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Abstract

:

In order to utilize a wider range of low-grade syngas, the syngas biomethanation was studied in this work with respect to the gas–liquid mass transfer and the reactor start-up strategy. Two reactors, a continuous stirred tank (CSTR) and a bubble column with gas recirculation (BCR-C), were used in the experiment by feeding an artificial syngas of 20% H2, 50% CO, and 30% CO2 into the reactors at 55 °C. The results showed that the CH4 productivity was slightly increased by reducing the gas retention time (GRT), but was significantly improved by increasing the stirring speed in the CSTR and the gas circulation rate in the BCR-C. The best syngas biomethanation performance of the CSTR with a CH4 productivity of 22.20 mmol·Lr−1·day−1 and a yield of 49.01% was achieved at a GRT of 0.833 h and a stirring speed of 300 rpm, while for the BCR-C, the best performance with a CH4 productivity of 61.96 mmol·Lr−1·day−1 and a yield of 87.57% was achieved at a GRT of 0.625 h and a gas circulation rate of 40 L·Lr−1·h−1. The gas–liquid mass transfer capability provided by gas circulation is far superior to mechanical stirring, leading to a much better performance of low-grade syngas biomethanation in the BCR-C. Feeding H2/CO2 during the startup stage of the reactor can effectively stimulate the growth and metabolism of microorganisms, and create a better metabolic environment for subsequent low-grade syngas biomethanation. In addition, during the thermophilic biomethanation of syngas, Methanothermobacter is the dominant genus.
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1. Introduction


Biomass energy is an important alternative energy source with respect to the increase in energy demand, the future scarcity of fossil fuels, and the climate crisis, which has a great potential to be utilized for various biofuel/chemical production through thermochemical and biochemical conversion [1,2]. Its carbon neutrality has been well known in the scientific world [3]. Biogas, one of the important biomass-based fuels, is an excellent energy carrier after upgrading to biomethane which is miscible into existing natural gas grid or liquified as LNG [4,5].



Biogas is traditionally referred to as the mixture of methane and carbon dioxide produced from anaerobic digestion (AD) of organic substrates by anaerobic microorganisms [6]. Due to rate limitation in the hydrolysis step, lignin and cellulose from lignocellulosic biomass mostly remain in the digestate and cannot be degraded into biogas [7]. On the other hand, lignocellulosic biomass can be easily gasified into syngas to circumvent the limitation to the biological degradation of refractory compounds. Then, the syngas with the major components of H2, CO2, and CO can be digested into methane by the synergistic action of microorganisms [5]. Such biomethanation of biomass-derived syngas opens a novel pathway for the conversion of recalcitrant lignocellulosic biomass [8], and has received great attention from many researchers in recent years [9,10,11].



The proportion of hydrogen to carbon (CO + CO2) in the syngas from biomass gasification varies depending on the gasification medium of air, oxygen, or steam and other conditions [1,2,3]. The syngas from air gasification typically contains only about 10% H2, but nearly 50% N2 and large amounts of CO and CO2 [12], which seems not to be optimal for biomethanation. Such a low-grade syngas has a low heating value, and its main component, CO, is considered to be toxic to a majority of microorganisms at high partial pressure [13]. Thus, many studies focus on the biomethanation of high-quality syngas containing a high H2 content, or after the addition of exogenous H2 obtained from wind and solar energy [10,14], but ignore the potential for biomethanation of low-grade syngas. However, biomass air gasification is simple, economic, and more suitable for small-scale applications to utilize the dispersed biomass residues [12]. The challenge of a high N2 concentration in the biomethanation outlet gas can be avoided by cryogenic separation when the end product is directed to LNG [15]. Moreover, the sources of syngas for biomethanation can be the CO/CO2-rich industrial off-gas [16,17]. Therefore, the biomethanation of low-grade syngas should be paid attention to, which has been ignored in literature.



The study of syngas biomethanation is also important for the development of power-to-methane (PtM) technology to produce substitute natural gas (SNG) from surplus renewable electricity and the CO2-rich exhausted gas of combustion plants [18,19]. Thus, the flexibility of electricity production from intermittent renewable energy resources can be raised, and carbon capture, utilization, and sequestration (CCUS) can be realized [18].



The major pathways of syngas biomethanation have been well summarized in previous studies, as shown in Figure 1 [20,21,22]. Generally speaking, syngas biomethanation under a thermophilic condition has higher efficiency of CH4 production and less byproducts, such as VFAs, in comparison to a mesophilic condition, and has a high potential for industrial application [10,23]. For mesophilic syngas biomethanation, more abundant microbial communities and more complex metabolic pathways exist, leading to the production of more VFAs (mainly acetate) as intermediate products [13,22,24].



During the syngas biomethanation process, a crucial limiting factor is the slow gas–liquid mass transfer since the microbial conversions occur mainly in the aqueous phase and the gas must pass the interface film of gas–liquid [10,25]. The continuous stirred tank reactor (CSTR) is commonly used in chemical industry. In the case of syngas biomethanation in a CSTR bioreactor, the mass transfer rate is raised by increasing the impeller speed to break up large bubbles into smaller ones [25]. Another common reactor with a simple structure is the bubble column reactor with gas circulation (BCR-C), which might be more suitable for syngas biomethanation [26]. The bubble movement by gas circulation strengthens the turbulence and promotes the gas–liquid heat and mass transfer. The mass transfer coefficient (kLa) is usually between 10 and 500 h−1 for a CSTR, and between 18 and 860 h−1 for a BCR [27]. In large industrial CSTR fermenters above 102 m3, the power input is limited to about 5 kW m−3 [28]. High power consumption of CSTR limits its scaling-up feasibility in the industry [25]. In a BCR, the power is supplied solely by external compressors with low power consumption and low equipment investment, but back-mixing and coalescence are considered to be the major drawbacks [28]. Besides enhancing mass transfer by utilizing a better reactor design, high pressure operation is another method to promote mass transfer. The growth inhibition of CO on microorganisms caused by increasing pressure has been well studied by Buffiere et al. [23].



Therefore, a comparative investigation of low-grade syngas biomethanation performance in these two reactors for continuous operation is interesting for syngas biomethanation to be applied to the industry.



Moreover, the enrichment or acclimation of inoculum in the start-up stage of the reactor is a conventional treatment method. Most continuous reactors are started directly by feeding the syngas required for the experiment [29,30]. However, H2 in the syngas will act as the electron donor and CO2 as the carbon source can improve the microbial community activity and diversity [5], which is beneficial to the syngas biomethanation in subsequent continuous operation. On the other hand, CO in the syngas can be used as the electron donor in all organisms that contain CODH theoretically and as the carbon source as well [31,32]. However, relatively few anaerobic microbes are able to utilize CO as the sole source of energy due to their growth inhibition by CO [31,32]. CO biomethanantion is an indirect pathway which requires the collaboration of numerous Bacteria and Archaea [20]. To improve the tolerance of microbes to CO, exposure to a CO atmosphere for a period of time has been proved to be effective in many previous studies [13,21].



To date, for continuous syngas biomethanation, few studies have dealt with the effect of the start-up stage on syngas biomethanation, which is studied in this work by feeding different gas substrates at the start-up stage. In this experiment, syngas biomethanation was started with three strategies: 1. enhance the microbial community tolerance to CO by feeding with pure CO; 2. stimulate microbial growth and metabolic activity by feeding microbes with favorable H2/CO2; and 3. direct the start-up syngas biomethanation with the targeted syngas to shorten the lag phase and accelerate the adaptation of syngas.




2. Materials and Methods


2.1. Growth Medium and Inoculum


The growth medium used in all test runs of the experiment was a modified basal anaerobic (BA) medium [33] composed of 4 stock solutions, as presented in Table 1. The medium was prepared by adding 10 mL of A, 2 mL of B, 1mL of C, 1 mL of D, and distilled water to 1 L.



The anaerobic granular sludge for this study was collected from an internal circulation (IC) bioreactor (Shuierli Environmental Protection Technology Co., Ltd., Nanchang, China), which was originally operated under mesophilic conditions (35–38 °C) for treating industrial wastewater from juice plants. The total solid (TS) and volatile solid (VS) contents of the anaerobic granular sludge were 49.46 ± 0.64 g/L and 37.44 ± 0.69 g/L, respectively. Before it was used as the inoculum, the sludge was stored at about 25 °C for more than two months in order to achieve complete decomposition of the degradable organic matter in the raw sludge, so that the influence of the organic matter on the result of the later biomethanation experiment was avoided [26]. These sludge granules would be used for anaerobic digestion in subsequent experiments.




2.2. Reactor Configuration and Operation


The purpose of this study is to evaluate the thermophilic biomethanation performance of low-grade syngas with respect to the gas–liquid mass transfer and the effect of the start-up strategy on syngas biomethanation. Two reactor designs were chosen for the experimental test: the continuous stirred tank reactor (CSTR) and the bubble column reactor with gas circulation (BCR-C). The gas–liquid mass transfer in the reactors can be characterized by the gas retention time (GRT) and the stirring speed or gas circulation rate. The biomethanation performance was compared between the CSTR and the BCR-C by feeding artificial syngas of 20% H2, 50% CO, and 30% CO2 at 55 °C. Additionally, different start-up strategies of feeding CO, H2/CO2, or syngas were evaluated to determine which one was better for low-grade syngas biomethanation.



2.2.1. Continuous Stirred Tank Reactor


The CSTR in the experiment is a glass bioreactor with a working volume of 1.8 L and a height to diameter ratio of 2.36, as shown in Figure 2a. The stirring paddle is mounted with two flat blades of 45 mm long. A total of 150 mL of sludge and 900 mL of fresh BA medium was added to the reactor, leaving a headspace of 750 mL. The artificial syngas of 20% H2, 50% CO, and 30% CO2 was introduced through the bottom of the reactor. The gas flow rate was controlled by a mass flow controller (SLD-MFC, Nanjing, China). The artificial syngas composition was a typical H2/CO2/CO product gas from biomass air gasification in addition to N2 [12]. The reactor was operated at a temperature of 55 °C, pH values of 6.5–7.5, a headspace pressure of 1.0 atm, and a hydraulic retention time (HRT) of 30 days. The temperature is maintained by a water bath system as seen in Figure 2.



The experiment was designed in four major successive periods of syngas biomethanation time (Period I, II, III, and IV) at different stirring speeds of 0, 200, 250, and 300 rpm, respectively. The corresponding approximate mixing power input were 0, 156.74, 306.12 and 528.98 W/m3. During the continuous operation, the stirring speed increased successively from one period to another. In each period, the GRT was set at 2.5, 1.25, 0.833, and 0.625 h, respectively, by increasing the inlet gas flow rate at 300, 600, 900, and 1200 mL/h. An overview of the experimental conditions is provided in Table 2. Each condition lasted for about 2 days. The pH, gas outflow rate, outlet gas composition, and VFA concentration were registered every day.




2.2.2. Bubble Column Reactor with Gas Circulation


The BCR-C in the experiment is a glass bioreactor with a working volume of 1.8 L and a height to diameter ratio of 2.36, as shown in Figure 2b. The gas–liquid mass transfer in the reactor was controlled by a continuous gas circulation. The gas in the headspace was pumped out and re-sparged through the silicon carbide (SiC) gas distributor with a pore size of 300–500 μm equipped at the reactor bottom. The experiment was designed in five major periods of syngas biomethanation time (Period I, II, III, IV, and V) at different gas circulation rates (RC) of 0, 5, 16.67, 40, and 113.33 L·Lr−1·h−1, respectively. The corresponding gas velocities from the bottom to the top through the reactor were 0, 0.26, 0.88, 2.11, and 5.96 mm/s. During the continuous operation, the gas circulation rate increased successively from one period to another. In each period, the GRT was set at 2.5, 1.25, 0.833, and 0.625 h, respectively, by increasing the inlet gas flow rate. An overview of the experimental conditions is provided in Table 3. The operation procedures of the CSTR and the BCR-C are same in order to reasonably compare the biomethanation performances of the two reactors with different gas–liquid mass transfer characteristics.




2.2.3. Start-Up Strategy


In order to evaluate the effect of different start-up strategies on syngas biomethanation, three BCR-C reactors of the same kind were used with three different start-up strategies. In Stage 1 of Days 1–10 for the reactor start-up operation, the three BCR-C were respectively fed with a gas mixture of 50% CO + 50% N2, 50% H2 + 12.5% CO2 + 37.5% N2 and 20% H2 + 50% CO + 30% CO2. In Stage 2 of Days 11–22 for the normal reactor operation, the gas mixtures of 50% CO + 50% N2 and 50% H2 + 12.5% CO2 + 37.5% N2 were switched to the artificial syngas, 20% H2 + 50% CO + 30% CO2. The biomethanation performance during Stage 2 of these three reactors was registered to compare the effects caused by the start-up strategies in Stage 1. The GRT was set at 1.25 h, and the gas circulation rate (RC) was set at 40 L·Lr−1·h−1. The result of the biomethanation performance after different start-up strategies was calculated using the data of Days 13–20 to guarantee the reactors were under a steady-state operation.





2.3. Analytical Methods


The outlet gas composition of H2, CO, CH4, and CO2 was measured everyday using a gas chromatography (Shimadzu GC-2014, Tokyo, Japan) equipped with a thermal conductivity detector (TCD) and a packed column (TDX-01, 2 m × 3 mm, Stainless Steel), as described previously [22]. The flow rate of the outlet gas was measured using a wet gas meter (LMF-1, Nanjing, China).



Volatile fatty acids (VFA) including acetate, propionate, butyrate, and isobutyrate were analyzed everyday using Agilent 8860 (Wilmington, DE, USA) equipped with a flame ionization detector (FID) and a DB-WAX column (30m × 0.53 mm × 1.0 μm). Nitrogen was used as the carrier gas at a flow rate of 40 cm/s. The temperatures of the inlet and the detector were set to be at 250 °C. The GC oven was programmed to begin at 50 °C, held for 1 min, then increased at a rate of 20 °C/min to 250 °C, and finally held at 250 °C for 6 mins.



The total solid (TS) and volatile solid (VS) contents of the anaerobic granular sludge were measured according to standard methods [34]. The pH was measured using a pH meter (pH-100, Shanghai, China).




2.4. Calculations


CH4 productivity (   Q    C H  4     ) was calculated as the mmol of methane produced per liter of reactor volume and during a certain period of time (mmol·Lr−1·day−1) by multiplying the concentration of CH4 (mmol·mL−1) in the gas sampled from the reactor outlet with the gas outflow rate (mL·Lr−1·day−1). The flow rate was measured at room temperature. The conversion of gas volumes in liter to moles is calculated according to the ideal gas law at 1 bar and 293 K. The volume specific molar conversion rates of H2 (   Q   H 2     ) and CO (   Q  C O    ) are also calculated in mmol·Lr−1·day−1 as follows:    Q i  =    Q   i  i n      − Q   i  o u t    , where i stands for CO and H2, and    Q i  i n     and    Q i  o u t     stand for the inflow and outflow rates of compound i in mmol·Lr−1·day−1.



The conversion efficiency for each compound i is calculated as follows:


   η i  =    Q i     Q i  i n     ·  100 %  .  



(1)







The product yield was obtained by calculating the electron yield. The electron yield is calculated as follows:


   Y j  =    n   e − e q , j    ·  Q j     n   e − e q , C O    ·  Q  C O      + n      e − e q ,   H 2     ·  Q   H 2      ·  100 %   



(2)




where j is the denotation for CH4 or any of the produced VFAs, and    n   e − e q , j     ,    n   e − e q , C O    ,   and    n    e − e q ,   H 2       are the electron equivalents, which mean the electron moles released from the full oxidation of 1 mol of j, CO, and H2, respectively. Electron equivalents per mmol are as follows: CO, 2; H2, 2; CH4, 8; acetate, 8; propionate, 14; and butyrate and isobutyrate, 20 [35]. Sometimes, the amount of VFAs in the liquid phase was reduced compared to the last day. This part of VFAs were assumed that all of them were converted to CH4 and subtracted from the methane productivity, making    Y    C H  4      (%) represent the methane yield converted from syngas more correctly.



Assuming that the concentration in the liquid phase at the gas–liquid interface is in equilibrium with the gas concentration in the gaseous phase, the specific mass transfer coefficient of CO (kLa) (day−1) is calculated according to the following equation:


   k L   a =     r  C O      c   i ,   C O       − c    C O      



(3)




where    r  C O     is the gas–liquid mass transfer rate (L·Lr−1·day−1) and can be defined with the CO conversion volume rate at 55 °C and 1 atm, which is calculated as follows:


   r  C O   =    Q  C O     1000    × 26   . 9    L ·   mol    − 1       



(4)







   c   i , C O      is the saturated CO concentration (L·L−1) in the gas–liquid interphase in equilibrium with the gas phase, and    c  C O     is the concentration of dissolved CO in the liquid phase (L·L−1).    c   i , C O      is calculated according to Henry’s law:


  x =    p  C O      k H     



(5)




where x is the mole fraction of gas in the solution (unitless);    p  C O     is the partial pressure of CO above the liquid phase (atm), which is calculated based on the outlet gas composition; and KH is the Henry’s law constant (atm). The Henry’s law constant used for CO in the analysis is 79,100 atm (at 55 °C and 1 atm). The dissolved CO concentration (   c  C O    ) is neglected because it is assumed that dissolved CO could be consumed quickly. Therefore, the specific mass transfer coefficient of CO (kLa) (day−1) is an approximate estimation. The above calculation methods have been modified according to previous studies [10,26,35,36].



The calculations were performed for the steady-state operation of the reactors. It was considered that a steady-state was reached when the gas effluent composition did not change more than 1% for every individual gas compound for two consecutive days. After all designed test runs of 4 periods in the CSTR and 5 periods in the BCR-C were completed, the operating conditions of GRT and stirring speed/gas circulation rate were randomly changed back to be the same as used in former periods of the test runs. It was found that as long as the GRT and stirring speed/gas circulation rate were the same, the results such as CH4 productivity and the outlet gas composition were almost similar. This indicates that the data obtained are mainly affected by the GRT and stirring speed/gas circulation rate, rather than the VFA concentration, pH, or other factors changed during the whole experiment. Thus, a point sample can be representative of a steady-state operation.




2.5. Gene Sequencing and Functional Analysis


In order to compare the possible changes in the microbial community during the experiment, the abundance and functional genes of the microbial community were analyzed. The inoculum samples were collected at the end of every period of experiments. The 16S rRNA gene V4~V5 hypervariable region was amplified using the universal forward 515F (5′-GTGCCAGCMGCCGCGG-3′) and the reverse 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) primers for Bacteria, and using the universal forward 519F (5′-CAGCCGCCGCCGTAA-3′) and the reverse 915R (5′-GTGCTCCCCCGCCAATTCCT-3′) primers for Archaea [37]. High-throughput sequencing of 16S rRNA was conducted using the Ion GeneStudio S5 (Thermo Fisher Scientific, Waltham, MA, USA) at the Analysis Center of Agrobiology and Environmental Sciences of Zhejiang University (Hangzhou, China). For functional profiles, taxonomy annotation and enzymes of KEGG Ontology (KO) were created based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) Database [38]. More operational details have been described in previous studies [22].





3. Results and Discussion


3.1. Performance of the Continuous Stirred Tank Reactor


The syngas biomethanation test data for CSTR are listed in Table 2, including the reactor operation conditions of stirring speed and GRT, CH4 productivity and yield, substrate conversion efficiency, and the specific mass transfer coefficient of CO (kLa). An overview of the gas and VFA products of the CSTR is presented in Figure 3.
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Table 2. Syngas biomethanation performances of the CSTR in 4 experimental periods with different stirring speeds and GRTs.
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	Period
	Stirring Speed (rpm)
	GRT (h)
	Day
	    Q    CH  4     ( mmol ·    L r    − 1   ·  day  − 1   )   
	ηH2 (%)
	ηCO (%)
	     Y    CH  4    ( % )    
	KLa (day−1)





	I
	0
	2.5
	1–2
	0.92 ± 0.82
	8.42 ± 0.13
	21.57 ± 3.07
	20.07 ± 18.26
	63.45 ± 18.13



	
	
	1.25
	3
	0.83
	22.81
	30.93
	4.99
	101.24



	
	
	0.833
	4
	1.25
	11.80
	21.20
	7.30
	89.73



	
	
	0.625
	5
	2.24
	19.42
	27.89
	7.44
	221.98



	
	
	
	
	
	
	
	9.95 ± 5.92
	



	II
	200
	2.5
	6–8
	10.64 ± 0.26
	43.46 ± 0.90
	42.28 ± 0.84
	84.83 ± 0.51
	128.45 ± 1.33



	
	
	1.25
	9–10
	10.89 ± 0.49
	35.97 ± 1.31
	38.25 ± 1.23
	49.33 ± 0.18
	199.68 ± 10.77



	
	
	0.833
	11–12
	14.34 ± 0.20
	30.61 ± 1.74
	33.80 ± 1.88
	49.52 ± 1.95
	252.94 ± 15.50



	
	
	0.625
	13–14
	13.23 ± 0.58
	28.05 ± 5.99
	31.06 ± 4.57
	38.06 ± 7.92
	293.49 ± 42.66



	
	
	
	
	
	
	
	55.44 ± 17.60
	



	III
	250
	2.5
	15–16
	10.38 ± 0.25
	68.48 ± 1.01
	65.24 ± 1.70
	53.35 ± 2.01
	234.41 ± 9.55



	
	
	1.25
	17–18
	14.89 ± 2.08
	50.47 ± 1.57
	49.19 ± 1.11
	46.76 ± 3.61
	289.30 ± 7.94



	
	
	0.833
	19–20
	19.26 ± 1.48
	40.89 ± 1.21
	40.60 ± 0.58
	52.80 ± 3.50
	328.14 ± 9.05



	
	
	0.625
	21–22
	18.15 ± 0.07
	41.77 ± 0.10
	42.04 ± 0.07
	34.62 ± 0.01
	433.91 ± 0.71



	
	
	
	
	
	
	
	46.88 ± 7.54
	



	IV
	300
	2.5
	23
	11.35
	85.41
	75.36
	49.82
	380.66



	
	
	1.25
	24
	16.94
	72.63
	61.02
	41.55
	445.16



	
	
	0.833
	25
	22.20
	60.26
	46.06
	49.01
	421.68



	
	
	0.625
	26
	22.55
	55.04
	41.22
	38.96
	458.09



	
	
	
	
	
	
	
	44.84 ± 4.68
	








In general, the CSTR has a poor performance of low-grade syngas biomethanation. As shown in Figure 3a, due to the lack of sufficient electron donor (H2) in low-grade syngas, a large amount of CO2 is accumulated in the outlet gas from the basic level of 30% CO2, which makes up 35.79–61.15% of the outlet gas during the steady state. The extra CO2 is produced from CO water–gas shift reaction and carboxydotrophic acetogenesis [31], in response to the reduction of CO concentration from the 50% basic level. In fact, under a thermophilic condition, CO is mainly converted into H2/CO2 as the intermediate product, and subsequently to CH4 [24]. A fairly high level of CH4 concentration up to 10% appears in Periods II, III, and IV, in response to a reduction in H2 concentration. H2 can be easily consumed during the biomethanation process, but still remains at a rather high concentration level of 4.97–18.96% in spite of H2-lean syngas. H2 is not completely consumed mainly due to the reactor performance limitation to the gas–liquid mass transfer. The overall CH4 productivity and yield remain fairly low. The highest CH4 productivity is 22.55 mmol·Lr−1·day−1 as shown in Table 2, which is reached at the maximum stirring speed of 300 rpm and the minimum GRT of 0.625 h. Under this condition, the reactor has relatively better gas–liquid mixing and the highest inlet gas flow rate. However, the highest CH4 concentration of 11.61% appears at the stirring speed of 300 rpm and the longest GRT of 2.5 h, so that the gas substrates have a high mixing degree with inoculum and a sufficient time to be digested.



Except for Period I without mixing, the total outlet gas flow rate and the gas composition in the other periods show a clear relationship with the GRT. With decreasing GRT, the H2 and CO concentrations increase gradually, while the CH4 and CO2 concentrations decrease, as seen in Figure 3a. In fact, CO2 should also be the substrate for biomethanation if H2 is sufficiently high. However, when limited by the reduction equivalent content and the biomethanation capacity of the reactor, CO2 tends to be regarded as the product due to CO water–gas shift reaction. Figure 3b shows that VFAs increase in the early stages and finally stabilize at about 1200 mg/L in Periods III and IV.



3.1.1. Effect of Gas Retention Time


Figure 4 shows the effect of GRT on the biomethanation performance of the CSTR. In the case without stirring, CH4 productivity is kept at an extremely low level, which is not sensitive to GRT, as seen in Figure 4a. The syngas biomethanation is fully limited by the gas–liquid mass transfer, regardless of how the GRT is shortened and how fast the syngas is fed.



In the case with stirring, CH4 productivity increases with the shortening of the GRT due to the supply of more gas substrates as the inlet gas flow rate increases. However, the CH4 yield, as represented by the CH4 electron yield seen in Figure 4b, decreases slightly, which gives a negative contribution to the CH4 productivity. The conversion efficiency of H2 and CO in Figure 4c,d also decrease slightly in response to the CH4 productivity variation trend. Because of the limitation to the gas–liquid mass transfer plus the low microbial biomethanation reaction rate, the syngas substrate is far from being completely utilized by microorganisms. It should be noticed that shortening the GRT does not significantly increase the CO mass transfer coefficient, as shown in Figure 4e, which may be the reason for the CH4 productivity to be held at the same level for the GRT at 0.833 h and 0.625 h. Under a specific stirring intensity, the corresponding gas–liquid mass transfer capacity determines the upper limit of CH4 productivity, leading to a higher slip of gas substrate when more gas substrate is provided. In addition, when the GRT is reduced, the partial pressure of CO in the headspace will be increased, which might be inhibitory to some microorganisms [13]. Arbitrarily increasing the inlet gas flow rate might not be beneficial to syngas biomethanation.



In summary, there is no significant enhancement of gas–liquid mixing by increasing the inlet gas flow rate. The CH4 productivity is increased by providing more gas substrate when a certain degree of gas–liquid mass transfer is guaranteed.




3.1.2. Effect of Stirring Speed


Figure 5 shows the effect of stirring speed on the syngas biomethanation performance of the CSTR. Increasing the stirring speed effectively improves the biomethanation performance of the CSTR since the gas–liquid mass transfer is intensified to benefit the mixing of gas substrates, medium, and microbes. The CH4 productivity, the conversion efficiency of gas substrates, and the mass transfer coefficient are all increased with the stirring speeds. As a conclusion, the syngas biomethanation in the CSTR is controlled by the gas–liquid mass transfer.



Under stirring condition, CH4 is steadily produced in the CSTR, and the CH4 yield is kept in the range of 38.06% to 53.35%, which suggests that a great amount of carbon is transformed into other metabolites. The mechanical stirring by the rotating blades in the CSTR could easily destroy the structure of the anaerobic sludge granule, which encourages the microbes to produce more extracellular polymeric substances (EPS) to maintain structural stability, or to form lager gathering at the small, broken aggregates [39]. Some EPS have been proved to contribute to the structural stability of sludge granules and the defense against external selection pressure [40]. It may also be the reason why the average CH4 yields decrease slightly with more intensive stirring.



In view of both the CH4 productivity and electron yield, the best syngas biomethanation performance of the CSTR in this experiment is achieved at a GRT of 0.833 h and a stirring speed of 300 rpm, with a CH4 productivity of 22.20 mmol·Lr−1·day−1 and a yield of 49.01%. Since the mass transfer ability mainly limits the biological reaction, arbitrary decrease in GRT will not obviously improve the biomethanation performance, but it leads to the slip of gas substrates and a reduction of CH4 concentration in the product gas. Increasing the stirring speed to extremely high level may further decrease the CH4 yield.



It can be concluded that the blade stirring dominates the gas–liquid mass transfer in the CSTR and determines the syngas biomethanantion performance. The perturbance caused by the change of the inlet gas flow rate is insensitive to the biomethanation process.





3.2. Performance of the Bubble Column Reactor


Compared to the CSTR, the BCR-C has a better performance of digesting low-grade syngas to produce CH4, which manifests in a higher CH4 productivity, yield, and mass transfer coefficient at the steady state, as shown in Table 3 and Figure 6.
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Table 3. Syngas biomethanation performances of the BCR-C in 5 experimental periods at different gas recirculation rates and GRTs.
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	Period
	Rc

(L·Lr−1·h−1)
	GRT (h)
	Day
	    Q    CH  4     ( mmol ·    L r    − 1   ·  day  − 1   )   
	ηH2 (%)
	ηCO (%)
	     Y    CH  4    ( % )    
	KLa (day−1)





	I
	0
	2.5
	1–2
	1.46
	30.28
	35.70
	14.72
	81.57



	
	
	1.25
	3
	1.47
	15.56
	22.39
	12.37
	101.24



	
	
	0.833
	4
	2.02
	6.11
	13.33
	20.55
	89.73



	
	
	0.625
	5
	2.33
	17.50
	24.94
	7.66
	221.98



	
	
	
	
	
	
	
	13.82 ± 4.64
	



	II
	5
	2.5
	6–8
	14.52
	58.88
	55.68
	88.08
	190.55



	
	
	1.25
	9–10
	16.78 ± 2.13
	48.27 ± 0.92
	45.06 ± 1.45
	59.12 ± 13.55
	254.08 ± 4.77



	
	
	0.833
	11–12
	20.09 ± 0.20
	40.85 ± 1.49
	37.62 ± 2.43
	56.18 ± 2.14
	293.99 ± 23.18



	
	
	0.625
	13–14
	19.55 ± 0.32
	20.34 ± 2.02
	17.33 ± 1.48
	92.06 ± 7.21
	160.62 ± 15.82



	
	
	
	
	
	
	
	73.86 ± 16.31
	



	III
	16.67
	2.5
	15–16
	13.88
	84.85
	82.15
	56.79
	452.41



	
	
	1.25
	17–18
	30.30 ± 3.50
	64.75 ± 1.79
	59.93 ± 1.81
	81.77 ± 5.33
	464.77 ± 47.84



	
	
	0.833
	19–20
	32.74 ± 4.50
	49.91 ± 3.27
	45.81 ± 2.80
	79.15 ± 6.27
	433.43 ± 48.25



	
	
	0.625
	21–22
	40.06 ± 0.44
	44.91 ± 4.89
	42.19 ± 4.04
	78.13 ± 6.32
	513.24 ± 54.15



	
	
	
	
	
	
	
	73.96 ± 10.00
	



	IV
	40
	2.5
	23–24
	22.73 ± 1.61
	86.80 ± 0.66
	87.35 ± 0.30
	89.38 ± 6.94
	1081.93 ± 40.53



	
	
	1.25
	25–26
	41.57 ± 3.11
	76.98 ± 2.47
	75.06 ± 2.09
	94.67 ± 9.79
	1017.45 ± 6.06



	
	
	0.833
	27–28
	56.40 ± 0.23
	70.78 ± 0.13
	66.38 ± 0.02
	95.19 ± 0.50
	1012.03 ± 23.30



	
	
	0.625
	29–30
	61.96 ± 0.24
	60.79 ± 4.23
	60.76 ± 0.91
	87.57 ± 2.99
	1081.63 ± 8.28



	
	
	
	
	
	
	
	91.70 ± 3.30
	



	V
	113.33
	2.5
	31–32
	25.70 ± 1.51
	92.73 ± 0.52
	92.58 ± 0.31
	94.94 ± 5.96
	2047.22 ± 87.47



	
	
	1.25
	33–34
	46.28 ± 2.66
	85.47 ± 0.42
	85.98 ± 0.80
	91.97 ± 4.64
	2148.88 ± 77.83



	
	
	0.833
	35
	58.98
	85.09
	86.11
	78.50
	2947.22



	
	
	0.625
	36
	62.54
	79.48
	84.62
	64.57
	3726.54



	
	
	
	
	
	
	
	82.50 ± 12.06
	








Similar to the CSTR, CO2 is the major gas component in the outlet gas, which accounts for 33.54–77.37%. The highest CH4 productivity is 62.54 mmol·Lr−1·day−1, which is achieved at a maximum gas circulation rate of 113.33 L·Lr−1·h−1 and a minimum GRT of 0.625 h. The highest CH4 concentration of 20.51% in the outlet gas appears at a maximum gas circulation rate of 113.33 L·Lr−1·h−1 and the longest GRT of 2.5 h employed in the experiment, as seen in Figure 6a. Except for Period I without gas circulation, the total outlet gas flow rate and the gas composition of the BCR-C in the other periods change with the GRT, in the same trend as the CSTR. Except for the last two days, the VFA concentration remains stable below 1300 mg/L, as seen in Figure 6b. The high VFA concentration can be attributed to the change in the reactor operation condition and the variable gas substrate load, which may not be conducive to the long-term stable operation of the reactors, leading to the accumulation of VFAs [41]. In fact, in the experiment of start-up strategy, when the reactor is operated at a GRT of 1.25 h and a circulation rate of 40 L·Lr−1·h−1 for more than 30 days, the VFA concentration does not even reach 200 mg/L. In future work, it may be an interesting and worthwhile issue to consider whether continuous variable operating conditions will lead to the accumulation of VFAs under a thermophilic condition.



3.2.1. Effect of Gas Retention Time


Figure 7 shows the effect of GRT on the biomethanation performance of the BCR-C. In the case without stirring, similar to the CSTR, CH4 productivity is kept at an extremely low level, which is not sensitive to GRT, as seen in Figure 7a. The syngas biomethanation is fully limited by the gas–liquid mass transfer, regardless of how the GRT is shortened and how fast the syngas is fed.



In the case of gas circulation, CH4 productivity increases with the shortening of the GRT, but the conversion efficiency of H2 and CO decreases. Similar to the CSTR, the mass transfer coefficient slightly increases or is not affected by shortening the GRT. The effect of GRT on the syngas biomethanation in the BCR-C is highly dependent on the gas circulation rate. At a higher gas circulation rate, a good gas–liquid mass transfer can be maintained; thus, an improvement of the syngas biomethanation performance by shortening the GRT can be more obvious, as observed in Figure 7. In view of the gas substrate utilization efficiency as seen in Figure 7c,d, the H2 and CO conversion efficiencies decrease with decreasing GRT at lower gas circulation rates, but remain fairly constant at a higher gas circulation rate of 113.33 L·Lr−1·h−1. This suggests that the gas substrates can be well utilized in the BCR-C with sufficiently high gas–liquid mass transfer when the gas feeding rate is raised to a high level. In contrast to the CSTR, the syngas biomethanation performance in the BCR-C operated at a high gas circulation rate is mainly dependent on the supply of the gas substrates instead of the gas–liquid mass transfer. Better gas–liquid mixing is more conducive for microbes to obtain and utilize the gas substrates, raising the upper limit of the reactor’s biomethanation capacity.




3.2.2. Effect of Gas Circulation Rate


Figure 8 shows the effect of gas circulation rate on the biomethanation performance of the BCR-C. The CH4 productivity, the conversion efficiency of gas substrates, and the mass transfer coefficient are obviously improved by increasing the gas circulation rate. In general, the production of CH4 is efficient, and the average yield increases with the gas circulation rate but decreases slightly at the highest circulation rate of 113.33 L·Lr−1·h−1. Too intensive gas–liquid mixing may be unsuitable for efficient CH4 production. In contrast to the CSTR, the syngas biomethanation performance or the gas–liquid mass transfer improves fast and approaches the maximum degree shortly by the gas circulation in comparison to the stirring speed used in the CSTR, as can be observed when comparing Figure 5, Figure 6, Figure 7 and Figure 8.



It should be noticed in Figure 8e that the CO transfer coefficient is significantly raised by gas circulation over the whole range of the gas circulation rate, while the CH4 productivity (Figure 8a) and the substrate conversion efficiency (Figure 8c,d) increase fast at a lower gas recirculation rate but increase slowly at a higher gas circulation rate and even level off at a rate between 40 and 113.33 L·Lr−1·h−1. Similar to the analysis above, the mass transfer is no longer a limiting factor. The reactor has enough high capacity for microorganisms to digest the substrates provided when the gas circulation rate is raised over 40 L·Lr−1·h−1. For a GRT of 2.5 h, the mass transfer ability is even enough high to consume the inlet gas when the gas circulation rate is 16.667 L·Lr−1·h−1. Another evidence to illustrate that the syngas biomethanation in the BCR-C is not limited by the mass transfer is provided in Figure 6a, showing that the H2 and CO concentrations are held at extremely low levels of 1.90–5.31% and 4.58–9.61%, respectively, in the outlet gas at a gas circulation rate of 113.33 L·Lr−1·h−1. It could be predicted that the CH4 productivity can be increased further when the GRT is shorter. The best syngas biomethanation performance of the BCR-C in this experiment is achieved at a GRT of 0.625 h and a gas circulation rate of 40 L·Lr−1·h−1, where the CH4 productivity is 61.96 mmol·Lr−1·day−1 and the yield is 87.57%. Further increase in gas circulation rate will not help improve the CH4 productivity.



In summary, the gas circulation in the BCR is a highly efficient method to enhance the gas–liquid mass transfer. A high gas circulation rate may result in an excess gas–liquid mass transfer capacity, so that the CH4 productivity can be increased constantly by increasing the inlet gas flow rate.





3.3. Comparison and Discussion of Different Bioreactors


The syngas biomethanation performance of the BCR-C is much better than the CSTR. The experimental results from the BCR-C in this study show that the H2 and CO concentrations in the outlet gas drop significantly down to 1.90% and 4.58%, respectively, while the CH4 concentration goes up to 20.51%, the productivity is 62.54 mmol·Lr−1·day−1, the yield is 94.94%, and the CO transfer coefficient (kLa) is as high as 3726.54 day−1. In addition, the mixing by gas circulation is gentler for anaerobic sludge granules, which might not damage the microorganisms. An obvious drop in the CH4 yield is not observed in the experiment with the BCR-C when the gas recirculation rate is raised to an extremely high level, which occurs for the CSTR as seen in Figure 4.



For the CSTR, a gas–liquid mass transfer limitation is clearly shown in Figure 4 and Figure 5. The reactor has reached the upper limit of biomethanation at a GRT of 0.833 h, at which microorganisms cannot produce more CH4 even if more gas substrates are supplied. Raising the stirring speed can increase the CO transfer coefficient but will damage the activity of the inoculum and decrease the CH4 yield. Compared to mechanical stirring, gas circulation provides a higher gas–liquid mass transfer capacity that can lead to higher CH4 productivity. In term of energy consumption, the power required for stirring is also higher than gas circulation, which will lead to a big issue for scaleup in syngas biomethanation application [25].



Different from the traditional anaerobic digestion of organic matter in liquid, fermentation of gas substrates has higher requirement for the gas–liquid mass transfer [26,30]. It is more reasonable to disperse the gas in the liquid phase through gas circulation, which achieves mixing while supplying gas substrates. In addition, since the biomethanation of low-grade syngas is more difficult than that of H2-rich syngas [9], stronger mixing conditions are necessary. Obviously, the gas–liquid mass transfer capability provided by gas circulation is far superior to that provided by mechanical stirring.



In fact, the quality of the outlet gas obtained in this experiment is fairly different from other studies on biomethanation using syngas with a high concentration of H2 above 40% as the substrate [10,23,26,29,30]. Asimakopoulos et al. have made a good progress in syngas biomethanation using trickle bed reactors in recent years [29,30], in which a methane productivity of 203.76 mmol·Lr−1·day−1 was achieved at 60 °C and 2 atm with the supply of an artificial syngas containing 45% H2, 25% CO2, 20% CO, and 10% N2 [29]. The CH4 concentration in the outlet gas was 31.3%, which was higher than the 20.51% in this work. The CH4 concentration in the outlet gas even reached up to 81% in a biomethanation experiment of a syngas with 62% H2, 15% CO2, and 23% CH4 in an up-flow reactor with gas circulation under a thermophilic condition [26]. The above studies show that the CH4 concentration in the outlet gas can easily increase with the H2 concentration in the syngas substrate. Theoretically, the CH4 concentration can be raised up to 100% with the right proportion of H2 to (3 × CO + 4 × CO2) equals to one [30]. In the same experimental design [26], when the pressure was increased to 1.7 bars, the CH4 concentration was raised up to 90% in the trickle bed reactor [42]. This indicates that pressurization is also beneficial to syngas biomethanation. A high methane productivity of 163.2 mmol·Lr−1·day−1 was achieved in a CSTR at four bars in thermophilic biomethanation [23]. Therefore, future work should address the biomethanation performance of bioreactors with different designs, such as trickle bed reactors, as well as syngas biomethanation under high pressure.



The present study shows that a major issue of low-grade syngas biomethanation is an accumulation of CO2 in the outlet gas, making a barrier of methane application or injection into the natural gas grid. The common techniques for biogas upgrading are water scrubbing and pressure swing adsorption (PSA) to remove CO2 in the biogas, which are expensive [16,43]. In more recent studies, PtM is emphasized as an attractive technology for in situ or ex situ biogas upgrading by adding hydrogen produced from surplus renewable electricity [16,43].



For the gas substrate coming from air biomass gasification, there will be nearly 50% N2 remaining in the syngas. Separation of N2 is also a big economical challenge for outlet gas upgrading [17,24]. This challenge can be mitigated by cryogenic separation when the end product is directed to LNG [15]. A novel concept to avoid the N2 issue is that the syngas can be selectively converted into acetate at first, then the acetate in the liquid phase will be converted into CH4 [24]. However, the whole process needs to be evaluated in detail. No matter which downstream processing technology for outlet gas upgrading is required, the results from this work on low-grade syngas biomethanation are valuable for further R&D and industrial application of syngas biomethanation.




3.4. Effect of Start-Up Strategy


Three strategies were designed to start up the reactors as described in Section 2.2.3. After feeding different gas substrates into the three reactors, respectively, in Stage 1 for the reactor start-up operation, the gas substrates were switched to the artificial syngas for normal reactor operation in Stage 2.



The performance of syngas biomethanation in Stage 2 is shown in Table 4. It can be seen clearly that the reactor started up by feeding H2/CO2/N2 = 50%/12.5%/37.5% has the best performance with the highest CH4 productivity, substrate conversion efficiency, and CH4 concentration in the outlet gas. Compared to the reactor started up by feeding the artificial syngas, the CH4 productivity increases by 6.22%, the H2 conversion efficiency increases by 9.83%, and the CO conversion efficiency increases by 5.32%. These are similar to a previous study that the supply of H2 improves the biogas quality [11]. H2/CO2 are more favorable for microbial growth than CO and result in the proliferation of microbes [21]. The reactor started with pure CO has similar performance to that started with the syngas, even though the CH4 productivity is slightly reduced. The starting gas substrates of both contain 50% CO. The growth inhibition of CO on microorganisms might be a major factor for determining the biomethanation performance [13,35].



To further analyze the different effects caused by the start-up strategies, metagenomic analysis was conducted using the KEGG database, as shown in Figure 9. Metabolism, genetic information processing, environmental information processing, and cellular processes are identified as the four primary pathways on KEGG Level 1. The dominant KEGG pathway is metabolism, including amino acid metabolism, carbohydrate metabolism, and energy metabolism, which normally exists in the AD system with large quantities [38,44]. In addition, translation, replication and repair, and membrane transport are the dominant pathways of genetic information processing and environmental information processing, respectively, which shows that translation regulation mechanism plays an important role in the normal operation of physiological function [45].



As shown in Figure 9, most of the functional gene clusters in the reactor started up by H2/CO2 have higher abundance compared to the other reactors at the same period, especially in Stage 1. This indicates that the reactor of this start-up strategy has more active cell growth and metabolic functions. It can be explained by the stimulation of H2/CO2 and the absence of CO inhibition. The improvements in cell growth and metabolism from Stage 1 are forwarded to Stage 2, enabling microbes to better able to utilize more substrates and improving the performance of the low-grade syngas biomethanation. It should be noticed that the abundance of functional gene clusters decreases in the case of H2S2, but the reactor operation remains stable instead of deterioration in Stage 2. How long such positive effect will last may require a longer-term evaluation.



Thus, for low-grade syngas with a high proportion of CO and a low proportion of H2, feeding substrates preferred by microorganisms to stimulate their growth and metabolism during the start-up stage of the reactor will be more effective in improving methanogenic performance, rather than feeding pure CO to force microorganisms to tolerant CO.




3.5. Analysis of the Microbial Communities


Figure 10 shows the community relative abundance of Bacteria at the phylum level and Archaea at the genus level. Under a thermophilic condition, the community composition is simpler than that under a mesophilic condition, because a high temperature is not suitable for the growth of many microorganisms [22]. As shown in Figure 10, the temperature is the major factor shifting the dominant communities for both Bacteria and Archaea. The initial inocula are obtained in a mesophilic industrial bioreactor, and its microbial communities are different from those in the thermophilic reactors of this experiment. The microbial communities are similar to each other in the thermophilic reactors at all periods.



For Bacteria, the communities are dominated by Firmicutes (27.28–70.16%) which are reported to be more tolerant to thermophilic condition because of the ability to form heat-resistant endospores [46]. A small amount of Proteobacteria (0.51–18.24%) and Bacteroidetes (4.51–24.12%) are also discovered. All of these bacteria are commonly found in anaerobic digestion process, participating in the metabolism and the formation of enzymes required by fermentation [21].



For Archaea, the dominant genus is Methanothermobacter, which accounts for 27.45–69.04%. It is a thermophilic hydrogenotrophic methanogen genus, active at a wide temperature range of 45–80 °C with an optimal temperature of 65 °C [21,22]. Another archaea, Methanobacterium (0.39–19.11%), seen in Figure 10b, which belongs to Methanobacteriales, is also a hydrogenotrophic methanogen [47]. However, Methanosaeta, which has made up 26.63% of the initial inocula, almost disappears. It is an aceticlastic methanogen usually growing under a mesophilic condition [47]. The community composition of the test runs in this experiment is exactly consistent with that under a thermophilic condition in other previous studies [21,22,29], which also further proves that the hydrogenotrophic methanogenesis is the dominant pathway for syngas biomethanation [22]. Many studies have shown that hydrogenotrophic methanogenesis has a higher priority than acetoclastic methanogenesis under a thermophilic condition [21,22,24]. This might also be one of the reasons why the reactor started with H2/CO2 has a better biomethanation performance.



The abundance of communities is not obviously affected by the change of the mass transfer conditions or the start-up strategies, because the dominant species are fixed strictly by the temperature. Therefore, the main reason affecting the reactor performance is the physical change of the mass transfer conditions. The start-up strategy raising the biomethanation performance is due to the improvement of microbial growth and metabolic activity, instead of a change in the dominant species.





4. Conclusions


In this work, the biomethanation of low-grade syngas in the CSTR and BCR-C under a thermophilic condition was studied with respect to the gas–liquid mass transfer and reactor start-up strategy. CH4 productivity is slightly increased by reducing the gas retention time (GRT), but significantly improved by increasing the stirring speed in the CSTR and the gas circulation rate in the BCR-C. The best syngas biomethanation performance of the CSTR with a CH4 productivity of 22.20 mmol·Lr−1·day−1 and a yield of 49.01% was achieved at a GRT of 0.833 h and a stirring speed of 300 rpm, while for the BCR-C, the best performance with a CH4 productivity of 61.96 mmol·Lr−1·day−1 and a yield of 87.57% was achieved at a GRT of 0.625 h and a gas circulation rate of 40 L·Lr−1·h−1. The BCR-C is more feasible for low-grade syngas biomethanation due to the high gas–liquid mass transfer capability. Starting the reactor by feeding H2/CO2 can effectively stimulate the growth and metabolism of microorganisms and create a better metabolic environment for subsequent biomethanation of low-grade syngas.
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Figure 1. Major pathways of syngas biomethanation [29]. 
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Figure 2. Schematic diagram of (a) the continuous stirred tank reactor and (b) the bubble column reactor with gas circulation. 
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Figure 3. (a) Composition and rate of output gas, and (b) VFA concentration and pH in the CSTR during syngas biomethanation (The whole test time is divided by 4 periods with different stirring speeds, and each period is divided by dotted lines with different GRT of 2.5, 1.25, 0.833, and 0.625 h from left to right.). 
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Figure 4. (a) CH4 productivity, (b) electron yield to CH4, conversion efficiency of (c) H2 and (d) CO, and (e) CO transfer coefficient (kLa) of the CSTR at different GRTs. 
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Figure 5. (a) CH4 productivity, (b) electron yield to CH4, conversion efficiency of (c) H2 and (d) CO, and (e) CO transfer coefficient (kLa) of the CSTR as a function of the stirring speed. 
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Figure 6. (a) Composition and rate of output gas, and (b) VFA concentration and pH in the BCR-C during syngas biomethanation (The whole test time is divided by 5 periods with different gas recirculation rates, and each period is divided by dotted lines with different GRT of 2.5, 1.25, 0.833, and 0.625 h from left to right). 
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Figure 7. (a) CH4 productivity, (b) electron yield to CH4, conversion efficiency of (c) H2 and (d) CO, and (e) CO transfer coefficient (kLa) of the BCR-C at different GRTs. 
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Figure 8. (a) CH4 productivity, (b) electron yield to CH4, conversion efficiency of (c) H2 and (d) CO, and (e) CO transfer coefficient (kLa) of the BCR-C as a function of gas circulation rate. 
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Figure 9. Absolute abundance of KEGG function classification at Level 2 under the start-up stage and the normal operation stage. (S1: Stage 1 for reactor start-up operation; S2: Stage 2 for normal reactor operation. CO: the test run was started up by feeding with 50% CO + 50% N2. H2: the test run was started up by feeding with 50% H2 + 12.5% CO2 + 37.5% N2. Syn: the test run was started up by feeding with 20% H2 + 50% CO + 30% CO2.). 
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Figure 10. Relative abundance of (a) Bacteria at the phylum level and (b) Archaea at the genus level using V4-V5 region primer set (Initial: anaerobic granular sludges before inoculation. P2-5: Periods II-V of different test runs. Others: the sum of all genera/phyla with the relative abundance below 3% in the individual samples). 
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Table 1. Stock solution of basal anaerobic medium.
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Component

	
Reagent

	
Concentration

	
Unit






	
A

	
NH4Cl

	
100

	
g/L




	
NaCl

	
10




	
MgCl2·6H2O

	
10




	
CaCl2·2H2O

	
5




	
B

	
K2HPO4·3H2O

	
200

	
g/L




	
C

	
FeCl2·4H2O

	
2

	
g/L




	
H3BO3

	
0.05




	
ZnCl2

	
0.05




	
CuCl2·2H2O

	
0.038




	
MnCl2·4H2O

	
0.05




	
(NH4)6Mo7O24·4H2O

	
0.05




	
AlCl3

	
0.05




	
CoCl2·6H2O

	
0.05




	
NiCl2·6H2O

	
0.092




	
EDTA

	
0.5




	
Concentrated HCl

	
1




	
Na2SeO3·5H2O

	
0.1




	
D

	
Biotin

	
2

	
mg/L




	
Folic acid

	
2




	
Pyridoxal HCl

	
10




	
Thiamine HCl

	
5




	
Riboflavin

	
5




	
Nicotinic acid

	
5




	
Ca-D-Pantotheinate

	
5




	
Cyanocobalamin

	
0.1




	
P-aminobenzoic acid

	
5




	
Thioctic acid

	
5
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Table 4. Comparison of 3 start-up strategies for syngas biomethanation in the continuous BCR-C. (S2: Stage 2 with normal reactor operation. COS2: the test run was started up by feeding with 50% CO + 50% N2; H2S2: by feeding with 50% H2 + 12.5% CO2 + 37.5% N2; and SynS2: by feeding with 20% H2 + 50% CO + 30% CO2).
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Outlet Gas Composition in Volume

	
    Q    CH  4    ( mmol ·   

Lr−1·day−1)

	
ηH2

(%)

	
ηCO

(%)

	
     Y    CH  4      ( % )    

	
YTotal products (%)

	
pH




	
H2 (%)

	
CO (%)

	
CO2 (%)

	
CH4 (%)






	
COS2

	
6.29 ± 0.21

	
14.85 ± 0.43

	
62.64 ± 0.70

	
14.64 ± 0.10

	
35.67 ± 0.50

	
76.96 ± 1.12

	
78.24 ± 0.99

	
78.63 ± 2.03

	
78.64 ± 2.04

	
6.78 ± 0.07




	
H2S2

	
4.02 ± 0.20

	
10.93 ± 0.19

	
67.19 ± 0.81

	
17.07 ± 0.29

	
39.11 ± 1.25

	
86.15 ± 0.84

	
84.96 ± 0.39

	
78.38 ± 2.74

	
78.44 ± 2.73

	
6.75 ± 0.03




	
SynS2

	
6.43 ± 0.18

	
13.81 ± 0.48

	
62.95 ± 0.49

	
15.02 ± 0.30

	
36.82 ± 0.97

	
76.32 ± 1.24

	
79.64 ± 1.10

	
80.01 ± 3.29

	
80.44 ± 3.60

	
6.66 ± 0.05
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