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 Hydrogenotrophic methanogens were localised in biofilm 28 
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Abstract 31 

This study evaluated the process performance and determined the microbial 32 

community structure of two lab-scale thermophilic trickling biofilter reactors used for 33 

biological methanation of hydrogen and carbon-dioxide for a total period of 94 days. 34 

Stable and robust operation was achieved by means of a single-pass gas flow. The 35 

quality of the output gas (>97%) was comparable to the methane purity achieved by 36 

commercial biogas upgrading systems fulfilling the specifications to be used as 37 

substitute to natural gas. The reactors’ methane productivity reached more than 1.7 38 

LCH4/(LR.d) at hydrogen loading rate of 7.2 LH2/(LR.d). The spatial distribution of the 39 

microbial consortia localized in the liquid media and biofilm enabled us to gain a deeper 40 

understanding on how the microbiome is structured inside the trickling biofilter. 41 

Sequencing results revealed a significant predominance of Methanothermobacter sp. in 42 

the biofilm. Unknown members of the class Clostridia were highly abundant in biofilm 43 

and liquid media, while acetate utilising bacteria predominated in liquid samples. 44 

 45 

Keywords 46 

Biomethanation; biogas upgrading; trickling biofilter; Power-to-Gas 47 

 48 

1. Introduction 49 

Biogas typically consists of methane (CH4) (50-70%), carbon-dioxide (CO2) (30-50 

50%), and other impurities, such as hydrogen sulphide, ammonia, moisture etc, in 51 

significantly lower concentrations (Kougias and Angelidaki, 2018). Even though these 52 

impurities, such as hydrogen sulphide, are extremely corrosive for the equipment and 53 

needs to be removed, it is apparent, the CO2 fraction of biogas reduces its calorific 54 
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value. For that reason, a specific process, the so called “biogas upgrading”, is applied in 55 

order to remove or transform the contained CO2, and thereby, increase the methane 56 

concentration of the final output gas (Angelidaki et al., 2018). Biogas purification 57 

increases the energy density of the gas and broaden the options for further applications; 58 

besides combined heat and power generation, its injection into natural gas 59 

infrastructures, efficient transport after gas compression, large-scale storage, and use as 60 

vehicle fuel are possible (Sun et al., 2015). 61 

An attractive method for increasing the CH4 content of biogas is based on biological 62 

methanation of H2 and CO2. To maintain a sustainable energy process, the H2 must be 63 

produced by sustainable sources, such as water electrolysis powered by off-peak 64 

electricity surplus from intermittent renewable energies (e.g. solar and wind power). 65 

Nowadays, commercial water electrolysers are able to cold start within a few minutes 66 

(Bhandari et al., 2014; Persson et al., 2015), enabling the system to offer grid-balancing 67 

services, assisting the power grid to meet the supply of electricity to the demand 68 

(Guinot et al., 2015). Therefore, this Power-to-Gas technology provides large-scale 69 

energy storage, as the end-use of biomethane is not limited in the gas grid and also 70 

avoids safety management issues associated with H2 production and handling (Collet et 71 

al., 2017). Currently, there are three concepts for biological biogas upgrading, namely 72 

“in-situ”, “ex-situ” and “hybrid” (Kougias et al., 2017). During the “in-situ” process, H2 73 

is directly injected into a conventional biogas reactor, and thus the endogenous CO2 is 74 

hydrogenated to CH4. The advantages of such technology rely to its simplicity and 75 

reduced costs for implementation as it mainly utilises the existing infrastructure of the 76 

biogas plants. However, these systems are prone to increase the pH and hinder the 77 

degradation of Volatile Fatty Acids, which affects negatively the kinetics of the 78 
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anaerobic digestion process (Angelidaki et al., 2018). Therefore, the development of 79 

“ex-situ” biomethanation systems is gaining increased interest as this concept aims to 80 

optimise the upgrading process in dedicated external reactors.  81 

Till now, several studies investigated the ex-situ biogas upgrading process in 82 

different temperature conditions (Bassani et al., 2017; Rachbauer et al., 2016; Strübing 83 

et al., 2017). It was found that the reactors’ performance and efficiency of the system is 84 

improved at thermophilic conditions (Yun et al., 2017). However, H2 is much less 85 

soluble in water (e.g. at thermophilic temperature about 500 times less soluble than 86 

CO2) (Ahern et al., 2015). Therefore, the limiting factor in both in-situ and ex-situ 87 

systems is the efficient diffusion of H2 into the liquid phase, which will make it 88 

available for the microorganisms (Alfaro et al., 2018; Bassani et al., 2016; Díaz et al., 89 

2015; Martin et al., 2013). To address this technical challenge, different reactor 90 

configurations, at lab or pilot scale, aiming at maximising the H2 gas-liquid transfer 91 

have been investigated (Alfaro et al., 2018; Bassani et al., 2016; Díaz et al., 2015; Ju et 92 

al., 2008; Martin et al., 2013; Wang et al., 2013).  93 

More recently, the exploitation of trickling biofilter (TBF) reactors has been 94 

proposed to support efficient biomethanation (Alitalo et al., 2015; Burkhardt et al., 95 

2015; Rachbauer et al., 2016; Strübing et al., 2017). TBF reactors consist of a column 96 

that is packed with material of high specific surface area, on which biofilm is 97 

developed. The gases are forced through the packed bed either downwards or upwards 98 

and the liquid media is trickled and recycled over the packing material to provide 99 

moisture and nutrients, forming a thin liquid layer over the biofilm. Therefore, the TBF 100 

is composed of a three-phase system: a gas phase nearly filling the entire reactor, a 101 

liquid-phase trickling over the biofilm, and the biofilm itself attached to the packed-bed 102 
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surfaces. The biofilm is composed of a specific arrangement of immobilised cells within 103 

a matrix of extracellular polymeric substances. This organisation results in symbiotic 104 

behaviours that optimize microbial relations (Garrett et al., 2008). Additionally, 105 

compared to systems where the microorganisms are suspended in liquid media, biofilms 106 

present certain advantages, such as immobilisation of the microbial community 107 

(avoiding discharge from the system) and increased resistance to inhibitory or toxic 108 

compounds (Hori and Matsumoto, 2010). Regarding previous experiments with TBF 109 

reactors at thermophilic conditions, two bioreactors in serial configuration (Alitalo et 110 

al., 2015) or one trickle bed system (Strübing et al., 2017) have been investigated with 111 

H2 and CO2 as gas substrates. In these studies, the gas mixture was injected in the 112 

reactor either in concurrent (Alitalo et al., 2015) or countercurrent flow (Strübing et al., 113 

2017) to the liquid media but the possible influence of the injection direction on the 114 

biogas upgrading process is still unexplored. More specifically, to the best of our 115 

knowledge only one work has investigated a trickle bed system fed in concurrent mode 116 

(Dupnock and Deshusses, 2017). Moreover, the microbial community involved in ex-117 

situ biogas upgrading process in TBF reactors and their importance for successful 118 

operation of the system at thermophilic conditions remains uncharacterized. It is well 119 

known that the efficiency of the biomethanation process is strongly dependent on a 120 

balanced microbial consortium which is specialized in H2 utilization (Treu et al., 121 

2018a). A high- resolution characterization of the microbial community in biogas 122 

upgrading systems will provide essential information for process optimization.  123 

The present study aimed at evaluating the process performance and determining the 124 

microbial ecology of thermophilic TBF reactors performing biological methanation of 125 

H2 and CO2. Progressively reduced gas retention times were applied by increasing the 126 
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influent gas mixture (i.e. simulating a biogas stream and the corresponding amount of 127 

H2 needed to react with the CO2) to assess the productivity and stability of the process. 128 

In addition, the gas mixture was injected in the reactors either in concurrent or 129 

countercurrent flow to the liquid media to identify potential differences in 130 

biomethanation efficiency. Furthermore, samples collected from the liquid phase and 131 

from the biofilm undergo high throughput 16S rRNA amplicon sequencing to gain a 132 

deeper understanding on how is the microbial community structured inside the trickling 133 

filter. Linking the microbial ecology information with the outcomes from the reactor 134 

monitoring can provide essential information for designing robust anaerobic systems for 135 

biological biogas upgrade. 136 

 137 

2. Materials and methods 138 

2.1 Inoculum 139 

Enriched hydrogenotrophic culture obtained from laboratory biogas upgrading 140 

column reactors (Bassani et al., 2017) was used for the initial inoculation of the TBF 141 

reactors. The inoculum had a pH of 8.03, the concentration of total solids was 1.6 ± 0.0 142 

% and the concentration of volatile solids was 0.6 ± 0.0 %. The total Kjeldahl nitrogen 143 

was measured to be 2.03 ± 0.11 g/L, the ammonia nitrogen equal to 1.63 ± 0.06 g/L and 144 

the concentration of volatile fatty acids was 304.8 ± 5.7 mg/L. During the start-up 145 

period, the reactors were inundated for 24 hours with inoculum to enhance the initial 146 

microbial adhesion, and thus, biofilm formation (Langer et al., 2014). Digestate 147 

collected from Snertinge biogas plant, Denmark, was used as nutrient source during the 148 

whole experimental work. More specifically, twice per week that liquid samples (20mL) 149 

were obtained from the reactors for biochemical analyses, an isovolume of digestate 150 
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was added in the liquid tank. The digestate was incubated at thermophilic conditions for 151 

a period of more than three months to ensure total degradation of the organic matter that 152 

would result in additional biogas generation inside the reactors influencing the mass 153 

balance.  154 

 155 

2.2 Reactors’ setup and operation 156 

Two TBF reactors, operating at thermophilic temperature (54 ± 1°C) and 157 

atmospheric pressure, were used for the experiments. The difference between the two 158 

reactor configurations was the direction of the injected gas flow and the outlet gas port. 159 

The gas mixture in the first reactor, denoted as R1, was injected in a countercurrent flow 160 

to the trickling media, while the outlet gas port (i.e. port that allow gasses to exit the 161 

reactor) was placed at the top of the reactor (Fig. 1a). On the contrary, the influent gas 162 

in the second reactor, denoted as R2, was directed concurrently of the recirculating 163 

liquid. Therefore, an outlet port was placed in the bottom of the reactor so as the liquid, 164 

which would be saturated with gas, to be removed from the reactor and subsequently be 165 

recirculated (Fig. 1b). As previously mentioned, the reasoning for the differently 166 

applied gas injection was to investigate potential effect of the gas components densities 167 

and flow direction over the reactors’ performance. Both reactors were made of 168 

poly(methyl methacrylate) and had 1 L working volume (packed bed) with dimension 169 

ratio length:diameter of 9:1. Glass rings (Sigma-Aldrich) were used as packing material 170 

(5x6 mm each with specific surface area of 0.002 m2/g). A water recirculation system 171 

was used to heat the reactors by means of D10 mm silicon tubes wrapping their entire 172 

cylindrical surface. Polyethylene foam was used to cover the wrapped reactors for 173 

insulation. Each reactor configuration was connected with a glass vessel (1 L working 174 



9 

 

volume), which contained the recirculation liquid media. The vessel was equipped with 175 

a thermal jacket so as to operate at stable thermophilic temperature (54 ± 1°C). The 176 

liquid was pumped out from the vessel and trickled over the packed bed through seven 177 

ports (each port had a diameter of 2 mm) that were distributed at the upper lid of the 178 

reactors. The liquid recirculation took place for 30 seconds every half an hour using a 179 

peristaltic pump set at a flow rate of 2.8 L/(LR.d). The feeding gas mixture was 180 

synthetically composed of 23% CH4, 15% CO2 and 62% H2, replicating a mixture of 181 

biogas (about 60% CH4 and 40% CO2) and H2 in stoichiometric proportions according 182 

to reaction (1). 183 

4 𝐻2  +  𝐶𝑂2 →  𝐶𝐻4  +  2 𝐻2𝑂 (ΔG° = -131 kJ/mol) (1) 184 

The gas feed was continuously introduced to the reactors using peristaltic pumps. 185 

No gas recirculation was applied, resulting in a single-pass plug flow operation. The 186 

experiment using both reactors lasted for a total of 94 days and was divided in four 187 

experimental periods, during which the gas retention time (GRT) of the reactors was 188 

reduced by increasing the gas feeding rate of the reactors. Thus, the periods were 189 

denoted as Period I (GRT=14h), Period II (GRT=7h), Period III (GRT=4.2h), and 190 

Period IV (GRT=2.1h). Experimental operation was progressed from one period to the 191 

next one when steady state conditions were achieved (i.e. less than 5% variations of the 192 

output-gas composition).  193 

 194 

2.3 Analytical methods 195 

According to the Standard Methods for Examination of Water and Wastewater 196 

(APHA, 2005), total solids (Method 2540B) and volatile solids (Method 2540G) 197 

concentrations of the inoculum used was determined. The pH was measured using a 198 
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digital PHM210 pH meter connected to the Gel pH electrode (pHC3105-8; Radiometer 199 

analytical). Output gas flows were measured daily by means of water displacement gas-200 

metering systems (each cycle was 100 mL). The composition of the influent and 201 

effluent gasses was measured three times per week using gas chromatographs 202 

(Mikrolab, Aarhus A/S, Denmark), equipped with a thermal conductivity detector 203 

(TCD). The injection port, detector and oven temperature was set at 50 °C, while 204 

depending on the measurement, hydrogen or nitrogen was used as carrier gas. The 205 

determination of the volatile fatty acids (VFA) was performed twice a week  using a gas 206 

chromatograph (Shimadzu GC-2010, Kyoto, Japan) equipped with a FID and an FFAP 207 

fused-silica capillary column, as previously described (Kougias et al., 2015). All 208 

measurements were performed in triplicate samples. 209 

 210 

2.4 Calculations  211 

The utilisation efficiency of H2, denoted as 𝜂𝐻2
 (%) was determined according to the 212 

following equation: 213 

𝜂𝐻2
=

𝐻2𝑢𝑠𝑒𝑑

𝑄𝐻2,𝐼𝑁
∙ 100   214 

where 𝐻2𝑢𝑠𝑒𝑑
 is the H2 utilisation rate expressed as LH2/LR·d and 𝑄𝐻2,𝐼𝑁 is the H2 215 

loading rate expressed as LH2/LR·d. Similarly the CO2 utilisation efficiency (𝜂𝐶𝑂2
, %) 216 

was calculated. 217 

The methane production rate (𝑃𝐶𝐻4
, LCH4/LR·d) was determined by subtracting the 218 

methane volume that was contained in the influent gas mixture from the output gas as 219 

follows:  220 

𝑃𝐶𝐻4
= 𝑄𝐶𝐻4,𝑂𝑈𝑇 − 𝑄𝐶𝐻4,𝐼𝑁 221 

where 𝑄𝐶𝐻4,𝑂𝑈𝑇 is the outflow CH4 rate expressed as LCH4/LR·d and 𝑄𝐶𝐻4,𝐼𝑁 is the CH4 222 



11 

 

that was injected in the reactors due to the gas mixture, expressed as LCH4/LR·d. 223 

 224 

2.5 Microbial analysis  225 

At the end of the experiment (day 94) triplicate samples from the liquid media and 226 

from the biofilm that was created on the surface of the packing material located in the 227 

middle part of R2 were collected. Genomic DNA was extracted using the PowerSoil® 228 

DNA Isolation Kit (MO BIO laboratories Inc., Carlsbad, CA USA) and following the 229 

instructions of the manufacturer. The quantity and quality assessment of the extracted 230 

DNA were performed using NanoDrop (ThermoFisher Scientific, Waltham, MA) and 231 

Qubit Fluorometer (ThermoFisher Scientific, Waltham, MA), respectively. Library 232 

preparation was performed on the V4 region of 16S rRNA gene using universal primers 233 

(i.e. 515f/806r). Sequencing was performed using Illumina MiSeq platform. The raw 234 

sequenced data were processed using CLC Workbench software (V.8.0.2) with 235 

Microbial genomics module plug in (QIAGEN Bioinformatics, Germany). The detailed 236 

procedure followed was previously described by Treu et al. (2018b). BLASTn against 237 

16S ribosomal RNA (bacteria and archaea) database was used to assist and/or verify the 238 

taxonomical assignment obtained by CLC (Greengenes v13_5 database). Heat maps 239 

showing relative abundance and fold change of most relevant operational taxonomic 240 

units (OTUs) were done using Multiexperiment Viewer software (MeV 4.9.0) (Saeed et 241 

al., 2003). Statistical analysis and corresponding graphs were performed using STAMP 242 

software (Parks and Beiko, 2010) to assess the dissimilarity among the samples from 243 

the liquid media and from the biofilm identifying the significance of changes in relative 244 

abundance. The current study will focus on the high abundant OTUs (i.e. relative 245 

abundance higher than 0.5% with respect to the total number of sequences) which were 246 
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present in at least one sample. Raw reads were deposited in Sequence Read Archive 247 

(SRA) database of NCBI under the BioProject PRJNA481013. Table 2 reports the 248 

sequencing results summary and the SRA IDs of each sample.  249 

 250 

3. Results and Discussion 251 

3.1 Process performance of trickling biofilter reactors 252 

The TBF reactors achieved an output gas that was fulfilling the standards for 253 

substituting natural gas or could be used as transportation fuel in different countries. 254 

The inoculation procedure with enriched hydrogenotrophic media was beneficial for the 255 

start-up process in the TBF reactors as it minimised the duration needed for the 256 

microbial adaptation. Indeed, the CH4 content in the output gas after three days of initial 257 

operation reached 93%. In general, it was demonstrated that the biomethanation 258 

efficiency of both reactors was similar (Table 1, Fig. 2). More specifically, the CH4 259 

concentration of the upgraded biogas was progressively increasing to up to 4.2 hours 260 

gas retention time (Period III) having a maximum CH4 content of approximately 99%. 261 

On average, the CH4 production rate of the TBF reactors was 0.25 (Period I), 0.5 262 

(Period II) and 0.88 LCH4/(LR·d). A further reduction of the gas retention time to almost 263 

2 hours led to an increment of the methane productivity to approximately 1.73 264 

LCH4/(LR·d); nevertheless, the quality of the output gas was lowered (i.e. on average 265 

95% CH4 concentration). The decreased methane purity was attributed to the fact that 266 

the supplied H2 and CO2 was utilised for acetate production (homoacetogenesis) instead 267 

of methanogenesis. Similar findings were recently documented in another study 268 

performed which reported that acetate accumulation decreased the conversion efficiency 269 

of CO2 to CH4 in trickle bed reactors (Rachbauer et al., 2017). Indeed, the results from 270 
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the VFA determination showed that there was a strong accumulation of short chain fatty 271 

acids; especially the acetate concentration in R2 increased from 113 mg/L in Period I to 272 

643 mg/L in Period IV. It is known that VFA-degradation requires low hydrogen partial 273 

pressure (Fukuzaki et al., 1990). Therefore, the observed VFAs accumulation suggests 274 

that the H2:CO2 ratio fed to the reactor (4.13:1) was slightly too high, resulting in an 275 

excess of H2 that increased the H2 partial pressure and hindered the degradation of VFA. 276 

To verify the hypothesis, the gas mixture of R2 during Period IV was temporarily 277 

changed with pure nitrogen, and subsequently, the reactor was flushed for a three day 278 

period exclusively with nitrogen gas. It was shown that the decreased H2 pressure led to 279 

an immediate degradation of VFA, whose final concentration reached 174 mg/L at the 280 

end of the aeration test. However, once the gas feedstock was restored to the initial 281 

composition (i.e. 23% CH4, 15% CO2 and 62% H2) the VFA content returned to the 282 

earlier levels (i.e. on average 759 mg/L). The fast response of the TBF reactors’ 283 

performance concordantly with the change of gas composition could be attributed to the 284 

formation of a well-structured microbial biofilm. It has been previously reported that the 285 

biofilm structure is a key parameter in anaerobic biofilm systems whose high process 286 

productivity is depended on interspecies H2 transfer (Annachhatre, 1996). In fact, at the 287 

end of the experiment a thin biofilm was created onto the surface of the packed material 288 

from which the microbial population was analysed.       289 

Another interesting remark extracted from the VFA monitoring was related with the 290 

effect of the directional flow gases inside the TBF reactors. It was demonstrated that the 291 

injection of the influent gas mixture with the directional flow of the liquid in R2 greatly 292 

enhanced acetate production compared to the reactor that the gases were directed in 293 

countercurrent flow to the trickling media (R1). The countercurrent operation could 294 
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influence the process presumably due to the densities of the different gases passing 295 

through the reactor. Indeed, H2 density is much lower than the ones of CH4 and CO2, 296 

and a downwards plug flow might involve higher H2 partial pressure in the liquid, 297 

compared to upflow operation, resulting in the promotion of homoacetogenesis. 298 

Unlike the biomethanation trickle-bed research of Rachbauer et al., (2016), where 299 

the pH of the liquid media remained largely at neutral levels, in the present study, a 300 

continuous increment of pH was recorded even from the beginning of the experiment. 301 

The maximum pH value reached 8.63 (R2 in Period II), which is above the optimum 302 

threshold for methanogenesis (Kougias and Angelidaki, 2018), and therefore, a pH 303 

adjustment was mandatory as countermeasure for maintaining stable pH values. For this 304 

reason, 100 mL of liquid media were neutralised twice per week using HCl 1M and 305 

reintroduced in the nutrient glass vessel. The increment of the pH could be attributed to 306 

the H2:CO2 ratio fed to the reactors, which was slightly higher compared to the 307 

stoichiometric equation (i.e. H2:CO2 ratio was 4.13:1), resulting in an excess of H2 that 308 

concomitantly reduced the CO2 partial pressure. It is known that the CO2 produced 309 

during anaerobic digestion process reacts with the hydroxide ions (OH-) within the 310 

liquid, forming bicarbonate ions (HCO3
-) that increase the buffering capacity of the 311 

medium (Schnurer and Jarvis, 2010). However, in the current case the injected H2 312 

reacted with the CO2, reducing the CO2-partial pressure and provoking a loss of 313 

buffering capacity.  314 

 315 

3.2 Microbial community profiles in the liquid media and biofilm 316 

Illumina sequencing generated in total more than a million of raw reads with 317 

average length of 254 bp; results are summarized in Table 2. After quality filtering and 318 



15 

 

pair merging, on average 63% of reads were taxonomically assigned to OTUs (Table 2). 319 

Rarefaction curves showed that the sequencing depth was adequate enough to cover the 320 

sample richness in the sample replicates. Microbial diversity was estimated and results 321 

showed 150 OTUs per replicate (on average). Principal coordinate analysis (PCoA) 322 

clearly indicated differences between the two samples, revealing a relative distance in 323 

their microbial beta diversity (Fig. 3). The replicates from the liquid media sample were 324 

all clustered together. One replicate of the biofilm sample showed lower similarity (Fig. 325 

3) compared to the other two replicates (which clustered together) most probably due to 326 

technical issues (e.g. not homogenised sampling) and mainly influenced by the 327 

differences in only 3 abundant OTUs (Clostridia sp. 4, Thermoanaerobacteraceae sp. 328 

10 and Tissierella sp. 11). However, for the rest of OTUs, the PCoA results were 329 

consistent in the three replicates, and thus, all of them were maintained for the analysis. 330 

As shown in Fig. 3, two completely different clusters were obtained regarding the 331 

samples from the liquid media or from the biofilm.  332 

Considering the most abundant microbes (>0.5% of relative abundance in at least 333 

one sample), 29 OTUs covered approximately 90% of the community in the samples. 334 

Among the selected OTUs, 8 were assigned at genus level and 6 at species level, while 335 

the rest of the microbes were assigned only at higher taxonomic levels, suggesting the 336 

presence in the microbiome of numerous underexplored or undescribed taxa. 337 

Taxonomic assignment, relative abundance and abundance variation (fold change) of 338 

the most abundant OTUs in the samples are reported in Fig. 4. The fold change of 339 

OTUs significantly changing in relative abundance is shown in Fig. 5.  340 

Bacterial population covered on average 90% and 70% of the whole microbial 341 

community in liquid media and biofilm samples, respectively, whilst archaea accounted 342 
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on average for 10% and 30%, respectively. Two different communities were obtained as 343 

in agreement with the previously discussed PCoA results (Fig. 3). In the liquid media 344 

samples, the most represented phyla were Firmicutes (40%), Proteobacteria (22%), 345 

Bacteroidetes (11%) and Euryarchaeota (10%), while the most abundant phyla in the 346 

biofilm samples were Firmicutes and Euryarchaeota (48% and 30%, respectively) with 347 

lower abundance of Proteobacteria (5%) and Bacteroidetes (3%). These phyla have 348 

been previously identified in the biofilm sample from the trickling biofilter working at 349 

mesophilic conditions in the study of Dupnock and Deshusses (2017). In their work, 350 

similar relative abundance of Euryarchaeota phylum (27%) was found compared to the 351 

current study.  352 

Among the most abundant OTUs, 3 of them were hydrogenotrophic methanogens 353 

assigned to Methanothermobacter sp. 1, Methanobacterium formicicum and 354 

Methanoculleus thermophilus (100, 97 and 100% similarity, respectively). BLASTn 355 

search against NCBI database revealed 100% similarity of Methanothermobacter sp. 1 356 

with two microbial species, such as Methanothermobacter thermautotrophicus and 357 

Methanothermobacter wolfeii, indicating that the most abundant methanogen populating 358 

the archaeal and total community was represented by a new species. Interestingly, these 359 

microorganisms were enriched in the biofilm compared to liquid media samples (Fig. 360 

4). This fact could be explained as a consequence of their higher proximity with the 361 

carbon and hydrogen source in the biofilm and/or their possible syntrophic relationship 362 

with biofilm forming bacteria. Notably, Methanothermobacter sp. 1 was the most 363 

abundant microbe in the biofilm community (19%) followed by M. formicicum (10%) 364 

(Fig. 4). The abundance of these two hydrogenotrophic archaea was shown to be 365 

statistically higher in the biofilm compared to the liquid media (Fig. 5) and their ability 366 
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to generate biofilms was reported in previous literature. M. thermautotrophicus was 367 

found to be one of the only two microorganisms populating the biofilm formed on top 368 

of the diffuser surface of an ex-situ biogas upgrading reactor (bubble column) at 369 

thermophilic conditions (Kougias et al. 2017). Moreover, Rademacher et al., (2012) 370 

identified the prevalence of this archaeon on a methanogenic biofilm in a thermophilic 371 

biogas system (two-phase leach-bed). In addition, the high abundance of 372 

Methanothermobacter sp. obtained in the present study in a TBF reactor is in agreement 373 

with previous studies which identified members this genus as dominant in thermophilic 374 

biogas upgrading systems operating using continuously stirred tank reactors (Treu et al., 375 

2018; Kougias et al., 2017), bubble columns (Alfaro et al., 2018; Kougias et al., 2017) 376 

and up-flow reactors (Bassani et al., 2017). M. formicicum is known to be able to 377 

produce extracellular polysaccharides, which play various roles in structure and 378 

functions of biofilm communities (Veiga et al., 1997). 379 

Although Thermoanaerobacteraceae sp. 10 was present in the liquid media (2%), its 380 

relative abundance was higher in the biofilm (5%) (Fig. 4). Members of this family (e.g. 381 

Moorella thermoacetica and Thermoanaerobacter kivui) are known homoacetogenic 382 

bacteria using H2 as electron donor to convert CO2 into acetate (Pierce et al., 2008; 383 

Weghoff and Müller, 2016). The best hit with 91% similarity was a member of 384 

Moorella genus (Moorella humiferrea). Thus, Thermoanaerobacteraceae sp. could be a 385 

possible homoacetogen which is in accordance with the high VFA (772 mg/L, Fig. 2) 386 

and acetate (656 mg/L) contents observed in R2 at the sampling moment for the 387 

microbial analysis. Tepidanaerobacter syntrophicus (98% similarity) was found in all 388 

microbial communities (Fig. 4). Previous studies (Sekiguchi et al., 2006) reported the 389 

syntrophic association of this microorganism with the hydrogenotrophic methanogen M. 390 
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thermoautotrophicus and its ability to utilise ethanol, glycerol and lactate syntrophically 391 

for growth. Thus, the statistical higher relative abundance of T. syntrophicus in the 392 

biofilm samples compared to liquid media (Fig. 5) was in agreement with the significant 393 

higher abundance of its partner Methanothermobacter sp. in the biofilm (Fig. 4, Fig. 5).  394 

Bacillus infernus (100% similarity) was found to be enriched in the biofilm (Fig. 4) 395 

with statistical relative abundance differences (Fig. 5) compared to liquid media. This B. 396 

infernus richness in the biofilm agrees with the findings reported by Kougias et al. 397 

(2017) about higher relative abundance of this microbe in the biofilm compared to the 398 

liquid phase of a thermophilic bubble column reactor used for biogas upgrading. B. 399 

infernus, a metal-reducing bacterium, is known to create biofilms in order to perform 400 

extracellular electron transfer (Badalamenti et al., 2013). In anaerobic digestion 401 

systems, the interspecies electron transfer is a fundamental feature between bacteria and 402 

archaea in order to maintain the redox reactions in sufficiently exergonic levels 403 

(Kougias et al., 2016).  404 

Clostridia sp. 2 was the second (15%) and the third (10%) most abundant OTU of 405 

the community in liquid media and biofilm samples, respectively. This species was 406 

assigned to the recently discovered order MBA08, belonging to Clostridia class. 407 

BLAST results of this OTU’s consensus sequence indicated a high similarity to 408 

Hydrogenispora ethanolica  (90%) and confirmed the relevance of this uncharacterized 409 

OTU previously found in other works dealing with biogas upgrading (Bassani et al., 410 

2017; Corbellini et al., 2018; Kougias et al., 2017; Treu et al., 2018b). In addition, 411 

Kougias et al. (2017) indicated the existence of a potential syntrophic interaction 412 

between the hydrogenotrophic methanogen M. thermautotrophicus and Clostridia sp. 2 413 

(H. ethanolica) because of their concurrent remarkable high abundance. Interestingly, 414 
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Clostridia sp. 2 was present in high abundance in the biofilm and the liquid media, thus 415 

suggesting its possible versatile metabolism.  416 

The relative abundance differences of Pseudomonas sp. 3 and Bacteroidales sp. 6 417 

were statistically higher in the liquid media than in the biofilm as shown in Fig. 5. Both 418 

microorganisms presented high relative abundance values (16% and 10%, respectively) 419 

in the liquid media samples compared to biofilm samples and they were two of the 420 

highest abundant microbes in the liquid media (Fig. 4). The richness of Pseudomonas 421 

sp. in the liquid media compared to the biofilm was in agreement with the findings of 422 

Kougias et al. (2017) obtained in the samples from biofilm and liquid phase of their ex-423 

situ biogas upgrading bubble column reactor experiment at thermophilic conditions. By 424 

performing a BLASTn search against the NCBI database, this OTU was similar to 425 

Pseudomonas flexibilis (95%). Literature reported not only a marked stimulated growth 426 

of Pseudomonas flexibilis utilising lactate as a carbon and energy source but also 427 

stimulated growth by means of acetate and α-ketoglutarate (Herspell, 1977). Thus, as an 428 

acetate utiliser, its relative abundance was higher in the liquid media, which agrees with 429 

the high concentration of acetate found in R2 (656 mg/L) in the liquid.  430 

Bacteroidales sp.6 was the third most abundant OTU in liquid media samples (10%) 431 

and an “unclassified species” belonging to the order Bacteroidales. The taxonomic 432 

assignment could not be improved neither by BLASTn search against the NCBI 433 

database, nor by aligning the sequence against other public databases, such as RDP 434 

Classifier or SILVA ribosomal RNA gene database. The best hit with 81% similarity 435 

was with an obligatory anaerobic asaccharolytic member of Porphyromonas genus 436 

(Porphyromonas circumdentaria). This uncharacterized OTU was previously found in 437 

other works dealing with biogas upgrading (Kougias et al., 2017). Similarly to 438 
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Pseudomonas sp. 3, Bacteroidales sp. 6 could be an acetate utiliser regarding its high 439 

abundance in the liquid media. This fact was also supported by the high acetate 440 

concentration in R2 on day 94 mentioned above. 441 

 442 

3.3 Practical considerations derived from the current study 443 

The proposed biomethanation concept is becoming an attractive technology 444 

considering: a) the fact that H2 used for the CO2 hydrogenation can be generated from 445 

renewable energy sources via water electrolysis (Götz et al., 2015), and b) the high costs 446 

associated with H2 storage (Gahleitner, 2013). A question that needs to be addressed is 447 

related with the robustness of the process; commonly, renewable energy is a temporarily 448 

surplus, and thus, it is mandatory to elucidate the biomethanation efficiency during 449 

intermittent provision of H2. Therefore, a preliminary test was conducted in which the 450 

gas feed was interrupted for 22 hours. After restarting the influx, a decline in output gas 451 

quality was observed (i.e. 91% of CH4 content). The quality of the output gas was 452 

increased to 94% after approximately 3.5 hours, while it fully recovered to 98% after 453 

20h. This result is in accordance with other studies, which affirm that dormant cultures 454 

can be quickly reactivated in large-scale AD systems, and that methanogens can be fed 455 

intermittently (Lettinga, 1995; Martin et al., 2013). Additionally, this result agrees with 456 

the achievement potential recovery obtained in previous biogas upgrading TBF reactors 457 

after three days of H2 suspension at mesophilic conditions (Burkhardt et al., 2015) and 458 

after one day of H2 lack at thermophilic conditions (Strübing et al., 2017). Nevertheless, 459 

further research related to the microbial tolerance towards periodical H2 provision 460 

should be undertaken in order to draw conclusions on the dynamic operation of the 461 

presented system. 462 
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It is previously documented that the TBF reactors can produce high volumetric 463 

concentrations of CH4 (Rittmann, 2015), and thus, are attractive configurations for the 464 

overall biomethanation process. The produced gas in all the experimental periods was of 465 

sufficient quality to be introduced in natural gas infrastructures (Muñoz et al., 2015). 466 

Nevertheless, the tested TBF reactors could be considerably improved and optimized by 467 

enabling a faster process (i.e. lowering the gas retention time), or by reducing the 468 

specific reactor volume, which would lead to a decrease of the CAPEX. For instance, 469 

optimisation of the H2:CO2 ratio, together with adoption of more suitable packed-bed 470 

elements would involve inexpensive performance improvements. Additionally, the 471 

liquid recirculation rate is considered as another key point for enhancing the efficiency 472 

of the system. In other studies (Burkhardt et al., 2015), reduction of the liquid 473 

recirculation rate was found to increase the performance of the TBF.  474 

Previous works on biological biogas upgrading reported that the low gas liquid mass 475 

transfer is a bottleneck for achieving high bioconversion rates (Angelidaki et al., 2018; 476 

Szuhaj et al., 2016). However, in the TBF reactors the gas-liquid boundary surface 477 

formed over the packed bed is maximised allowing a better and more homogenised 478 

dispersion of the injected gasses. Moreover, given that biofilms rapidly consume 479 

accessible nutrients, high concentration gradients of the gases (in the current case H2 480 

and CO2) are formed throughout the 3-phase system, triggering their favourable 481 

transport into the biofilm in accordance to Henry's law (Pauss et al., 1990). H2 mass-482 

transfer is therefore improved passively, without need of liquid stirring, diffusion 483 

devices or gas recirculation. Additionally, pressurisation of the reactors has been proven 484 

to reduce the H2 mass-transfer limitations (Martin et al., 2013). Nevertheless, an 485 

advantage of the presented concept is that the biomethanation occurs at atmospheric 486 
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pressure, resulting in low technical requirements and economical costs. 487 

Unlike catalytic methanation systems (Benjaminsson et al., 2013), it has been 488 

proven that chemical contaminants, such as H2S or NH3, do not disturb the biological 489 

methanation technologies, neither in trickle-bed reactors (Burkhardt et al., 2015), nor in 490 

liquid-phase systems (Martin et al., 2013). This aspect offers great a potential to the 491 

exploitation of biological methods for upgrading the quality of biogas. Finally, 492 

considering all the outcomes from the present work, it can be extracted that the 493 

combination of biological methanation technology with the utilisation of TBF reactor 494 

systems seems very convenient for application in the Power-to-Gas concept. 495 

 496 

4. Conclusions 497 

The present work demonstrates the suitability of thermophilic trickling biofilters for 498 

methanation of H2 and the CO2 fraction of biogas. Stable and robust continuous 499 

operation was achieved through single-pass plug flow, without need for gas mixing or 500 

recirculation. The investigated system upgraded biogas efficiently reaching a CH4 501 

concentration above 97%, and CH4 productivity of more than 1.7 LCH4/(LR·d), for a H2 502 

loading rate 𝑄𝐻2,𝐼𝑁 of 7.2 LH2/(LR·d). Regarding the microbial community structure, it 503 

was shown that the most abundant methanogen populating the microbial community 504 

(Methanothermobacter sp.) was represented by a new species.  505 
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Figures 670 

 671 

Fig. 1. Schematic representation of the trickling biofilter reactors. 672 

 673 
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 674 

Fig. 2. Evolution of methane concentration in the effluent gas, VFA concentration 675 

and pH values in the reactors throughout the experiment. The shaded area represents the 676 

period in which the gas mixture of R2 was temporarily changed with pure nitrogen. 677 

  678 
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 679 

Fig.3. Principal coordinate analysis plot representing variations of the most 680 

abundant OTUs based on least squares method. Orange colour represents the biofilm 681 

samples while blue colour designates the liquid media samples. 682 

  683 
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 684 

 685 

Fig. 4. (a) Heat maps of relative abundance (%) and (b) fold change (log 2) of the 686 

most abundant microorganisms populating R2 in the liquid media (L) and in the biofilm 687 

(B). Correspondence between colours and relative abundance or fold change is reported 688 

in the scale at the top of each panel. Fold change is represented in red and green for 689 

increased and decreased OTUs, respectively. 690 

  691 
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 692 

 693 

Fig. 5. Statistical comparison between sample from the liquid media (blue colour) 694 

and sample from the biofilm (orange colour). The left part of the panel represents the 695 

relative abundance (>0.5%) while the right part shows the fold change of OTUs 696 

significantly changing in abundance (differences in mean proportions) as well as the 697 

confidence interval associated and the p-value. 698 
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Graphical Abstract 700 

 701 

 702 



34 

 

Tables 703 

Table 1. Overview of reactors’ performance during their steady state operation at each experimental period. 704 

 Period I 

Days 0-28 

Period II 

Days 29-45 

Period III 

Days 46-52 

Period IV 

Days 53-94 

 R1 R2 R1 R2 R1 R2 R1 R2 

Gas Retention time, h 

14 14 7 7 4.2 4.2 2.1 2.1 

H2 loading rate, 

LH2/(LR·d) 

1.1 1.1 2.2 2.2 3.6 3.6 7.2 7.2 

CH4 content, % 

97.3±0.6 97.0±0.1 98.0±0.4 98.1±0.2 98.7±0.3 99.1±0.1 95.1±0.5 94.9±0.6 

CH4 production rate, 

LCH4/(LR·d) 

0.26±0.03 0.25±0.01 0.50±0.02 0.50±0.00 0.89±0.01 0.88±0.01 1.74±0.01 1.71±0.03 

H2 utilisation 

efficiency, % 

95.3±2.1 97.5±0.6 91.2±4.6 96.8±0.7 99.9±0.1 99.8±0.1 97.2±0.6 96.8±0.4 

CO2 utilisation 

efficiency, % 

93.2±1.5 92.5±0.4 94.9±0.9 96.2±0.6 97.5±0.6 98.2±0.5 98.9±0.0 99.9±0.1 

pH 

8.56±0.18 8.58±0.17 8.60±0.09 8.63±0.11 8.58±0.04 8.59±0.06 8.29±0.03 8.12±0.14 

VFA, mg/L 

49±14 132±24 36±2 89±2 65±2 159±41 342±27 759±25 

Acetate, mg/L 

41±11 113±23 31±2 70±3 50±5 116±31 298±26 643±7 

 705 
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Table 2. Summary of the sequencing data and results 706 

Sample ID Sample Description Raw Reads Assigned Reads SRA accession IDs 

L1 Liquid sample from R2 198594 58195 SAMN09655204 

L2 Liquid sample from R2 236364 66295 SAMN09655204 

L3 Liquid sample from R2 226410 64031 SAMN09655204 

B1 Biofilm from R2 281440 78131 SAMN09655205 

B2 Biofilm from R2 247640 68069 SAMN09655205 

B3 Biofilm from R2 105686 25345 SAMN09655205 

 707 


