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Abstract

:

The influence of magnetite nanoparticles, granular activated carbon (GAC), and biochar, as well as their combinations on the anaerobic digestion of chicken manure and the structure of microbial communities was studied. The addition of magnetite, GAC, and biochar increased the rate of methane production and the total methane yield. It has been observed that these additives stimulated anaerobic microorganisms to reduce the concentration of accumulated volatile organic acids. Various bacterial species within the classes Bacteroidia and Clostridia were found at higher levels in the anaerobic reactors but in different proportions depending on the experiment. Members of the genera Methanosarcina, Methanobacterium, Methanothrix, and Methanoculleus were mainly detected within the archaeal communities in the anaerobic reactors. Compared to the 16S rRNA gene-based study, the mcrA gene approach allowed a higher level of Methanosarcina in the system with GAC + magnetite to be detected. Based on our findings, the combined use of granular activated carbon and magnetite at appropriate dosages will improve biomethane production.
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1. Introduction


Anaerobic digestion is an attractive and widely used technology to maximize the metabolic ability of microorganisms to convert the organic fraction of various organic wastes into biogas. Enclosed biogas reactors can prevent potential greenhouse gas emissions and odors. A significant amount of manure is formed annually in the world, the uncontrolled decomposition of which can lead to a deterioration in the quality of the atmosphere, pollution of soil, and contamination of water resources. However, manure as a suitable substrate for the anaerobic digestion process has already received a large amount of attention due to its high moisture content, availability of organic matter, and other various important compounds. Anaerobic digestion is clearly a more appropriate technology for the treatment of animal waste, as it converts waste into bioenergy while addressing the manure pollution problem and energy scarcity [1,2,3]. Thus, biomethane released from anaerobic reactors can be further used for the local production of heat and electricity [4]. In addition, CO2 from biogas and nutrients from digestate can be used to produce algal biomass [5,6,7].



As the commercial opportunities for selling chicken meat expand, global chicken farming is on the rise, followed by a significant production of chicken wastes. Treatment of chicken manure through the anaerobic digestion process is becoming increasingly common as an important component in the search for sustainable energy sources. This technology further stabilizes this waste and minimizes its impact on the environment and ecological systems [8,9]. However, anaerobic digestion of such a substrate with a high content of undigested protein and uric acid often leads to process instability due to the accumulation of ammonium and free ammonia. This leads to reduced methane production, fluctuations in pH and alkalinity, and accumulation of organic acids [10,11]. Anaerobic digestion of such substrates also leads to the formation of sulfides, which are not only toxic to various microorganisms, but additionally form complexes with metals, leading to a decrease in the bioavailability of trace elements necessary for the activity of microorganisms [12]. Despite this, many positive factors continue to drive the development of commercial biogas plants to operate on nitrogen-rich substrates, requiring different solutions and new strategies to address the associated challenges.



Anaerobic digestion of biomass is divided into four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Anaerobic digestion is a complex microbial process in which fermentative bacteria transform complex organic substances into various simple metabolites, including acetic acid, molecular hydrogen, formic acid, and methanol, which are ultimately utilized by methanogenic archaea [13]. However, this syntrophy may be impaired due to the accumulation of inhibitory metabolites. For example, high concentrations of volatile fatty acids (VFAs), including acetic, propionic, and butyric acids, can acidify the content of anaerobic reactors, leading to inhibition of the activity of the methanogenic communities [14,15]. In recent years, it has been demonstrated that an effective approach to enhance the methanogenic transformation of various VFAs is the process with the addition of conductive materials [16,17,18,19,20,21]. Among the explanations for the optimization of anaerobic biomass conversion using conductive materials, the researchers note the provision of direct interspecies electron transfer (DIET) between bacteria, which are involved in the decomposition of organic matter, and archaea, which directly produce methane. The process in which electrons transfer directly from electron donors to electron acceptors via microbial nanowires or non-biological conductive materials in anaerobic systems (e.g., iron oxides, GAC, and biochar) is called DIET. The introduction of these conductive materials to anaerobic digesters may ultimately stimulate the more efficient degradation of various VFAs into biomethane under acidic conditions [14], high ammonium concentrations [19,21], and different temperature conditions [14,15,16,17,18,19,20,21]. However, little research has been conducted to date on the effects of adding various conductive additives, either alone or together, on the anaerobic digestion of nitrogen-rich chicken manure.



Therefore, in the presented study, the effect of magnetite, GAC, and biochar on the anaerobic conversion of chicken manure was investigated. The 16S rRNA genes of bacteria and archaea as well as mcrA genes of methanogenic archaea have also been characterized to describe the structure of microbial communities in these anaerobic systems. The results obtained in this study will contribute to the improvement of the anaerobic digestion of chicken manure in practice.




2. Materials and Methods


2.1. Substrate, Inoculum, and Additives


Chicken manure with a total solids (TS) content of 64.6 ± 0.47% and a volatile solids (VS) content of 52.2 ± 0.51% used for the anaerobic digestion tests was obtained from a local chicken farm (the Republic of Tatarstan, Russia). The collected chicken manure was then stored at +4 °C. The digestate used as an inoculum in the experiments was obtained from a mesophilic (38 °C) laboratory-scale biogas reactor processing cow manure. The inoculum for the first batch tests had the TS content of 3.65 ± 0.12% and the VS content of 2.56 ± 0.10%. The inoculum for the second batch tests had the TS content of 4.36 ± 0.12% and the VS content of 2.69 ± 0.11%. Magnetite (Fe3O4) nanopowder (50–100 nm particle size, Sigma–Aldrich, St. Louis, USA), granular activated carbon produced from coconut shell via physical and chemical activation (GAC; 0.5–2.4 mm particle size; Germany), and biochar produced from bark-free wood via pyrolysis (1.0–5.0 mm particle size; Russia) were used in this study.




2.2. Anaerobic Digestion Experimental Design


Anaerobic digestion batch assays were performed using AMPTS II Light complete systems (Bioprocess Control, Sweden) at 38 °C in 2000 mL glass vessels with a working volume of 1600 mL for 25–30 days. During the first experiments, the 2000 mL flasks contained 45 g of chicken manure, 1320 g of inoculum, and 235 g of tap water (the final TS content of 5% was achieved). The ratio of inoculum to substrate was 33.79 g/23.47 g (1.44; calculated as VS). In another series of experiments, the concentration of chicken manure was almost doubled. Thus, during the second experiments, the 2000 mL flasks contained 89.5 g of chicken manure, 1240 g of inoculum, and 270.5 g of tap water (the final TS content of 7% was achieved). The ratio of inoculum to substrate was 33.36 g/46.71 g (0.71; calculated as VS). Blank rectors were also used to compensate for the level of CH4 generated by the inoculum itself. The control reactors were operated without any additives. Magnetite (50 mg per 1 g of TS), GAC (5.0 g L−1), and biochar (5.0 g L−1) were added separately to the experimental reactors. The dosage of additives was chosen based on the best performance shown by us recently [15,20], but for other substrates. In addition, magnetite and GAC, as well as magnetite and biochar, were also combined to observe their mutual influence on the anaerobic digestion of chicken manure. All anaerobic digestion experiments were conducted in duplicate. Before the start of the experiments, the anaerobic reactors were purged with N2 for 2 min to remove O2. All anaerobic reactors were agitated at 60 rpm for 1 min with a 3 min rest interval.




2.3. Analytical Methods


Total solids, volatile solids, pH, volatile organic acids (VOA), and total ammonia nitrogen (TAN) were measured following standard methods as explained in detail previously [20,21]. Samples for these analyses were periodically collected, and the analyses were repeated three times. The amount of CH4 generated by the AMPTS II Light instruments was adjusted to standard conditions. The methane content in biogas was periodically measured using a Clarus 580 gas chromatograph (Perkin Elmer, Singapore).




2.4. Microbial Community Analysis


The microbial communities’ structure in the reactors of the second batch tests on day 6 was characterized by molecular methods targeting 16S rRNA and mcrA genes, as explained in detail previously [15,20]. Only one replicate from duplicate treatments was analyzed. Briefly, a FastDNA spin kit for soil (MP Biomedicals, Irvine, CA, USA) was applied to extract the total DNA. Bacterial 16S rRNA gene fragments were amplified with the primers Bakt_341F (5′-CCT ACG GGN GGC WGC AG-3′) and Bakt_805R (5′-GAC TAC HVG GGT ATC TAA TCC-3′). Archaeal 16S rRNA gene fragments were amplified with the primers Arch349F (5′-GYG CAS CAG KCG MGA AW-3′) and Arch806R (5′-GGA CTA CVS GGG TAT CTA AT-3′). Moreover, the primers mlas (5′-GGT GGT GTM GGD TTC ACM CAR TA-3′) and mcrA-rev (5′-CGT TCA TBG CGT AGT TVG GRT AGT-3′) were used to amplify the mcrA gene of methanogenic archaea. Amplicon sequencing was conducted using an Illumina MiSeq system with 2 × 300 bp reads. The sequence data were then analyzed as detailed previously [15,20,21,22] and available on request.




2.5. Statistical Analysis


Tukey method and 95% confidence were used to compare differences (Minitab software version 20.2.0, State College, PA, USA).





3. Results and Discussion


3.1. Process Stability and Methane Generation (TS Content of 5%)


According to our preliminary experiments on the changes in total methane production and methane flow rates caused by different concentrations of magnetite, GAC, and biochar (data not shown), these additives were tested at optimal concentrations during the anaerobic conversion of chicken manure, considering the stimulating effect and further practical application. Thus, five different conditions were controlled during the experimental period: control reactors (C1), reactors supplemented with Fe3O4 (M1), reactors supplemented with GAC (G1), reactors supplemented with GAC and magnetite (GM1), and reactors supplemented with biochar (B1). The biogas reactors were operated for 25 days, and four samples were obtained to analyze the parameters of the process.



Figure 1 demonstrates the CH4 production from all anaerobic systems. As can be observed, CH4 was efficiently produced in all experiments. This indicated that the chicken manure was suitable for the anaerobic digestion process, though these wastes generated lower levels of methane compared with our previous research [21]. After a very short lag phase (several hours), the anaerobic reactors started producing CH4 and nearly finished within 25 days. The addition of Fe3O4, GAC, and biochar increased the CH4 production rate. The mean specific methane production (SMP) from the C1, M1, G1, GM1, and B1 reactors achieved 105 mL g−1VS, 116 mL g−1VS, 114 mL g−1VS, 131 mL g−1VS, and 119 mL g−1VS on day 11, correspondingly (Figure 1a). Significant differences (at α = 0.05) in final SMP values were observed in the absence and presence of different additives (except for M1).



The average maximum peaks of CH4 production in all five experiments during the first week of experiments were 316 mL (C1), 335 mL (M1), 340 mL (G1), 379 mL (GM1), and 353 mL (B1), respectively, and the corresponding time was day 4 (Figure 1b). The average maximum peaks of CH4 production in all five experiments during the second week of experiments were 263 mL (C1), 269 mL (M1), 313 mL (G1), 327 mL (GM1), and 288 mL (B1), and the corresponding time was day 13 (for C1), day 12 (for M1, G1, and B1), and day 11 (for GM1). In the group with GAC + magnetite, most of CH4 was generated by day 12, whereas in the control group, most of CH4 was produced only by day 15. These results indicate that the addition of magnetite, GAC, and biochar to the anaerobic reactors results in an increase in the rate of CH4 production, with GAC and magnetite, when used jointly, being the most active compounds. Thus, the maximum methane production rate from the GM1 reactors significantly increased (at α = 0.05) by 20% compared to the C1 reactors. Finally, these supplements also improved the ultimate production of methane (Figure 1c).



Figure 2 shows the pH, VOA, and TAN values in biogas reactors. Throughout the process, the mean pH values in the anaerobic digesters initially decreased from ~7.7 to 7.2–7.4 (on day 3), but finally achieved the values of ~7.5, as shown in Figure 2a. The lowest pH values were observed in C1 on day 3. In addition, temporal changes in volatile organic acids (VOA) concentrations were observed (Figure 2b). It has been observed that VOA consumption by microorganisms is clearly dependent on the addition of various supplements. The addition of magnetite, GAC, and biochar reduced the cumulative VOA concentrations during the anaerobic digestion period, with the GAC/magnetite being more active compounds. Thus, the mean acid capacity in the anaerobic digesters with additives was in the range of 2.4–2.6 g L−1, whereas in control experiments it was 2.8 g L−1 (on day 3). This indicates that the CH4-forming activity in the control batch tests was lower at the beginning of the treatments. Finally, most of the organic acids in all batch tests were efficiently converted to biomethane. It should be additionally noted that some organic acids were derived from the inoculum.



Our results are in line with the results of a number of other research works that have indicated the effectiveness of the utilization of organic acids by microbes in the presence of additives such as magnetite [15,17], GAC [16,18,21], and biochar [23,24], but in other biogas-producing anaerobic systems.
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Figure 1. Impact of various additives on specific CH4 production (SMP; (a)), CH4 flow rate (MFR; (b)), and total CH4 production (TMP; (c)) during anaerobic digestion of chicken manure (TS of 5%). Means that do not share a letter are significantly different (c). 
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Figure 2. Impact of various additives addition on pH changes (a), volatile organic acids (VOA) concentrations (b), and total ammonia nitrogen (TAN) concentrations (c) during anaerobic digestion of chicken manure (TS of 5%). 
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Anaerobic digestion of chicken manure was accompanied by the accumulation of TAN (Figure 2c). Comparable TAN values were detected in all reactors (1.3–1.4 g L−1 on day 25). The toxicity of ammonium should not substantially impact the methanogenic communities’ activity in our systems because the concentrations of NH4+-N in all batch tests were comparable, and these concentrations are usually observed in well-performed biogas generating reactors [25].




3.2. Process Stability and Methane Generation (TS Content of 7%)


In this series of experiments, the TS content in the reactors was increased to 7%. Compared with the low solids anaerobic digestion process, high solids anaerobic digestion is more feasible due to the relatively higher loading rate, higher methane yield, smaller footprint, and lower energy consumption. Six different conditions were monitored during the entire period: control reactors (C2), reactors supplemented with magnetite (M2), reactors supplemented with GAC (G2), reactors supplemented with GAC and magnetite (GM2), reactors supplemented with biochar (B2), and reactors supplemented with biochar and magnetite (BM2). The mesophilic reactors were operated for 30 days, and four samples were obtained from each batch test to analyze the process parameters.



Figure 3 illustrates the CH4 yield from the chicken manure-containing anaerobic systems in the absence/presence of various additives. After a few hours, the anaerobic digesters began to produce CH4 and almost finished their work in 30 days. The addition of Fe3O4, GAC, and biochar, as well as their combinations, increased the CH4 production rate. After two days of anaerobic digestion, the GAC/magnetite-containing reactors generated more CH4 than other systems. Thus, the average SMP from the reactors C2, M2, G2, GM2, B2, and BM2 reached 93 mL g−1VS, 108 mL g−1VS, 108 mL g−1VS, 126 mL g−1VS, 107 mL g−1VS, and 107 mL g−1VS on day 14, correspondingly (Figure 3a). Significant differences (at α = 0.05) in final SMP values were observed in the absence and presence of different additives.



The maximum two peaks of CH4 generation in all six anaerobic systems (C2, M2, G2, GM2, B2, and BM2) were 448/352 mL, 546/428 mL, 497/419 mL, 666/497 mL, 515/385 mL, and 575/392 mL, accordingly, and the corresponding times were the days 9/17 (for C2), days 8/16 (for M2), days 8/15 (for G2), days 6/13 (for GM2), and days 7/16 (for B2, BM2) (Figure 3b). In group with GAC + magnetite, most of CH4 was generated by day 15, whereas its production tended to plateau on day 18 and 20 in other additives-containing groups and control group, respectively. These results indicate that the addition of magnetite, GAC, and biochar increases the rate of CH4 production, with GAC and magnetite being the most active supplements when used together. Thus, the maximum methane production rate from the GM2 reactors significantly increased (at α = 0.05) by 48% compared to the C2 reactors. Finally, these additives also improved the ultimate production of methane (Figure 3c).



During the experiments, the mean pH values in the anaerobic digesters first dropped from ~7.7 to 7.3–7.4 (on day 4), but then achieved the final values of ~7.6 (Figure 4a). In addition, temporal changes in VOA concentrations were observed (Figure 4b). The utilization of VOA by microbes has been influenced by the addition of various additives. The addition of Fe3O4, GAC, and biochar, as well as their combinations, significantly decreased the concentrations of cumulated VOA during the whole anaerobic digestion period, with the GAC/Fe3O4 being more active additives. For example, the mean acid capacity in the C2, M2, G2, GM2, B2, and BM2 achieved 4.4 g L−1, 4.3 g L−1, 4.1 g L−1, 2.6 g L−1, 4.2 g L−1, and 3.7 g L−1, respectively (on day 7). This shows that CH4-generating microbial activity in the reactors containing no additives was lower at the beginning of the batch tests. Finally, during the anaerobic process, most of the accumulated acids in all reactors at the beginning of the tests were effectively utilized by microorganisms. Anaerobic digestion of chicken manure also resulted in the accumulation of high amounts of TAN (Figure 4c). Higher substrate concentration resulted in higher ammonia levels (final 2.6–3.0 g L−1 of TAN depending on the reactor).
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Figure 3. Impact of various additives on SMP (a), MFR (b), and TMP (c) during anaerobic digestion of chicken manure (TS of 7%). Means that do not share a letter are significantly different (c). 
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Our results are consistent with the positive effects of GAC, biochar, and magnetite on CH4 production during the anaerobic digestion of different other substrates as reported in several other works [15,16,17,18,19,20,21,26,27]. Yang et al. [16] indicated that the addition of GAC to biogas reactors (33.3 g L−1) enhanced the CH4 production by 17.4% over the course of anaerobic sludge digestion. Capson-Tojo et al. [18] showed that activated carbon (10 g L−1) in biogas reactors promoted biomass acclimatization. This led to the improvement in the consumption of acetic acid and an increase in the production of CH4 from food wastes. Ziganshina et al. [20] demonstrated the effectiveness of the addition of GAC (5–10 g L−1) on anaerobic digestion of beet pulp and distillers grains with solubles.



The effects of dairy manure-derived biochar (at concentrations of 1–10 g L−1) on anaerobic digestion of dairy manure under psychrophilic, mesophilic, and thermophilic conditions was additionally investigated by Jang et al. [23]. Fagbohungbe et al. [26] studied the effect of wood biochar, coconut shell biochar, and rice husk biochar, as well as biochar ratios, on the anaerobic digestion of citrus peels. Both collectives reported that the addition of biochar to biogas reactors shortened the length of the lag phase and stimulated the CH4 production at higher levels. Significant improvements in CH4 production have been noted for all types of biochar.



Wang et al. [17] reported that the addition of magnetite nanoparticles (50 mg per 1 g of TS) to biogas reactors decreased the short-chain fatty acids concentration and enhanced the CH4 generation during anaerobic digestion of high-solids sewage sludge. Furthermore, Suanon et al. [27] used iron nanoparticles (0.5% and 1%) for the anaerobic digestion of sludge. The authors demonstrated that the addition of Fe3O4 (at a level of 0.5%) enhanced the production of biogas and improved stabilization of metals in the digestion mixture. Similarly, various iron-bearing minerals also affect the biodegradation of different xenobiotics [28].



The physical characteristics of GAC and biochar stimulate the formation of biofilms on their surfaces. This can increase the resistance of microorganisms to different toxic compounds and, finally, can increase microbial activity [26,29]. Moreover, conductive carbon-containing materials, such as GAC and biochar, as well as magnetite particles, have been shown to promote DIET, accelerating the anaerobic digestion process [30]. Thus, it can be assumed that a better understanding of the mechanisms of DIET will eventually lead to improvements in the design of anaerobic biogas reactors, which will contribute to the DIET mechanism and further improve the anaerobic digestion process. However, this efficacy must be evaluated with the application of more substrates and anaerobic microorganisms to clarify the anaerobic process in more detail.




3.3. Microbial Community Structure in Series of Experiments with TS of 7%


In this study, the effect of separate addition of magnetite, coconut-based granular activated carbon, and wood-derived biochar, as well as the effect of the combined addition of GAC and magnetite, biochar and magnetite into anaerobic reactors on bacterial and archaeal communities during anaerobic digestion of chicken manure was additionally investigated (in the exponential phase of methanogenesis). Only one replicate from duplicate treatments was analyzed.



A total of 374,567 high-quality bacterial 16S rRNA gene sequences were generated, with an average of 62,428 reads per sample (from 42,171 to 86,652) by using an Illumina sequencing platform. Operational taxonomic units (OTUs) in samples from the reactor C2 (without any additives) and the experimental reactors M2, G2, GM2, B2, and BM2 were obtained based on relative abundance >0.01%. Alpha diversity indices were calculated on the OTU level to estimate the diversity and richness of the bacterial community in each sample. Data are summarized in Table 1. Lower bacterial diversity in the sample from the reactor without any additives was observed.



The predominant phyla present in samples from the control and experimental reactors were identified as members of the Bacteroidetes and Firmicutes with a wide range of abilities such as hydrolysis, and fermentation with the production of organic acids and some gases. Members of these groups appear to be important representatives of the bacterial communities in the anaerobic digestion of chicken manure, and this is consistent with other studies [8,31].



The relative abundance of bacterial classes in all samples is shown in Figure 5. The most abundant classes in the sample from the control reactor C2 were Bacteroidia (48%) and Clostridia (29%). These classes also prevailed in all reactors with additives: the relative abundance of Bacteroidia reached 42–54%, while the relative abundance of Clostridia achieved 22–33%. Other classes included Fibrobacteria, Bacilli, Deltaproteobacteria, Gammaproteobacteria, Spirochaetia, Synergistia, Verrucomicrobiae, Cloacimonadia, and some others. Like the control reactor, the reactors with supplements showed only small taxonomic shifts on the class level, which can highlight the robustness of the core microbiome.



To reveal differences in the relative abundance of bacteria and to suggest their possible functions, the taxonomic distribution of bacterial communities was determined on the genus level. Figure 6 demonstrates a heatmap of the relative abundance of the most common bacterial genera detected in the samples, including samples from the control treatment and treatments with magnetite, GAC, biochar, and their combinations.



All reactors were characterized by the predominance of Bacteroidales UCG-001 within Bacteroidia. The order Bacteroidales is known for its involvement in the hydrolysis, acidogenesis, and acetogenesis steps [32,33]. Fermentimonas, Proteiniphilum, and uncultured members of the family Dysgonomonadaceae (Bacteroidales) were slightly higher in the reactor with the simultaneous addition of GAC and magnetite (compared to the control reactor) as the most active supplements in our experiments (+31.0%, +29.0%, and +21.4%, respectively). The main fermentation products of members of the genera Fermentimonas and Proteiniphilum are acetic acid and propionic acid [34]. It should be noted that the relative abundance of these microbes was also higher in the other experimental reactors (with the exception of B2 for the genera Fermentimonas and Proteiniphilum). Interestingly, an increased abundance of members of Proteiniphilum could promote methane production by accelerating the rate of propionate degradation [35] and its potential electroactivity, as it has been described as a member of electroactive consortia [36]. Among other representatives of the bacterial community, the level of which slightly increased in the reactor with the simultaneous addition of GAC and Fe3O4 (compared to the control reactor), we observed several members of the taxa Marinilabiliaceae, Paludibacteraceae, LNR A2-18, Christensenellaceae R-7 group, Romboutsia, and Ruminococcaceae. Thus, a comparative taxonomic variability of samples of the experimental reactors on the genus level was noted; however, the introduction of agents did not lead to a sharp change in the taxonomic profile, which may indicate the stability of the composition of bacterial communities. However, the relative abundance of a bacterial group does not reflect its absolute abundance.



To reveal the microorganisms responsible for the final stage of the anaerobic process the taxonomic distribution of archaeal communities and the diversity of methanogens were also determined. A total of 378,147 high-quality archaeal 16S rRNA gene sequences were obtained, and the average number of reads per sample was 63,024 (from 38,430 to 91,651). Alpha diversity indices are presented in Table 1. The number of archaeal OTUs was almost identical in all batch tests.



The dominant archaeal classes observed in our experiments were Methanomicrobia and Methanobacteria. This is consistent with the data of other works reporting the predominance of these groups of methanogens during anaerobic digestion of chicken manure [21,37,38]. Other observed phyla were Thermoplasmata within Euryarchaeota (ranging from 2 to 7%) and Bathyarchaeia within Crenarchaeota (in the range of 7–9%). Recent findings indicate that the phylogenetic diversity of methanogens may be much higher, with the inclusion of archaeal phyla outside the Euryarchaeota such as Bathyarchaeia [39,40], which allows us to note that the archaeal communities in our reactors included a wide variety of methanogens. The archaeal community structure analysis showed that the most dominant order was Methanosarcinales (ranging from 50 to 57%) followed by Methanobacteriales (in the range of 21–26%) in all reactors. The archaeal community structure on the genus level is shown in Figure 7.



In all samples, Methanosarcina was the most dominant genus (from 43 to 51% of relative abundance). These archaea are often abundant in the reactors during anaerobic digestion of nitrogen-rich manure [21,38] and generate CH4 using each of the known methanogenic pathways [41]. The relative abundance of the strong acetoclastic genus Methanothrix was lower than that of the genus Methanosarcina in all treatments, considering the relatively higher tolerance of members of the genus Methanosarcina to high levels of organic acids and ammonium [41]. Moreover, some species of the genera Methanosarcina and Methanothrix can also participate in the DIET mechanism [42,43]. Representatives of the genera Methanobacterium and Methanoculleus were also found in all reactors, indicating that they are the key participants in hydrogenotrophic methanogenesis under various conditions. Other studies have also identified these genera as widespread methanogens in different anaerobic biogas-producing systems [21,44].



In the case of the control reactor and the reactor GM2, methanogenic consortia were additionally investigated by the mcrA gene amplicon high-throughput sequencing approach (Figure 8). Thus, more than 60 thousand high-quality mcrA gene sequences were obtained for both samples. The mcrA gene approach allowed a higher level of Methanosarcina and a lower level of Methanothrix and Methanobacterium in the reactor with the addition of GAC and magnetite to be detected. The relative abundance data received by using the mcrA gene give better results, since data obtained with the use of the 16S rRNA gene approach are more biased because of the different copy numbers of rRNA operons in different archaeal taxa, while mcrA is a single-copy gene in most methanogenic archaea.



There is now an increasing focus on adding carbonaceous materials, zerovalent iron, and iron oxide minerals such as magnetite to anaerobic systems because these additives can increase CH4 production without any modification to existing anaerobic systems. It was noted that the enhancement of methanogenesis is mediated, among other factors, by the enhancement of direct interspecies electron transfer between representatives of anaerobic microbial communities [45,46,47,48]. However, the response to the addition of additives is not universal, as the negative impact of the addition of individual additives on microbial communities and the anaerobic process has been reported [29,49]. Thus, the effect of supplements considered in the context of DIET on the structure and activity of anaerobic communities is still under investigation. It has recently been demonstrated that the composition of microbial communities, and hence the metabolic pathways during anaerobic digestion, differ depending on different types of conductive materials and the type of substrate used, as well as various process parameters [20,21,46].





4. Conclusions


In summary, our results show that the addition of magnetite nanopowder, GAC, and biochar into biogas reactors has a positive effect on the process of anaerobic digestion of chicken manure. Although the addition of magnetite, GAC, and biochar improved methanogenic performance, the reactors with the combined addition of GAC and magnetite functioned better than other systems. Thus, the maximum methane production rate from these reactors increased significantly up to 48% compared to the control reactors. Taxonomic profiles indicate that both bacterial and archaeal communities involved in the anaerobic conversion of chicken manure in the absence/presence of various additives did not change significantly among the samples (based on the 16S rRNA gene analysis). Various bacterial groups within the classes Bacteroidia and Clostridia dominated in the reactors. Representatives of the genera Methanosarcina, Methanobacterium, Methanothrix, and Methanoculleus were mostly observed within the archaeal communities in the reactors. On the contrary, the mcrA gene approach allowed a higher level of Methanosarcina in the system with GAC/Fe3O4 to be detected. However, the mechanism underlying the effects of accelerating agents on the methane yield potential from these substrates requires further study.
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Figure 4. Impact of various additives addition on pH changes (a), VOA concentrations (b), and TAN concentrations (c) during anaerobic digestion of chicken manure (TS of 7%). 
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Figure 5. Taxonomic composition of bacterial communities in the anaerobic reactors (sampled on day 6; class level). Classes with abundances below 1% are summarized as “other”. 
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Figure 6. Heatmap demonstrating the relative abundances of bacterial genera in the reactors (sampled on day 6). Only genera comprising at least 1% relative abundance in at least one sample are presented. 
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Figure 7. Taxonomic composition of archaeal communities in the anaerobic reactors (sampled on day 6; genus level). 
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Figure 8. Taxonomic composition of methanogenic communities in the anaerobic reactors according to amplicon sequencing of mcrA gene (sampled on day 6). 
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Table 1. Alpha diversity of microbial communities in the anaerobic reactors (sampled on day 6).
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Reactor

	
Bacteria

	
Archaea




	
OTUs

	
Chao1

	
Shannon

	
Simpson

	
OTUs

	
Chao1

	
Shannon

	
Simpson






	
C2

	
454

	
464

	
6.20

	
0.94

	
48

	
49

	
3.88

	
0.88




	
M2

	
470

	
488

	
6.34

	
0.96

	
49

	
49

	
3.92

	
0.88




	
G2

	
468

	
471

	
6.28

	
0.95

	
49

	
49

	
3.99

	
0.89




	
GM2

	
463

	
466

	
6.30

	
0.95

	
49

	
49

	
3.90

	
0.88




	
B2

	
472

	
475

	
6.60

	
0.97

	
49

	
50

	
4.07

	
0.90




	
BM2

	
472

	
484

	
6.68

	
0.97

	
48

	
49

	
3.69

	
0.86
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