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46 gasification of raw or pretreated biomasses [3] with high organic carbon content. Moreover, it is a byproduct of 

47 several industrial processes, such as steel milling and steam reforming [4]. However, syngas cannot be easily 

48 stored, and thus further processing steps are necessary so as to produce added-value chemicals or energy 

49 products. Meanwhile, CH4 has attracted, lately, a lot of attention as an energy storage agent since it constitutes 

50 the central component of natural gas and, consequently, it can be introduced to the natural gas grid [5].

51 Catalytic conversion of syngas to CH4 is conventionally performed through the Sabatier process with the use of 

52 nickel based catalysts. The main disadvantages of the catalytic methanation process are the price of the 

53 catalysts and the demand for elevated temperature and pressure [6]. On the contrary, the biological 

54 methanation of syngas can be performed under milder temperatures and ambient pressure with the use of 

55 mixed microbial consortia (biocatalysts) derived from low cost anaerobic sludges [7]. Compared to pure culture 

56 fermentations, mixed culture fermentations are more convenient in industrial scale production of relatively low 

57 added value products such as CH4 since there is no demand for sterile cultivation or risk of contamination. 

58 Moreover, mixed microbial consortia (MMC) are more resilient to potential process disturbances, such as 

59 fluctuations in the composition of syngas, due to their higher diversity [8]. On the other hand, product 

60 selectivity can be a challenge for the use of MMC, yet specific enrichment strategies such as successive 

61 transfers of growing cultures and selection of appropriate operating conditions can be applied for increasing 

62 product selectivity [9].

63 A wide range of bacterial and archaeal species cooperate symbiotically for the conversion of syngas to CH4. As 

64 illustrated in Fig. 1, direct conversion of the syngas components to CH4 can be achieved from hydrogenotrophic 

65 or carboxydotrophic methanogens. Indirect CH4 production involves the use of acetate as an intermediate 

66 (homoacetogenesis, carboxydotrophic acetogenesis) or the use of H2/CO2 (carboxydotrophic 

67 hydrogenogenesis) when the source of carbon and energy is CO [10]. Syntrophic acetate oxidation may also 
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68 occur under thermodynamically favorable conditions induced by a high concentration of acetate and a low 

69 concentration of H2 and CO2 [7]. The dominant phyla performing direct and indirect syngas biomethanation are 

70 Euryarchaeota (methanogenic reactions) and Firmicutes (hydrogenogenic and acetogenic reactions), 

71 respectively [10,11]. 

72

73 Figure 1. Microbial metabolic pathways converting syngas to CH4, overall stoichiometric reactions and associated standard free 

74 energy changes. Red-dotted arrows correspond to methanogenic reactions, blue-small-dashed arrows to acetogenic reactions and 

75 orange-big-dashed arrows to hydrogenogenic reactions. CH3COOH is an intermediate product.

76 Apart from the succession of the biological reactions (Fig. 1), temperature also affects the kinetics of syngas 

77 biomethanation [7]. Previous studies on the carboxydotrophic and hydrogenotrophic activity by mixed 
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78 microbial consortia performing biomethanation of syngas demonstrated a positive impact from the increase of 

79 the temperature from mesophilic to thermophilic conditions. In particular, Grimalt et al. [10] performed 

80 specific activity tests in anaerobic serum vials in batch mode with enriched mixed microbial consortia and 

81 syngas as a substrate. The researchers reported a 3.7 fold increase in maximum specific carboxydotrophic 

82 activity and a 5.3 fold increase in maximum specific hydrogenotrophic activity when increasing the incubation 

83 temperature from 37 oC to 60 oC. Furthermore, syngas biomethanation performed at 37 oC and 55 oC in a 

84 reverse membrane bioreactor with encased anaerobic sludge in PVDF sachets resulted in a 2 fold higher molar 

85 quantity of CH4 at thermophilic conditions after 9 days of batch operation [12]. The aforementioned 

86 observations raise scientific interest since higher temperatures result in a decrease of the solubility of gases 

87 and lower conversion rates would have been expected. However, it is possible that, due to the higher 

88 maximum specific growth rate of the bacteria and archaea involved in syngas biomethanation at higher 

89 temperatures, the concentration of H2 and CO in the water based media is low enough to create a higher 

90 driving force, and thus a higher gas to liquid mass transfer rate compared to lower temperatures. The use of a 

91 trickle bed reactor in continuous mode with enriched mixed microbial consortia to perform syngas 

92 biomethanation has not been previously attempted, and thus, it is of high interest to study the effects of 

93 temperature on this novel setup. 

94 Apart from the microbial communities, scientific attention has also focus on the bioreactor configurations that 

95 can increase the mass transfer rate of the sparingly soluble syngas components [13–15]. Trickle bed and hollow 

96 fiber membrane reactors are the most attractive options for syngas biomethanation, as they allow for higher 

97 mass transfer coefficients compared to bubble columns, gas lift reactors and stirred tank reactors [4,16,17]. 

98 Recent research activity has been focused on dedicated studies of trickle bed reactors for biological hydrogen 

99 methanation and biogas upgrade by mixed microbial cultures [18,19] due to the fact that hydrogenotrophic 

100 communities are capable of developing stable biofilms that reinforce the methanogenic activity. Yet, 
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101 bottlenecks such as the operational cost of the liquid recirculation pump and the expensive synthetic media 

102 should be addressed before commercialization. Nonetheless, few studies on syngas biomethanation in trickle 

103 bed reactors have been performed so far, yet there is great potential in this technology [20].

104 The aim of this study was to evaluate and compare the performance of two continuous trickle bed reactors 

105 operated under mesophilic and thermophilic conditions, respectively. Both reactors were inoculated with 

106 mixed microbial consortia, which were formerly submitted to a systematic enrichment process. In addition, the 

107 impact of continuous operation and temperature on the microbial communities was investigated through 

108 metagenomic analysis focusing on the differences in the microbial composition established in the liquid phase 

109 and the biofilm. To the best of our knowledge, this is the first study that addresses the effects of temperature 

110 on syngas biomethanation in the described framework and to that extent.

111 2. Materials and Methods

112 2.1 Inoculum

113 The trickle bed reactors were inoculated with enriched, mesophilic and thermophilic methanogenic mixed 

114 microbial consortia. The original inoculum was a mixture of two anaerobic sludges in equal volumes in order to 

115 increase the biodiversity of available microorganisms prior to enrichment. The first sludge was collected from 

116 the Lundtofte Wastewater Treatment plant (Lundtofte, Denmark) and the second from a lab – scale manure 

117 treating anaerobic digester (Chemical Engineering Department, Technical University of Denmark). The sludge 

118 mixture was subjected to a batch enrichment process under mesophilic and thermophilic conditions, as 

119 described by Grimalt et al. [10]. Briefly, the enrichment technique was based on the successive transfer of 

120 actively growing cultures from one anaerobically sealed serum vial to another. Each vial contained 85 ml 

121 growth medium and 15 ml transferred inoculum while the headspace was 1.3 atm H2, 0.4 atm CO and 0.3 atm 
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143 2.3 Trickle Bed Reactor Configuration

144

145 Figure 2. Schematic representation of the trickle bed reactor. The unit had slight modifications compared to the one used in a 

146 previous study by Asimakopoulos et al.[20]. Red-big-dashed arrows depict flow in the gas phase, light blue-small-dashed arrows 

147 depict flow in the liquid phase and green-solid arrows depict combined gas and liquid flow.

148 The trickle bed reactor configuration used for the mesophilic and thermophilic experiments was based on a 

149 previous study [20] and it consists of 17 components (Fig. 2). Artificial syngas mixture (45% H2, 25% CO2, 20% 

150 CO and 10% N2) was supplied from a gas cylinder (AGA) (1) to the trickle bed column (4) flowing through a 

151 pressure regulator (AGA) (2) and a mass flow controller (Bronkhorst) (3). The mass flow controller was 

152 controlled through LabVIEW PC software (NATIONAL INSTRUMENTS) and had a flow range between 0 and 10 
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233 Genomic DNA from triplicate samples was isolated using PowerSoil™ DNA Isolation Kit (Qiagen, Denmark) 

234 according to the instructions of the kit manufacturer. Amplification of the V3 and V4 regions of the 16S rRNA 

235 was carried out with primers Pro341F (5’-CCTACGGGNBGCASCAG-3’) and Pro805R (5’-

236 GACTACNVGGGTATCTAATCC-3’) according to [22]; amplification of the V4 and V5 regions was performed with 

237 primers 515FB (5’-GTGYCAGCMGCCGCGGTAA-3’) and 926R (5’-CCGYCAATTYMTTTRAGTTT-3’) according to [23]. 

238 The preparation and sequencing of the 16S rRNA amplicon library were performed by Macrogen Inc. (Korea), 

239 using Illumina Miseq instrument (300bp paired-end sequencing), according to 16S Metagenomic Sequencing 

240 Library Preparation Protocol (Illumina, Part #15044223, Rev. B). Raw sequences obtained in this study were 

241 deposited in NCBI SRA database with BioProject ID: PRJNA546493 (BioSample accessions: SAMN11960017- 

242 SAMN11960028).

243 2.8 Analysis of 16S rRNA gene amplicons

244 In order to compare microbial community profiles between the samples from the reactors and the inoculum, 

245 raw sequences corresponding to the latter (BioSample accessions SAMN11867044- SAMN11867046) were 

246 obtained from NCBI SRA database [10] and included in the analysis. DNA isolation, amplification and 

247 sequencing workflows were identical for both data sets. Identified read-through adapters were clipped using 

248 cutadapt [24]. Subsequently, paired reads were merged using usearch-fastq_mergepairs, allowing for 80% 

249 identity and up to 10 mismatches in the alignment. Only merged reads containing primer sequences were kept 

250 and primer sequences were stripped for subsequent analysis. Subsequently, filtering, generation of Operational 

251 Taxonomic Units (OTUs) and mapping of reads to OTUs was performed using the UPARSE/unoise3 pipeline 

252 [25] . 

253 Taxonomy was assigned to OTUs using SINTAX and SILVA v132 LTP database of 13899 curated 16S sequences 

254 [26]. To create the OTU table, non-filtered reads were mapped to OTUs using usearch-otutab. 
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255 3. Results and Discussion

256 3.1 Performance of the mesophilic and thermophilic trickle bed reactors

257 3.1.1 Gas phase

258 The mesophilic and thermophilic trickle bed reactors were operated under steady state conditions at five 

259 different syngas inflow rates with continuous gas and liquid flow. The chosen HRT was 8 d in order to secure an 

260 adequate provision of minerals to the biofilm (through a sufficient liquid medium inflow), and thus to avoid the 

261 possibility of lower conversion rates due to depletion of nutrients [20]. It was also necessary to secure a stable 

262 biofilm formation was developed in both reactors in order to avoid erroneous conclusions. This was done by 

263 letting the reactors run at the same operational parameters until no substantial daily change in the 

264 concentration of VFAs and the fraction of gas compounds in the gas effluent was observed. 
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277 almost proportionally from the maximum to the minimum EBRT tested (maximum syngas inflow rate) at the 

278 expense, though, of a decreasing conversion efficiency of H2 and CO, which was calculated at 89.3% and 73%, 

279 respectively, when the EBRT reached 0.6 h. The electrons released from the consumption of CO and H2 were 

280 primarily fixed in CH4 at electron yields higher than 80% both in mesophilic and thermophilic conditions except 

281 for the EBRT of 3 h where an electron yield of 72.1% and 78.8% was calculated at the mesophilic and 

282 thermophilic reactor, respectively (Fig. 4). This observation could be explained by the fact that at low syngas 

283 inflow rates (i.e. low substrate inflow rates) the maintenance energy utilized by the microbial cells becomes a 

284 significant proportion of the metabolic energy. It could, also, be explained by assimilation of electrons to liquid 

285 byproducts when the syngas inflow rate increased, yet this did not happen as it is later presented in section 

286 3.1.2.  
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309 The CO2 contained in the syngas used in this study was in stoichiometric excess compared to the available CO 

310 and H2 and therefore, its fixation was stoichiometrically limited. Assuming no carbon loss to byproducts and 

311 biomass along with complete stoichiometric conversion towards CH4, the flow of CO2 in the exit of the reactors 

312 should be increased by 15% no matter which sequence of the reactions presented in Fig. 1 was followed. Full 

313 consumption of CO2 for the production of natural gas grade biomethane would be feasible by supplying 

314 additional reducing power in the reactors. The source of the reducing equivalents could be H2 produced from 

315 water electrolysis or biochemical electrolysis cells, using in both cases renewable electricity. On another note, 

316 as the EBRT decreased, the fraction of CO2 in the gas effluent of the reactor remained the same (Table 2), most 

317 probably because of the high concentration of bicarbonate in the liquid phase and the formation of HCO3
-/CO2 

318 buffer, which prevented major fluctuations in the percentage of CO2.

319 N2 was an inert gas and did not participate in any metabolic interactions. The increase of N2 content in the gas 

320 effluent compared to the initial value of 10% was the result of a total gas volume drop as syngas was converted 

321 down the trickle bed column. As expected, the maximum value of N2 was at the EBRT of 3 h where the highest 

322 conversion efficiency of H2 and CO was achieved for both the mesophilic and thermophilic conditions. As the 

323 supply of syngas increased, the observed conversion efficiencies decreased and the percentage of N2 in the gas 

324 effluent decreased approaching its influent value.

325

326

327
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362 productivities in this study are even more noteworthy. Finally, the present results obtained at an EBRT of 1.5 h 

363 at mesophilic conditions were similar to a previous work targeting the optimization of the trickle bed reactor 

364 performance [20] operated at an HRT of 4.4 h and the same EBRT, thus showing that the process is highly 

365 stable, robust and reproducible. 
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Table 3. Overview of the literature on syngas biomethanation. The Syngas Composition Quality (SCQ) column shows how many times higher (>1) or lower (<1) is the 
stoichiometrically maximum CH4 productivity (QCH4,max) of the cited study compared to the present study at the same Gas Retention Time (GRT) or Empty Bed 
Residence Time (EBRT) and it is a key element for a fair comparison among research studies with different inlet syngas compositions. The difference between the 
EBRT and the GRT is that the first one refers to reactors with packed beds and the second one to the active liquid volume of reactors without packed beds. V: Volume, 
T: Temperature, RH2: Conversion efficiency of H2, RCO: Conversion efficiency of CO, QCH4 Achieved: the reported volume specific CH4 productivity in the cited study, 
QCH4,max: stoichiometrically maximum volume specific CH4 productivity assuming that all the substrate is converted to CH4 without losses to byproducts or synthesis 
and maintenance of cell biomass, QCH4/QCH4,max: CH4 productivity achieved (QCH4) divided by the stoichiometrically maximum possible CH4 productivity (QCH4,max).

Reactor Type V (l) T (oC) Microbes Syngas 
Composition

SCQ RH2 
(%)

RCO 
(%)

QCH4 
Achieved  

(mmol/l/h)

GRT or 
EBRT 

(h)

QCH4,max 
(mmol/l/h)

QCH4 / 
QCH4,max

Reference

Packed bubble 
column

2.70 34 Triculture (R. 
rubrum, M. 
formicicum, 
M. barkeri)

15% Ar,
9.6% CO2, 
55% CO, 
20.4% H2

1.16 NM 18 0.40 3.00 2.49 16% [29]

Trickle bed reactor 1.05 37 Triculture (R. 
rubrum, M. 
formicicum, 
M. barkeri)

14.8% Ar, 
9.9% CO2, 
55.6% CO, 
20.4% H2

1.17 NM 62 3.40 1.00 7.47 46% [29]

Trickle bed reactor 26.05 37 Triculture (R. 
rubrum, M. 
formicicum, 
M. barkeri)

14.74% Ar, 
9.72% CO2, 
54.42% CO, 
21.11% H2

1.16 NM 38 0.12 3.00 2.47 5% [30]

Trickle bed reactor 1.05 37 Triculture (R. 
rubrum, M. 
formicicum, 
M. barkeri)

14.82% Ar, 
9.67% CO2, 
55.62% CO, 
19.68% H2

1.16 NM 70 3.00 1.00 7.40 41% [30]

Floating membrane 
reactor

1.70 55 Mixed 
Microbial 
Consortia

20% H2,
55% CO, 10% 
CO2, 15% N2

1.15 20 15 0.92 1.89 3.68 25% [27]

Floating 
membrane/Free cell 

reactor

1.70 55 Mixed 
Microbial 
Consortia

20% H2,
55% CO, 10% 
CO2, 15% N2

1.15 16 13 0.79 1.89 3.68 21% [27]

Packed bed reactor 1.70 55 Mixed 
Microbial 
Consortia

20% H2,
55% CO, 10% 
CO2, 15% N2

1.15 13 11 0.71 1.89 3.68 19% [27]
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Free cell reactor 1.70 55 Mixed 
Microbial 
Consortia

20% H2,
55% CO, 10% 
CO2, 15% N2

1.15 15 12 0.79 1.89 3.68 21% [27]

Continuous stirred 
tank reactor

0.75 65 M. 
thermoautotro
phicus and C. 
hydrogenofor

mans

66.66% H2, 
33.33% CO

1.54 97 93 6.82* 2.08 4.91 139% [28]

Trickle bed reactor 0.18 37 Mixed 
Microbial 
Consortia

45% H2,
20% CO, 25% 
CO2, 10% N2

1.00 95% 92% 1.48 3.00 2.22 67% This Study

Trickle bed reactor 0.18 37 Mixed 
Microbial 
Consortia

45% H2,
20% CO, 25% 
CO2, 10% N2

1.00 71% 68% 2.71 1.50 4.43 61% This Study

Trickle bed reactor 0.18 37 Mixed 
Microbial 
Consortia

45% H2,
20% CO, 25% 
CO2, 10% N2

1.00 58% 56% 3.13 1.00 6.65 47% This Study

Trickle bed reactor 0.18 60 Mixed 
Microbial 
Consortia

45% H2,
20% CO, 25% 
CO2, 10% N2

1.00 98% 96% 3.80 1.50 4.43 86% This Study

Trickle bed reactor 0.18 60 Mixed 
Microbial 
Consortia

45% H2,
20% CO, 25% 
CO2, 10% N2

1.00 95% 88% 5.85 1.00 6.65 88% This Study

Trickle bed reactor 0.18 60 Mixed 
Microbial 
Consortia

45% H2, 20% 
CO, 25% 

CO2, 10% N2

1.00 89% 73% 8.49 0.60 11.08 77% This Study

*This result is higher than the stoichiometrical maximum (4.91) most probably due to the use of acetate as a buffer
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366

367 3.1.2 Liquid phase

368 The main byproduct in both mesophilic and thermophilic conditions was acetic acid. It was found in at least 10 

369 times higher concentration in both reactors compared to longer carbon chain VFAs such as propionic acid, 

370 butyric acid, isobutyric acid, isovaleric acid, valeric acid and caproic acid while the concentration of alcohols 

371 remained always at very low and insignificant level (Figures S1 and S2 in supplementary data). Even though the 

372 concentration of longer chain VFAs was very low compared to acetic acid, it was clear that the direct or indirect 

373 conversion of syngas to longer carbon chain VFAs occurred and constituted a potential metabolism of the 

374 acetogens for energy conservation in this kind of environments. It has been reported that aceticlastic 

375 methanogenesis was partially inhibited at a partial pressure of CO above 0.11 atm and this inhibition triggered 

376 the accumulation of acetic acid and its further elongation to longer chain fatty acids [31]. With the exception of 

377 the EBRT of 1.5 h, the concentration of VFAs in both the mesophilic and the thermophilic reactor was 

378 comparable (Fig. 6a). Taking into account the conversion rate of CO and H2 (Fig. 5) it was observed that the 

379 percentage of electron equivalents fixed to VFAs was substantially higher in mesophilic compared to 

380 thermophilic conditions (Fig. 6b). 

381 Production of acetic acid under mesophilic conditions was also observed during the enrichment process the 

382 anaerobic sludge went through prior to the inoculation of the trickle bed reactors [10]. In that case, after full 

383 conversion of CO was reached, acetic acid was converted to CH4 by aceticlastic methanogens. However, this 

384 was not observed in the mesophilic trickle bed reactor where VFAs were accumulated up to a specific 

385 concentration instead of getting fully converted to CH4. It has been reported that CO is more inhibitory against 

386 aceticlastic methanogens compared to other methanogenic species [32] and thus it is possible that continuous 

387 CO flow in the reactor affected these types of microbes more severely. Another research study regarding CO 
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388 metabolism by mixed microbial consortia at 35 oC reported that accumulation of VFAs in the employed gas lift 

389 reactors was observed at partial pressures of CO above 0.41 atm [33]. 

390 An unexpected observation made in the present study, was the significant acetogenic activity in the trickle bed 

391 reactor under thermophilic conditions, whereas during the batch enrichment process no acetic acid or other 

392 VFAs were detected [10]. Most likely, carboxydotrophic acetogens or homoacetogens were encapsulated in the 

393 biofilm, which provided more favorable conditions for their growth. Another possible explanation could be that 

394 the carboxydotrophic hydrogenogens also performed acetogenic metabolism as it has recently been shown by 

395 Diender et al. [28]. In their study, they used a co-culture (M. thermoautotrophicus and C. hydrogenoformans) 

396 instead of a mixed culture, so as to increase the product selectivity at 65 oC. Nevertheless, they resulted in a 4% 

397 to 8% product yield to acetic acid proving that the carboxydotrophic hydrogenogen C. hydrogenoformans 

398 performs both the water-gas shift reaction and carboxydotrophic acetogenesis for energy conservation [28]. In 

399 the present study, an energy loss to VFAs between 2.5% and 5.7% was observed in thermophilic conditions, 

400 which is in the proximity of the aforementioned values reported with the co-culture. Production of acetic acid 

401 during semi-continuous syngas biomethanation by MMC at thermophilic conditions has also been reported at 

402 55 oC and 70 oC at concentrations varying between 3.3 and 8.3 mM [34]. Aceticlastic activity was, also, not 

403 observed in the thermophilic trickle bed reactor in the present study, which is in line with the findings from a 

404 research group that assessed the aceticlastic metabolism of four anaerobic sludges [35]. In that study the four 

405 anaerobic sludges from different sources were grown in batch mode at 55 oC using as a substrate CO and 

406 acetate and no aceticlastic methanogenic activity was observed, thus showing the inhibitory effect of CO on 

407 aceticlastic metabolism. 

408
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409

410 Figure 6. Total concentration of VFAs (a) and electron yield to VFAs (b) in each of the EBRTs tested. The M index refers to the value of 

411 the mesophilic reactor and the T index refers to the value of the thermophilic reactor.

412

413 3.2 Analysis of the microbial community

414 The use of 16s rRNA gene sequencing has been reported as one of the most reliable methods to identify the 

415 profile of broad mixed microbial consortia [36]. Furthermore, a common practice in metagenomic analysis is 

416 the use of the region V4 of the 16s rRNA gene so as to determine the fraction of both archaea and bacteria 

417 with relatively high precision [11,37]. The assessment of the changes in the microbial communities amongst the 

418 inoculum (received from the last transfer of the batch enrichment process [10]), the recirculating liquid and the 

419 biofilm formed on the packing material was performed by using Illumina Miseq 300bp paired-end sequencing. 

420 Here, microbial composition data as estimated by the analysis of the V3-V4 region of 16S rRNA gene are 

421 reported. However, to ensure little bias from the applied methodology, for all samples additional analysis using 


































