BMP assay was completed. Characteristically, the total solubilized Fe content and the soluble Fe content were high in the ZVI treatment group. Several methanogens can utilize ZVI as the sole electron donor [49], and methanogens can obtain electrons from ZVI faster than via hydrogen consumption [50]. In subsequent studies, ZVI was found to have beneficial effects on AD, including the stimulation of key enzymes in the acidification process and methanogenesis and a reduction in oxidation-reduction potential (ORP). Especially, ZVI can also produce H2 by corrosion (Fe0 + 2H2O → Fe2+ + H2 +2OH−) [51]. H2 is necessary for CO2 conversion during methanogenesis. Therefore, ZVI was more easily oxidized than magnetite and showed a higher degree of solubilization. These oxidation characteristics of ZVI can provide a beneficial environment for hydrogenotrophic methanogen; for this reason, it is considered that the abundance of Methanomicrobiales, which are known as a hydrogenotrophic methanogen, increased with the ZVI treatment group to a greater extent than that of the magnetite treatment group.



The increase in the microbial distribution of hydrogenotrophic methanogen with ZVI input has been reported by several researchers, and Yuan et al. [36] reported that when 10 g L−1 ZVI was added to the anaerobic digestor of food waste, the number of Methanobacterium (hydrogenotrophic methanogen) increased by 11.12% compared to the control group on day 31 of decomposition, and the energy recovery efficiency improved by promoting the rates of the methane production reactions. Studies on the DIET-promoting effects of various substrates other than food waste have also been reported. For example, Zheng et al. [52] added 5 g L−1 of ZVI and magnetite to pig slurry. The methane potentials of the group to which ZVI and magnetite were added were 94.7 and 98.8 mL g−1 -VS, amounting to an increase of 17.6 and 22.7%, respectively, compared to the control group (80.5 mL g−1 -VS), and clearly demonstrating the increase in the methane potential enabled by conductive materials. At this time, the quantities of Methanothrix (acetotrophic methanogen) and Methanolinea (hydrogenotrophic methanogen) in the control group increased by 31.3 and 7.4%, respectively, whereas they increased by 37.5 and 8.6%, respectively, for the group treated with ZVI. In contrast, the colonization characteristics of the group to which magnetite had been added did not significantly depend on the concentration of the additive, which is similar to the results in the current study. In addition, Zhao et al. [53] showed that during the anaerobic digestion of sewage sludge, the colony distribution of the hydrogenotrophic methanogen in the control group was 31.8%, and when treated with 5 g L−1 of ZVI, magnetite, and ZVI + magnetite, the colony distributions of the hydrogenotrophic methanogen were 43.8, 12.9, and 6.1%, respectively. Reportedly, treatment with magnetite resulted in a decrease in the distribution of hydrogenotrophic methanogen. When amounts of 0, 5, and 10 g L−1 of biochar were added to food waste for anaerobic digestion, the colony distributions of Methanosarcina thermophila (mixtrophic methanogen) increased to 4.89, 6.15, and 10.30%, and those of Methanoculleus receptaculi (hydrogenotrophic methanogen) increased to 1.79, 5.66, and 6.22%, respectively, thereby increasing the overall methanogen colony distribution [54]. However, it was reported that a 5 g L−1 biochar input increased the diversity of the microbial colonization, whereas an input concentration of 10 g L−1 caused the populations of certain microbial colonies to decrease, thereby reducing the diversity of microbial colonization. According to these studies, the use of ZVI as a conductive material was accompanied by an increase in the colonization of hydrogenotrophic methanogen. However, the results of different studies suggest that the characteristics of microbial colonization varied with different conductive materials, input concentrations, and types of raw materials. Changes in microbial colonization characteristics are not necessarily affected by the promotion of DIET. Several research groups have reported colonization analyses of methanogens during the anaerobic digestion of food wastewater.



Jang et al. [55] reported that during the operation of batch anaerobic digesters for food wastewater, the portion of the Methanosarcinales colony (mixotrophic methanogen) decreased from 81.3% in the early stages of anaerobic digestion to 54% in the later stage, while Methanomicrobiales (hydrogenotrophic methanogen) increased from 11% in the initial stage of anaerobic digestion to 25% in the later stage. Lee et al. [56] reported that Methanoculleus (hydrogenotrophic methanogen) accounted for 78.6% of the distribution in the operation of a continuous anaerobic digester of food wastewater, while that of Methanosarcina (mixotrophic methanogen) amounted to 1.2%. This indicates that the colony distribution of a methanogen during the anaerobic digestion of food waste also varies with the duration of the operation of the anaerobic digester. Therefore, the increase in the colony distribution of the hydrogenotrophic methanogen with respect to the addition of conductors for the anaerobic digestion of food may be a general trend in the operation of anaerobic digesters. The characteristics of the colonization change in the anaerobic food digester and the increase in the colony distribution of the hydrogenotrophic methanogen in response to the addition of a conductor are believed to be related.





4. Conclusions


With regard to the anaerobic digestion of organic matter, various syntrophic mechanisms are involved in the reaction stages of microorganisms. Of these mechanisms, DIET is a syntrophic mechanism that promotes electron transfer between acetogenic and methanogenic microorganisms by using conductive materials as mediators. In general, the anaerobic digestion of biodegradable organic matter such as food is problematic because the methane production phase is inhibited by the accumulation of organic acid, and the pH decreases due to the high rates of hydrolysis, acidogenesis, and acetogenesis. These problems adversely affect the operational stability of anaerobic digesters in commercialized biogas production facilities and, in turn, are major factors that cause these digesters to malfunction. An effective approach with which to alleviate these problems is to bolster the electron transfer reaction via DIET by adding conductors to increase the reaction rates of methanogens and promote the consumption of the substrate generated during acetogenesis, thereby maintaining the operational stability of the anaerobic digester. In particular, DIET is highly advantageous because it is a metabolic control method that can improve the methane production efficiency and operational stability of currently available anaerobic digesters without the incorporation of a separate process. This motivated our study, whose objective was to determine the effect of the addition of ZVI and magnetite on the anaerobic digestion efficiency and community characteristics of anaerobic microorganisms during the anaerobic digestion of food wastewater generated in Korea. In the ZVI treatment group, the Bu and Rm increased by 14.21 and 24.79%, respectively, and the Bu and Rm increased by 10.26 and 16.08%, respectively, in the magnetite treatment group, indicating that the addition of ZVI and magnetite significantly increased the methane production and reaction rates of anaerobic digestion. In addition, with respect to the characteristics of the microbial community, as the input concentration of ZVI increased, the distribution of hydrogenotrophic methanogen increased, and the distribution of acetotrophic methanogen decreased. Thus, the community characteristics of the methanogen changed with the promotion of the DIET reaction, although the change of these characteristics in response to the treatment with magnetite was unclear. Therefore, the use of ZVI and magnetite as additives in the anaerobic digestion of food wastewater was evaluated as a method of improving the operational stability of an anaerobic digester. However, ZVI had a DIET-promoting effect that affected the community characteristics of the methanogen, whereas with magnetite, the DIET-promoting effect did not affect these characteristics. Therefore, the extent to which ZVI, as a more efficient conductor than magnetite, changes the community characteristics of the methanogen was evaluated in terms of the operational stability of anaerobic digesters. However, the results of this study were obtained using a batch reactor. In particular, depending on the researchers, the degree of DIET promotion and the change in the characteristics of the microbial community were reported for different experimental conditions. Therefore, to apply the DIET promotion technology to commercialized biogas production facilities, it would be necessary to verify the reproducibility of the improvement in the methane production efficiency according to the addition of conductors. In addition, further research would be required to assess the expression of the DIET promotion effect and the conditions for expression in a continuous reactor.
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Figure 1. Methane yield curves optimized by the modified Gompertz model at different concentrations of zero-valent iron, Fe0 (ZVI). 
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Figure 2. Methane yield curves optimized by the modified Gompertz model for the addition of different concentrations of magnetite (Fe3O4). 
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Figure 3. Taxonomic compositions of methanogens at the order level (a) and genus level (b) in the group treated with the additive zero-valent iron (Fe0), as retrieved from pyrosequencing (H, M, and A denote hydrogenotrophic methanogen, mixotrophic methanogen, and acidogenic bacteria, respectively). 
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Figure 4. Taxonomic compositions of methanogens at the order level (a) and the genus level (b) in the group treated with magnetite (Fe3O4), as retrieved from pyrosequencing (H, M, and A denote hydrogenotrophic methanogen, mixotrophic methanogen, and acidogenic bacteria, respectively). 
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Table 1. Chemical composition and theoretical methane potential of food wastewater.






Table 1. Chemical composition and theoretical methane potential of food wastewater.





	
Parameter

	
Food Wastewater






	
pH (-)

	
3.53




	
TS 1 (mg/L)

	
102,422




	
VS 2 (mg/L)

	
89,756




	
TKN 3 (mg/L)

	
3870




	
NH4+-N 4 (mg/L)

	
381




	
CODCr 5 (mg/L)

	
166,333




	
SCODCr 6 (mg/L)

	
5474




	
TVFAs 7 (mg/L as acetate)

	
7657




	
Elemental composition

(wt.%, d.b. 8)

	
C

	
46.70




	
H

	
6.53




	
O

	
3.27




	
N

	
34.60




	
S

	
0.00








All data correspond to the average values from three replicates (n = 3). 1 Total solid, 2 Volatile solid, 3 Total Kjeldahl nitrogen, 4 Ammonium nitrogen, 5 Chemical oxygen demand, 6 Soluble oxygen demand, 7 Total volatile fatty acids, 8 and Dry basis.
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Table 2. Chemical composition of inoculum.






Table 2. Chemical composition of inoculum.





	
Parameters

	
pH

(-)

	
TS 1

	
VS 2

	
TKN 3

	
NH4+-N 4

	
CODCr 5

	
SCODCr 6

	
Alkalinity

(mg L−1 as CaCO3)

	
TVFAs 7

(mg L−1 as Acetate)




	
(mg L−1)






	
Inoculum

	
8.36

	
20,767

	
9511

	
3467

	
2746

	
6017

	
4930

	
12,975

	
41








All data correspond to the average value from three replicates (n = 3). 1 Total solid, 2 Volatile solid, 3 Total Kjeldahl nitrogen, 4 Ammonium nitrogen, 5 Chemical oxygen demand, 6 Soluble chemical oxygen demand, and 7 Total volatile fatty acids.
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Table 3. Analysis of methane yield characteristics via the modified Gompertz model at different concentrations of zero-valent iron, Fe0 (ZVI).
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Parameters

	
Control

	
Zero-Valent Iron Concentration (%)




	
0.25

	
0.50

	
1.00

	
1.50






	
Bu 1 (Nm3 kg−1-VSadded)

	
0.380 c

	
0.418 b

	
0.423 ab

	
0.425 ab

	
0.434 a




	
Rm 2 (mL day−1)

	
15.73 c

	
19.09 b

	
19.53 ab

	
20.32 a

	
19.63 ab




	
λ 3 (days)

	
0.541 a

	
0.352 b

	
0.395 b

	
0.364 b

	
0.065 c




	
Bth 4 (Nm3 kg−1-VSadded)

	
0.437

	
0.437

	
0.437

	
0.437

	
0.437




	
VSr 5 (%)

	
86.95

	
95.72

	
96.73

	
97.28

	
99.45








All data correspond to the average value from three replicates (n = 3). The mean values denoted by different letters differ significantly between treatments (p < 0.05). 1 Biochemical methane potential, 2 Maximum methane production rate, 3 Lag phase of growth, 4 Theoretical methane potential, and 5 Degree of degradation (Bu/Bth X100).
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Table 4. Analysis of methane yield characteristics by the modified Gompertz model at different concentrations of magnetite (Fe3O4).
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Parameters

	
Control

	
Magnetite Concentration (%)




	
0.25

	
0.50

	
1.00

	
1.50






	
Bu 1 (Nm3 kg−1-VSadded)

	
0.380 c

	
0.411 b

	
0.412 b

	
0.431 a

	
0.419 b




	
Rm 2 (mL day−1)

	
15.73 b

	
15.94 b

	
16.48 b

	
18.44 a

	
18.26 a




	
λ 3 (days)

	
0.541 ab

	
0.469 b

	
0.600 ab

	
0.673 a

	
0.650 a




	
Bth 4 (Nm3 kg−1-VSadded)

	
0.437

	
0.437

	
0.437

	
0.437

	
0.437




	
VSr 5 (%)

	
86.95

	
94.05

	
94.28

	
98.65

	
95.95








All data correspond to the average value from three replicates (n = 3). a–c Mean values denoted by different letters differ significantly between treatments (p < 0.05). 1 Biochemical methane potential, 2 Maximum methane production rate, 3 Lag phase of growth, 4 Theoretical methane potential, and 5 Degree of degradation (Bu/Bth X100).
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Table 5. Concentration of the solubilized Fe in the ZVI and the magnetite (Fe3O4) treatment groups.
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Treatments

	
Solubilized Fe




	
Soluble 1 Forms

	
Total 2 Forms






	
ZVI concentration

(%)

	
0.25

	
27.0 (0.1) 3

	
530.4 (3.3)




	
0.50

	
38.0 (0.3)

	
690.1 (1.4)




	
1.00

	
30.1 (0.0)

	
606.3 (1.3)




	
1.50

	
34.3 (0.0)

	
703.6 (1.1)




	
Magnetite concentration

(%)

	
0.25

	
24.9 (0.1)

	
175.0 (0.1)




	
0.50

	
23.5 (0.2)

	
182.0 (0.8)




	
1.00

	
24.9 (0.1)

	
254.6 (0.8)




	
1.50

	
25.3 (0.0)

	
214.9 (0.9)








1 Fe determined in the filtrate of digestate, 2 Fe determined in the digestate, and 3 Standard deviations (n = 3).
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