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A B S T R A C T

Syngas biomethanation enables the use of recalcitrant biomass or waste for methane production. To reveal 
knowledge on the importance of nutrient medium supply rate (NMSR) and liquid recirculation regime, a ther
mophilic 5 L trickle-bed reactor was operated for 283 days. Efficient and stable operation with >99 % H2 and CO 
conversion rates was achieved at a minimum NMSR of 14 mL/(Lpbv⋅d) and 1 h gas retention time, yielding a 
maximum methane evolution rate (MER) of 4.3 L/(Lpbv⋅d). Reduced intermittent liquid recirculation resulted in 
lowered MERs (max. 3.4 L/(Lpbv⋅d)) with CO conversion more affected by low recirculation frequencies than H2 
conversion. The microbial analysis revealed a similar microbial community structure across all experimental 
phases, dominated by Methanothermobacter in both liquid and carrier biofilm. CO was likely converted to 
methane and acetate, with syntrophic acetate-oxidizing bacteria metabolizing acetate to H2 and CO2, supporting 
efficient hydrogenotrophic methanogenesis.

1. Introduction

Covering the demand for biomethane (CH4) within the near future is 
a central challenge of the European bioeconomy. To enhance CH4 pro
duction without increasing pressure on the existing competition of en
ergy vs. food, it is necessary to broaden the technological availability for 
biomethane production. Lignocellulosic-rich substrates (e.g., forestry 
residues) can currently not be used within traditional large-scale 
anaerobic digestion but can be thermochemically converted to syngas, 
which is typically comprised of hydrogen (H2), carbon monoxide (CO), 
carbon dioxide (CO2), and additional gases like nitrogen (N2) and CH4. 
Syngas serves not only as an energy source but also as an intermediate 
for producing high-value compounds such as methane, acetate, and 
liquid fuels (Neto et al., 2025). The process of syngas conversion into a 
useful energy carrier (CH4) is attractive, as it allows the conversion of 
different types of low-degradable biomass, i.e., lignocellulosic material. 
This method improves the alignment with current gas infrastructure, 
thus promoting energy transport and storage (Ren et al., 2020). Syngas 
methanation can be achieved through either chemical or biological 
pathways: catalytic methanation via chemical processes under high 
temperature and pressure using metal catalysts such as nickel or iron, 
whereas biomethanation is a biological process mediated by 

microorganisms of the domains Bacteria and Archaea (Ren et al., 2020). 
In contrast to catalytic methods, biomethanation operates under more 
moderate circumstances such as reduced pressures and temperatures, 
rendering it a more energy-efficient option (Grimalt-Alemany et al., 
2017; Asimakopoulos et al., 2020). Furthermore, in contrast to chemical 
catalysts, microorganisms showed higher robustness to fluctuating gas 
load and pollutants, like tar and hydrogen sulfide (H2S) (Grimalt-Ale
many et al., 2017).

The dominant microorganisms that play a role in syngas bio
methanation are acetogens, syntrophic acetate-oxidizing bacteria 
(SAOB), and methanogens (Paniagua et al., 2022). An overview about 
the most important biochemical reactions carried out by the different 
microbial groups is presented in Table 1. Hydrogenotrophic metha
nogens are also able to produce CH4 from H2 and CO2, which are the 
same substrates that are utilized by homoacetogenic bacteria to produce 
acetate, resulting in a competitive relationship for H2. A subgroup of 
hydrogenotrophic methanogens can directly convert CO to CH4, while 
carboxydotrophic acetogens can convert it into acetate (Paniagua et al., 
2022). Under thermophilic conditions, CO is more commonly converted 
into CO2 by carboxydotrophic hydrogenogens via biological water-gas 
shift reaction (Sipma et al., 2003). However, the indirect route of CO 
conversion through acetate as an intermediate is usually more 
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predominant because of its preferable thermodynamics compared to 
direct conversion by carboxydotrophic hydrogenogens (Sancho Navarro 
et al., 2016).

Furthermore, syngas biomethanation is reported to show higher CH4 
productivity and greater CO tolerance at higher temperature (55–70 ◦C), 
combined with enhanced syntrophic acetate oxidation, leading to higher 
CH4 yields as well as increased process stability (Andreides et al., 2022).

In general, CH4 productivity is limited by temperature-dependent 
poor liquid-gas mass transfer and the slow kinetics of methanogens 
(Grimalt-Alemany et al., 2017). For the biomethanation of either syngas 
(H2, CO2, and CO) or only H2 and CO2, the trickle-bed reactor (TBR) is a 
feasible reactor to circumvent mass transfer restrictions (Paniagua et al., 
2022). TBRs are gastight columns filled with microbe-covered carrier 
material, over which the liquid is trickled to supply nutrients to the 
microbial community. The carriers enhance the gas-liquid phase 
boundary interaction by offering the biofilm to develop on a large spe
cific area relative to the reactor volume. Studies on biomethanation in 
TBR have illustrated the importance of various parameters, such as the 
choice of inoculum, temperature change, or the addition of external H2, 
as reviewed in Feickert Fenske et al. (2023b). Moreover, to reach long- 
term process stability, it is essential that the nutrient supply contains 
sufficient nutrient concentrations to allow microbial activity and growth 
in TBRs. Substitutes for defined nutrient media, e.g., digestates, are 
increasingly utilized in recent studies (Aryal et al., 2021; Kamravama
nesh et al., 2023; Ali et al., 2024; Goonesekera et al., 2024).

The hydraulic retention time (HRT) is usually used to describe the 
average time that the nutrient media liquid phase remains in the 
bioreactor before being discharged. A properly maintained HRT con
tributes to a stable pH, buffering capacity, as well as sufficient nutrient 
supply, which is the basis for effective syngas biomethanation 
(Kamravamanesh et al., 2023). Furthermore, the HRT of the nutrient 
liquid in the TBR is of importance for assessing economic feasibility as 
handling large volumes of nutrient media is associated with high oper
ational costs. For TBR syngas biomethanation using digestate as a 
nutrient medium, HRTs between 5 and 31.5 d are documented 
(Andreides et al., 2022; Cheng et al., 2022; Ali et al., 2024; Goonesekera 
et al., 2024; Gabler et al., 2025) but have so far not been systematically 
investigated for TBR syngas biomethanation. Lowering nutrient feeding 
can influence the biological syngas conversion and CH4 productivity 
and, thus, the techno-economic characteristics of the process. Finding a 
well-balanced supply of nutrient media is therefore essential for an 
efficient operation of syngas biomethanation. Closely connected to the 
HRT is the nutrient medium supply rate (NMSR), which takes the liquid 
reservoir volume of the TBR setup into consideration, allowing compa
rability among different TBR biomethanation studies.

The liquid recirculation regime relates to different approaches, 
which include frequency, duration, and the liquid volume flow rate, and 
does not only provide essential nutrients to the biofilm and removes 
inhibitory metabolites but also creates a liquid barrier for efficient gas- 
liquid mass transfer on the carrier (Sieborg et al., 2021). Studies about 

TBR syngas biomethanation were performed both with continuous 
recirculation (Asimakopoulos et al., 2021; Andreides et al., 2022; Ali 
et al., 2024; Goonesekera et al., 2024) and semi-continuous, i.e., inter
mittent recirculation (Aryal et al., 2021; Cheng et al., 2022; Bilgiç et al., 
2025; Gabler et al., 2025). However, the intensive liquid recirculation is 
reported to negatively affect MER and H2 conversion rates in TBR bio
methanation of H2 and CO2 (Ashraf et al., 2021; Sieborg et al., 2021). A 
decreasing recirculation is suspected to allow higher gas loads to the 
TBR, resulting in higher methane productivity (Burkhardt et al., 2015). 
However, to date, there are only two studies that have systematically 
assessed this research question. Ashraf et al. (2021) were testing 
different supply methods, i.e., flushing, flooding, and continuous recir
culation within a 0.5 L TBR for the biomethanation of H2 and CO2. It was 
concluded that applying a large flow of liquid disrupted the gas-liquid 
mass transfer. In line, Sieborg et al. (2021) assessed the influence of 
different recirculation regimes for biomethanation of H2 and CO in 
mesophilic fed-batch operated 1.5 L TBRs, observing a significant 
enhancement of H2 consumption rate when recirculation was applied 
once per week instead of once per day. For the biomethanation of syn
gas, this parameter has not been evaluated, and the liquid recirculation 
has been operated in continuous mode in most studies (Asimakopoulos 
et al., 2020; Andreides et al., 2022; Goonesekera et al., 2024). It can be 
hypothesized that insufficient recirculation can impair CO and H2 con
version due to localized inhibition of the prevailing microbial groups.

The objective of this study was to assess the influence of the NMSR 
and the liquid recirculation regime concerning the H2 and CO conver
sion and the CH4 production of syngas biomethanation in a thermophilic 
TBR using diluted manure-based digestate as the sole nutrient medium. 
To our knowledge, this study presents the first systematic assessment of 
the recirculation regime for syngas biomethanation using a TBR, 
assessing the recirculation frequency in combination with the recircu
lation duration. An additional aim of the study was to examine microbial 
community development with an emphasis on possible variations based 
on the applied changes in process parameters.

2. Materials and methods

2.1. TBR setup and nutrient media

The reactor setup used in this study is described in detail in a pre
vious article (Gabler et al., 2025) and presented in Fig. S1, Supple
mentary Material (SM). Briefly, the TBR was a stainless-steel column 
with a packed bed volume of 5 L and a liquid volume of 1 L, and was 
operated at a temperature of 56 ± 1 ◦C. The TBR used in the present 
study had been continuously operated with digestate as the sole nutrient 
source in a previous study for 382 days, mainly maintaining an HRT of 
7.5 d. For biofilm growth, high-density polyethylene carrier material 
AnoxKaldnes K1 500 (10 mm diameter, surface area 500 m2/m3, density 
1.2 g/m3) was used. The utilized syngas was an artificial mixture sup
plied by Air Liquide (Paris, France) with 40 % H2, 30 % CO, 20 % CO2, 
and 10 % N2 to mimic an industrial syngas mixture according to the 
GobiGas project, utilizing forestry biomass as gasification substrate 
(Larsson et al., 2019). The syngas load was controlled by a mass flow 
regulator (MFR, Aalborg DPC17; Orangeburg, US) and was continuously 
added through a port between the liquid reservoir and the packed bed 
(Fig. S1; SM) to meet the liquid coming from the top, thus operating in a 
counter-current manner. No significant overpressure was applied to the 
TBR. The product gas was collected above the packed bed at the top of 
the reactor. Its volume was measured using a drum meter (TG 0.5; Ritter, 
Germany) after it passed through a condensed water trap. It then passed 
another condensed trap and entered the gas storage. Using an ETG MCA 
100 Syn Biogas Multigas Analyzer (ETG Risorse e Tecnologia s.r.l., 
Chivasso, Italy), the composition of the produced gas was analyzed for 
CH4, CO2, CO, O2, and H2 in batches of around 3 L from the gas storage, 
resulting in semi-continuous measurements every 40 to 50 min.

The digestate used as a nutrient medium was collected from a 

Table 1 
Biochemical reactions within syngas biomethanation mediated by different 
microbial groups.

Microbial group Biochemical reaction ΔG0 [kJ/ 
mol]

Hydrogenotrophic methanogens CO2 + 4H2 → CH4 + 2H2O − 136
Homoacetogens 2CO2 + 4H2 → CH3COOH+

2H2O
− 105

Acetoclastic methanogens CH3COOH → CH4 + CO2 − 31
Syntrophic acetate-oxidizing 

bacteria
CH3COOH + 2H2O → 4H2 +

2CO2

+95

Carboxydotrophic methanogens 4CO + 2H2O → CH4 + 3CO2 − 212
Carboxydotrophic acetogens 4CO + 2H2O → CH3COOH +

2CO2

− 176

Carboxydotrophic hydrogenogens CO + H2O → CO2 + H2 − 20
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mesophilic biogas reactor (SLU, Lövsta, Uppsala, Sweden), which pri
marily operates with manure from pigs and cows. Batches of approxi
mately 60 L were collected at the beginning of the study (day 382) and 
on day 574 for subsequent storage at 2 ◦C. Before application to the 
reactor, the digestate was filtered through a mesh column (4/2/1 mm), 
diluted with 50 % tap water to reduce the risk of clogging in the reactor, 
and subsequently stored at 6–8 ◦C before being pumped into the reactor. 
Diluted digestate was pumped into the liquid reservoir using peristaltic 
pumps (WMC, 200 Series, Southwick, UK), depending on operational 
conditions within the corresponding periods (Fig. 1). Table 2 shows the 
initial characterization of the diluted digestate used as the nutrient 
medium. To maintain a constant liquid volume in the TBR, the process 
liquid was manually sampled every 3–4 days from the liquid reservoir 
(Fig. S1, SM).

2.2. Key performance indicators

The average inflow-based hydraulic retention time (HRT) of the 
nutrient media was calculated based on the addition of nutrient medium 
VM (L/d) to the reactor and the total liquid volume VL in the reactor (1 
L), as follows: 

HRT =
VL

VM
(1) 

To allow comparability of the nutrient addition strategies among the 
literature, the Nutrient Medium Supply Rate (NMSR) [mL/(Lpbv⋅d)] was 
calculated by dividing the addition rate of fresh nutrient medium (mL/ 
d) by the total packed bed volume (Vpbv) of the TBR (Eq. 2). 

NMSR =
VM

Vpbv

/

1000 (2) 

To analyze reactor performance concerning CH4 production, the 
Methane Evolution Rate (MER) was calculated as shown in Eq. 3. Here, 
Fout (NL/(Lpbv⋅d)) is defined as the total normalized product gas flow rate 
(1013.15 mbar, 273.15 K), and cCH4 is the CH4 composition in the 
product gas. 

MER = Fout*cCH4 (3) 

To follow the conversion of H2 and CO, the conversion rate (%) of 
each component was calculated according to Eq. 4, where Fi in is the 
normalized flow rate of the specific gas compartment in the inlet gas 
(NL/(Lpbv⋅d)) and Fi out is the normalized flowrate of it in the product 
gas at the outlet of the TBR. 

conversion rate =
Fi in − Fi out

Fi in
*100 (4) 

The inflow-based Gas Retention Time (GRT) was defined as the 
average time for the gas to stay in the packed bed volume without 
conversion of the gases according to Eq. 5, where Vpbv is the active 
packed bed reactor volume (mL), and Fin is the total normalized 
inflowing gas load (mL/h). 

GRT =
Vpbv

Fin
(5) 

2.3. Process operation

The present study follows a previous study where diluted manure- 
based digestate was utilized in the same TBR setup at an NMSR of 27 
mL/(Lpbv⋅d), resulting in MERs of up to 4.5 L/(Lpbv⋅d) and high H2 and 
CO conversion rates above 95 %, dominated by Methanothermobacter in 
both TBR liquid and carrier biofilm (Gabler et al., 2025).

The major operational guideline of this study was to maintain similar 
high H2 and CO conversion rates (>95 %) throughout the experiment. 
The adjustments of process parameters, such as syngas loads or nutrient 
supply, were based on the development of the conversion rates, 
accompanied by changes in MER.

The effect of the nutrient medium supply rate (NMSR) was evaluated 
during the first 182 days of the study (from day 382 to day 564, 
considering the entire reactor operation time). The NMSR was adjusted 

Fig. 1. Operational periods of the assessment of the liquid recirculation regimes with varying recirculation frequencies (8, 16, 32, and 48 d− 1) and recirculation 
duration (80s, 40s, and 20s) resulting in different total liquid loads (0.3–8.5 L/(Lpbv⋅d) between day 564 and 665.

Table 2 
Initial characteristics of (diluted) digestate used as nutrient medium.

Parameter Unit Diluted digestate

pH – 8.5
Alkalinity mg CaCO3/L 7264
Volatile Fatty Acids g/L 0.07
Ammonium mg/L 850
Sulphate mg/L 282
Phosphate mg/L 70
Sodium* mg/L 206
Potassium* mg/L 1510
Calcium* mg/L 146
Magnesium* mg/L 51
Iron* mg/L 12
Cobalt* μg/L 15
Copper* μg/L 1180
Molybdenum* μg/L 63
Nickel* μg/L 94
Zinc* μg/L 3060

* Analysis of Na, K, Ca, Mg, Fe, Co, Cu, Mo, Ni, and Zn was externally con
ducted by the accredited ALS Scandinavia AB according to SS-EN ISO 17294- 
2:2016 and SS-EN ISO 11885:2009 on day 525 (with an error margin of 
10–15 %).
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as described in Table 3 and the liquid recirculation regime was kept 
constant (20 s recirculation duration at a frequency of 144 d− 1, total 
average flow of 40 L/h, nutrient liquid load of 6.4 L/(Lpbv⋅d)). The liquid 
recirculation regime was investigated between day 564 and day 665, by 
periodically increasing the recirculation frequency [d− 1], i.e., the 
number of trickling occasions, combined with varying recirculation 
duration (20s, 40s, and 80s) according to Fig. 1. The applied total liquid 
loads ranged between 0.4 and 8.5 L/(Lpbv⋅d). The NMSR was kept con
stant at 14 mL/(Lpbv⋅d), resulting in a corresponding HRT of 14.5 d.

2.4. Sampling and chemical analysis

The removed process liquid from the liquid reservoir was used for 
chemical and microbial analyses. Carriers from the TBRs were sampled 
on two occasions, on day 564 and day 665 from the valves at the top, 
middle and bottom of the reactor (Fig. S1, SM) while flushing with N2 (5 
mL/min). Removed carriers were replaced by clean ones.

Analysis of alkalinity, pH, macronutrient concentrations (NH4
+, 

SO4
2− , PO4

− 3) in the liquid phase, and hydrogen sulfide (H2S) in the 
product gas were performed as in a previous study (Gabler et al., 2025). 
Volatile fatty acids (VFA) were analyzed by high-performance liquid 
chromatography, Shimadzu 2050 Series, equipped with an ion exclusion 
column (Rezex ROA - Organic Acid H+, 300 × 7.80 mm, Phenomenex) 
and detected by a RID detector. The mobile phase used was 5 mM H2SO4 
with a flow rate of 0.6 mL/min. Samples (700 μL) were mixed with 70 μL 
of H2SO4 (5 M), centrifuged (14.000 RCF, 15 min), and filtered through 
a 0.2 μm syringe filter into an HPLC glass vial. Micronutrients (Na, K, Ca, 
Mg) and trace elements (Fe, Co, Cu, Mo, Ni, Zn) were analyzed exter
nally by the accredited ALS Scandinavia AB using ICP-AES and ICP- 
SMFS.

2.5. Microbial sequencing and analysis

The DNA extraction was completed on 2 mL of liquid sample using 
FastDNA Spin Kit for Soil (MP Biomedicals, Illkirch-Graffenstaden, 
France) following the manufacturer's instructions. Modifications were 
made in step 7 (10 min centrifugation at 14000 RCF) and step 9 (10 min 
of matrix settling). In addition, an additional cleaning step between 
steps 11 and 12 was applied to remove PCR-inhibiting components, as 
suggested by the manufacturer, with the procedure for humic acid 
removal for soil samples (MP Biomedicals, LLC). Additional steps were 
taken for carrier samples as described in Gabler et al. (2025). The carrier 
samples were extracted in quadruplicate to collect enough material from 
the biofilm on the carriers. Sequencing libraries were prepared and 
generated by Novogene Europe, Munich, Germany, using Illumina 
MiSeq targeting 16 s rRNA as described previously (Westerholm et al., 
2018). The paired-end reads were filtered based on quality and trimmed 
reads to 250 bp. Downstream processing of the reads was completed 
using Division Amplicon Denoising Algorithm2 (DADA2, v. 1.32.0) in 
RStudio running R v.4.4.1 as previously described in Westerholm et al. 
(2018), truncating forward and reverse reads at positions 180 and 200, 
respectively. The sequences for the quadruplet carrier samples were 
merged for downstream analysis. The SILVA reference database v. 138 
was used for microbial classification. Phyloseq v1.48.0 was used to 

organize the sequence data. Weighted principal coordinate analysis 
(PCoA) was calculated using the UniFrac method based on the neighbor- 
joining phylogenetic tree generated with DECIPHER (v3.0.0) and 
phangorn (v.2.12.1) (GTR model). To determine the correlation of 
process performance with each principal coordinate axis, parameter 
vectors (H2 conversion, CO conversion, and syngas load) were fit to the 
PCoA ordination using the “envfit” function from vegan (v. 2.6.6.1). For 
the archaeal and bacterial PCoA plots, two outliers (day 606 and 627) 
were removed due to operational and monitoring malfunction. ASV 
species similarity was determined using the Basic Local Alignment 
Search Tool (BLAST) algorithm provided by the National Center for 
Biotechnology Information (NCBI) was used. Raw sequence data have 
been deposited in the NCBI.

3. Results

The results in this section are divided into three parts: the effect of 
the nutrient medium supply rate (NMSR) at different HRTs, the effect of 
the liquid recirculation regime, and the microbial community 
development.

As a result of the major operational guideline to maintain high H2 
and CO conversion rates, no periods of VFA accumulation (< 0.3 g/L) 
were observed during the entire operation of 283 days (Fig. S2d and S3d, 
SM). The potential contribution of CH4 in the diluted digestate used as a 
nutrient medium was negligible. In the present study, both the TBR 
setup and the nutrient medium were identical to a previous study 
(Gabler et al., 2025), where the maximum daily CH4 production from 
the digestate, based on the highest supply rate (NMSR 27 mL/(Lpbv⋅d)) 
and residual methane potential (20 ml/g VS), would only result in ca. 2 
mL CH4/d when the daily syngas-derived CH4 production was up to 22 
L.

3.1. Nutrient medium supply rate

The nutrient medium supply rate (NMSR) was decreased stepwise as 
presented in Table 3, starting with 22 mL/(Lpbv⋅d) on day 382, reaching 
the lowest assessed NMSR (11 mL/(Lpbv⋅d); HRT 18.9 d) on day 472. 
From the start until day 494, the syngas load was kept constant at a 
range of 24–25 L/(Lpbv⋅d) corresponding to GRT 1 h, maintaining full 
conversion of H2 and CO (Fig. 2b). Due to the temporary malfunction of 
the drum meter that was used to measure the volume of the product gas, 
the methane evolution rate (MER) achieved were assessed based on the 
observed conversion rates of H2 and CO and the applied syngas load 
(Fig. 2a). The resulting calculated MER in this period was approximately 
4.3 L/(Lpbv⋅d). During the NMSR periods 19, 14, and 11 mL/(Lpbv⋅d) 
(HRT 8.9, 10.5, and 14 d), H2 and CO conversion rates were very high 
(>99 %). Throughout the study, the pH in the process liquid remained 
stable between 7.5 and 8, with a temporary increase to 8.3 during the 
standby period. It returned to normal levels without pH control after 
syngas application was continued. During the whole operation, alka
linity remained sufficient, ranging from 4000 to 5500 mg CaCO3/L 
(Fig. S2c and S3c, SM).

Between operation days 494 and 503 (at NMSR 11 mL/(Lpbv⋅d), the 
operation was set to a standby mode for instrument maintenance and 
repair. The TBR received a low inflow of pure nitrogen (no syngas was 
supplied) and the temperature and NMSR were kept constant. This 9- 
day-long standby period subsequently affected H2 and CO conversion 
rates and CH4 productivity. After a stepwise increase of the syngas loads 
to the previous level of 24 L/(Lpbv⋅d) (GRT 1 h) on day 516, the con
version for H2 and CO reached 98 % and 97 %, respectively. To continue 
recovering conversion rates of H2 and CO to previous levels above 99 %, 
the syngas load was decreased to ca. 22 L/(Lpbv⋅d), corresponding to 
GRT 1.1 h, from 517 onwards. However, the H2 and CO conversion rates 
did not reach the previous levels, even with this reduced syngas load 
compared to the previous periods before day 494. Based on the hy
pothesis that lower H2 and CO conversion rates and CH4 productivity 

Table 3 
Applied nutrient medium supply rates and corresponding hydraulic retention 
times between days 382 and 564.

Duration Nutrient medium supply rate Hydraulic retention time

[d] [mL/(Lpbv⋅d)] [d]

382–410 22 8.9
410–441 19 10.5
441–472 14 14
472–522 11 18
522–564 14 14.5
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were related to the NMSR of 11 mL/(Lpbv⋅d), which was low in com
parison to other similar studies under thermophilic conditions 
(Andreides et al., 2022; Ali et al., 2024; Goonesekera et al., 2024; Gabler 
et al., 2025), and as no obvious shortages of macronutrients in the TBR 
liquid were observed, the NMSR was increased back to 14 mL/(Lpbv⋅d). 
This resulted in a decreased average HRT of 14.5 d, which was kept until 
the end of the experiment. By increasing the NMSR, H2 and CO con
version rates slowly improved to levels above 99 % between days 525 
and 535. To further maximize MERs and maintain high conversion rates, 
the syngas load was increased from 21.9 to 23.3 L/(Lpbv⋅d) on day 543. 
However, this resulted in slowly decreasing conversion rates for H2 (99 
%) and CO (98 %).

3.2. Recirculation regime

After carrier sampling on day 564, the liquid recirculation sub-trial 
started on day 564 by reducing the recirculation frequency from 144 
d− 1 to 8 d− 1 accompanied by a 4-fold increase of the recirculation 
duration from 20 s to 80 s (Fig. 1). The syngas flow subsequentially 
started in a reduced manner at 10 L/(Lpbv⋅d) (GRT 1.8 h) and was 
stepwise increased to 19 L/(Lpbv⋅d) (GRT 1.3 h) on day 572 resulting in a 
maximum MER of ca. 3.4 L/(Lpbv⋅d) (Fig. 3a). During this period until 
day 573, decreasing CO conversion rates were observed (98 to 96 %). At 
a recirculation duration of 40 s in the next period (until day 584), the 

conversion rates remained stable at 99 % and > 96 % for H2 and CO, 
respectively. However, when reducing the duration to 20 s with a fre
quency of 8 d− 1, a significant drop in the CO conversion rates to 90 % 
was observed, which might be rather associated with a rapid syngas load 
increase from 14 to 19 L/(Lpbv⋅d) between day 586 and 588 than with 
the change of the recirculation regime. At syngas loads of 19 L/(Lpbv⋅d) 
(GRT 1.2–1.3 h), the CO conversion rates did not reach the previously 
observed high levels and levelled off at around 93 %. This trend 
continued during the next period with a 20 s recirculation duration and 
an increased recirculation frequency of 16 d− 1 (days 593 to 599). 
However, CO conversion improved from day 605 onwards when a 
recirculation duration of 40 s at a frequency of 16 d− 1 was applied, 
reaching H2 and CO conversion rates of >96 %. These rates remained 
stable after a further increase of the recirculation duration to 80 s (day 
608). After day 613, when the recirculation frequency was increased to 
32 d− 1, conversion rates for H2 were > 99 % and for CO were 97–98 %. 
Between days 630 and 665, at a frequency of 48 d− 1 (regardless of the 
recirculation duration), the conversion rates were constant in the range 
of 99 % for H2 and 96 % for CO. As for the NMSR sub-trial, no VFA 
accumulation was observed due to the applied major guideline to 
maintain high H2 and CO conversion rates (Fig. S3d, SM). Moreover, the 
nutrient status reflected in Fig. S3a and b (SM) did not indicate any 
limitation in this part of the study.

To further evaluate the influence of liquid recirculation, the 

Fig. 2. Evaluation of the nutrient media supply rate (NMSR) between day 382 and 564: (a) Development of syngas load and (calculated) Methane Evolution Rate 
(MER)*, (b) H2 and CO conversion rates. Data between day 0 and 381 is presented in a previous article (Gabler et al., 2025). *Up to day 500, the volumetric 
measurements of the product gas were not working correctly; therefore, the MER was calculated based on syngas inflow and achieved syngas conversion rates. Two 
major declines in the applied syngas load on days 433 and 455 were due to mechanical problems with the pressure control unit at the top of the syngas cylinder.
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concentrations of H2 and CO in the product gas were observed at a 
higher resolution (24 h) during selected operation days (573, 579, and 
590), under a recirculation frequency of 8 d− 1 (Fig. 4). The variation in 
CO concentration in the product gas showed 8 peaks within 24 h, a 
pattern that clearly corresponded to the recirculation frequency (Fig. 4). 
Each trickling occasion resulted in an increase in CO concentration in 
the product gas from ca. 1.2 % to 1.6 %. The recirculation duration, 
however, did not have any influence on the overall CO conversion 
(Fig. 4). The concentration of H2 was around 0.4 % and was not affected 
by the recirculation occasions or recirculation durations, except for the 
long duration (80 s) where the 8 peaks-pattern observed for CO was also 
detected for H2, although the difference between peaks and valleys were 
lower for H2 (ca. 0.1 %) compared to CO conversion (ca. 0.4 %).

3.3. Microbial community development

PCoAs were performed to identify correlations between microbial 
community and TBR performance parameters during the different 
operational period of both sub-trials. One PCoA illustrates that the mi
crobial community differed between the nutrient medium and the TBR 
(liquid phase and carrier biofilm) (Fig. S4, SM). Looking at the taxo
nomic affiliation, the overall microbial community showed only small 
changes during the changes of NSMRs and liquid recirculation regime, 

both in the TBR liquid and on the carriers (Figs. S5-S8, SM). In another 
PCoA, Fig. 5 shows some separation of both the archaeal (Fig. 5a) and 
the bacterial (Fig. 5b) communities in the liquid and on the carriers 
during the different operational periods, but no strong positive corre
lation was found to syngas load or to the H2 or CO conversion rates. 
These results demonstrate the robustness of the microbial community in 
the process for operational changes and the low impact of the complex 
nutrient source. Considering the most abundant microbes (>1 % in 
relative abundance (RA)), 28 amplicon sequence variances (ASVs) in the 
NMSR period and 27 ASVs in the liquid recirculation regime period 
represent approximately 90 % of the community. A more detailed pre
sentation of ASVs showing presence persisting through the entirety of 
each experimental phase is shown below.

3.3.1. Archaea
The archaeal community consisted primarily of an ASV belonging to 

the genus Methanothermobacter. This ASV was the dominating metha
nogen in the liquid phase throughout both sub-trials, representing 
33–51 % of the total community and > 75 % of the archaea (Figs. S5 and 
S7, SM). NCBI analysis of the ASV assigned the closest relative as 
Methanothermobacter thermautotrophicus. The same ASV also dominated 
on the carriers, during the NMSR trial and in similar RA as in the liquid 
(day 564) and recirculation regime (day 665, 33–40 % RA), with very 

Fig. 3. Liquid recirculation assessment under different trickling frequencies and trickling durations according to Fig. 2 between day 564 and 665: (a) Development of 
syngas load and Methane Evolution Rate (MER), (b) H2 and CO conversion rates.
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Fig. 4. Influence of recirculation occasions on the H2 and CO conversion rates within 24 h (presented as H2 and CO concentrations in the product gas) at different 
recirculation durations (80s, 40s, and 20s) at a recirculation frequency of 8d− 1.
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small differences between top or bottom of the TBR (Figs. S5 and S7, 
SM). Additional methanogens, both hydrogenotrophic, acetoclastic, and 
methylotrophic methanogens, were detected at very low RA (Figs. S5 
and S7, SM). Of the low-abundant methanogens, one was identified at 
slightly higher RA, both in the liquid phase (mainly during the NMSR 
sub-trial) and on the carriers. This ASV was identified as Meth
anobacterium formicicum (Table 4). In addition, Methanosarcina, closely 
related to Methanosarcina thermophila (100 % similarity), showed a 
comparably higher RA on the top carriers during the NMSR sub-trial 
(Figs. S5 and S7, SM, Table 4). In the PCoA plot presented in Fig. 5a, 
the archaeal community clusters close to the center along principal co
ordinate 1 (67 % variance). Samples from the NMSR sub-trial show a 
broader spread compared to the liquid recirculation sub-trial. The vec
tors indicated that the CO and H2 conversion rates are more associated 
with the positive direction of principal coordinate 1, while syngas load is 
more associated with principal component 2 (19 % variance).

3.3.2. Bacteria
The bacterial community composition in the TBR liquid did not show 

any major differences throughout the experimental period including 

both sub-trials (Figs. S6 and S8, SM). ASVs, present throughout both sub- 
trials, were represented by Aggregatilineales, D8A-2, Desulfitobacter
iaceae, DTU014, Haloplasma, Hydrothermae, MBA03, Symbiobacte
rium, Syntrophaceticus, and W5 (Figs. S6 and S8, SM). Caldicoprobacter 
was present in the NMSR sub-trial but decreased in RA below 1 % after 
day 564 (during the liquid recirculation sub-trial) (Figs. S6 and S8, SM). 
A similar trend was seen for Tepidanerobacter. In contrast, Acetomi
crobium and Coprothermobacter increased in abundance after 456 and 
594 days, respectively. Tepidimicrobium was also more prevalent after 
day 574 (Fig. S8, SM). In the PCoA plot presented in Fig. 5b, the bacterial 
community shows a clearer separation between NMSR and liquid 
recirculation sub-trial than the archaeal community (Fig. 5a), with 
liquid recirculation samples clustering to the negative side of principal 
coordinate 1 and NMSR samples positioned more toward the positive 
side aligning strongly with syngas load and conversion rates vectors. 
Analysis of the bacterial community on the carrier at different positions 
of the TBR indicated some differences, such as Syntrophaceticus and 
Tepidanaerobacter being more abundant at the bottom, and DTU14, 
Acetomicrobium, and Hydrothermae showing higher RA at the top 
(Figs. S6 and S8, SM). In addition, Thermoactogenium, not present in the 

Fig. 5. Principal coordinate analysis (PCoA) plots of (a) the archaeal community and (b) the bacterial community in the TBR liquid and on the carriers using UniFrac. 
Indicators of process performance associated with changes in microbial community structure are plotted as vectors, where the direction and length indicate the 
contribution of the variable to the principial coordinates. The numbers indicate the day of operation in both conducted sub-trials (NMSR and Liquid Recirculation).
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liquid, appeared only on the carriers at the bottom. This difference be
tween the TBR levels (top, middle and bottom) can be observed in 
Fig. 5b, where the separation along the first principal component (34 % 
variance) indicates the difference in the carrier biofilm bacterial com
munity for day 564 (NMSR-trial) and day 666 (liquid recirculation trial), 
respectively. However, the bacterial community in the TBR liquid on the 
corresponding days only shows minor differences with the carriers along 
the second principal component (19 % variance).

4. Discussion

4.1. The effect of nutrient medium supply rate on syngas biomethanation

Recent studies have demonstrated that digestates can serve as viable 
substitutes for defined nutrient media in syngas biomethanation 
(Andreides et al., 2022; Cheng et al., 2022; Ali et al., 2024; Goonesekera 
et al., 2024). However, digestates differ significantly in nutrient 
composition due to variations in origin and treatment, which compli
cates direct comparison between studies and limits the generalization of 
results beyond the specific digestate used. Still, digestate from a well- 
functioning biogas process would indicate that nutrients for microbial 
activity and growth are present in the sufficient concentrations. The 
definition of nutrient media addition varies among the literature (either 
as HRT or as addition rate (mL/d), making it difficult to compare the 
process performances concerning the nutrient medium supply. There
fore, the present study introduced the new parameter presented as 
Nutrient Medium Supply Rate (NMSR; mL/(Lpbv⋅d)), which combines 
the TBR setup (volume of packed bed and volume of liquid in the TBR) 
with the nutrient medium addition rate (mL/d) and relates them to the 
total packed bed volume (Lpbv).

The present study was performed with NMSRs below the average 
values reported in the literature (mentioned below), none of which 
observed nutrient limitations. NMSRs in the literature for continuous 
TBR syngas biomethanation using digestate as nutrient medium were 
recalculated based on liquid reservoir volume and HRT and range from 6 
to 200 mL/(Lpbv⋅d), with corresponding HRTs of 5–31.5 days (Andreides 
et al., 2022; Cheng et al., 2022; Ali et al., 2024; Goonesekera et al., 2024; 
Gabler et al., 2025). In the present study, NMSRs were between 11 and 
22 mL/(Lpbv⋅d) (HRT 9–18 d), with conversion rates of H2 and CO 

exceeding 99 %, at an NMSR of 14 mL/(Lpbv⋅d) and an HRT of 14 days. 
During the assessment of different operation temperatures using a 1 L 
TBR, Andreides et al. (2022) set the NMSR to 200 mL/(Lpbv⋅d) (HRT 5 d), 
the highest reported value for continuous TBR syngas biomethanation 
studies. They achieved H2 and CO conversion rates similar to those 
observed in our study but with comparably lower MERs of 1.5 and 2.1 L/ 
(Lpbv⋅d) under mesophilic and thermophilic conditions, respectively. 
Similarly to the present study, they did not observe limitations in 
macronutrient concentrations, as no decrease in syngas conversion rates 
occurred. The syngas load was maintained at 13.5 L/(Lpbv⋅d) throughout 
their study, and it was assumed that the maximum consumption ca
pacity of the biofilm had not been reached; therefore, the nutrient level 
was sufficient compared to the demand (Andreides et al., 2022). In line 
with Andreides et al. (2022), another study for TBR syngas bio
methanation reported significantly higher MERs under thermophilic 
conditions (4.6 L/(Lpbv⋅d)) compared to mesophilic conditions (1.9 L/ 
(Lpbv⋅d)), operating a NMSR of 153 mL/(Lpbv⋅d) (HRT 8 d) with a defined 
nutrient medium (Asimakopoulos et al., 2020). The reported MERs are 
slightly above those of the present study.

In another study by Ali et al. (2024), where the utilization of CO was 
assessed as a sole carbon source in a 0.7 L TBR, a NMSR of 41 mL/ 
(Lpbv⋅d) (HRT 31.5 d) was applied, achieving optimal performance at a 
GRT of 1 h with an 88 % CO conversion rate. Furthermore, in a study by 
Goonesekera et al. (2024), an NMSR of 50 mL/(Lpbv⋅d) (HRT 20 d) was 
used for a thermophilic 1 L TBR, where process limitations related to 
syngas composition and mass-transfer conditions were examined. At this 
NMSR and similar GRT of 1 h compared to the present study, H2 and CO 
conversion rates ranged approximately between 80–90 % and 40–80 %, 
respectively, depending on the applied liquid recirculation rate. The 
addition of trace elements and an increased liquid recirculation rate led 
to a 59 % increase in CH4 productivity and full syngas conversion at a 
GRT of 1 h (Goonesekera et al., 2024). High syngas loads of 27–28 L/ 
(Lpbv⋅d) (GRT 0.9 h) with high H2 and CO conversion rates (>99 %) were 
achieved using an NMSR of 27 mL/(Lpbv⋅d) (HRT 7.5 d) in a thermo
philic 5 L TBR (Gabler et al., 2025). Cheng et al. (2022) observed 
decreased H2 and CO conversion rates and the corresponding MERs 
when the NMSR was stepwise decreased from 29 mL/(Lpbv⋅d) to 6 mL/ 
(Lpbv⋅d) (HRT 5–25 d) in a mesophilic 35 L TBR. Moreover, low NMSRs 
were identified to cause declining conversion of H2 and CO (Cheng et al., 
2022), which is in line with our results observing reduced conversion 
rates at an NMSR of 11 mL/(Lpbv⋅d) under thermophilic conditions. Most 
efficient syngas biomethanation was observed at a minimum NMSR of 
14 mL/(Lpbv⋅d) for the conditions within the present study.

The fast recovery after the standby period from day 494 to 503 il
lustrates the robustness of TBR biomethanation systems. The microbial 
community could remain without gaseous substrate over a long period, 
in line with the results of previous studies on biomethanation of H2 and 
CO2 (Jønson et al., 2022; Feickert Fenske et al., 2023a). Jønson et al. 
(2022) were regaining the initial TBR performance within 6–12 h after 
standby periods between 0.5 and 3 days. Moreover, Feickert Fenske 
et al. (2023a) observed a fast recovery of a biomethanation process of H2 
and CO2, continuously operated in an 800 L pilot-scale TBR, testing 
standby periods of 14 and 49 days, obtaining CH4 productivity to 
recover by >96 % within 24 h. The results of the present study suggest 
that restarting after a standby period should be characterized by 
comparatively low syngas loads of ca. 20 % of the maximum previously 
applied syngas loads, followed by stepwise increases of syngas loads 
considering the observed conversion rates of H2 and CO.

The syngas biomethanation performance in the last period (days 
522–564), characterized by a NMSR of 14 mL/(Lpbv⋅d) (HRT of 14.5 d), 
was lower compared to the periods before the standby period (Fig. 2). 
Given that the concentration of macronutrients measured in the TBR 
liquid phase was sufficient, a potential shortage of N, P or S can be 
excluded. This observation is in line with findings from a previous study, 
which utilized the same digestate (Gabler et al., 2025). Goonesekera 
et al. (2024) observed a positive effect on syngas biomethanation due to 

Table 4 
ASV taxonomic assignments and their closest relatives determined by NCBI 
BLAST.

ASV taxonomic 
assignment

NCBI BLAST analysis Similarity 
(%)

Archaea
Methanothermobacter Methanothermobacter 

thermautotrophicus
100

Methanobacterium Methanobacterium formicicum 100
Methanosarcina Methanosarcina thermophila 100
Bacteria
Acetomicrobium Acetomicrobium mobile 98
Aggregatilineales Bacterium YC-LK-LKJ3 88
Caldicoprobacter Caldicoprobacter sp. Acc8 93
Coprothermobacter Coprothermobacter proteolyticus 100
D8A-2 ‘Candidatus Syntrophonatronum 

acetioxidans’
91

Desulfitobacteriaceae Desulfosporosinus sp. FE18 96
Desulfitibacter Calderihabitans maritimus strain KKC1 92
DTU014 Koleobacter methoxysyntrophicus 88
Haloplasma Bacterium ADC-6-1 100
Hydrothermae Thermotogaless p. SRI-15 96
MBA03 Bacterium ADC-6-6 100
Symbiobacterium Symbiobacterium thermophilum 100
Syntrophaceticus Syntrophaceticus schinkii 94
Tepidimicrobium Tepidimicrobium ferriphilum 93
Thermacetogenium Thermacetogenium phaeum 99
W5 ‘Candidatus Cloacamonas 

acidaminovorans’
89
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trace element supplementation. It might be possible that the consecutive 
decrease of NMSR from 22 to 11 mL/(Lpbv⋅d) before the standby period 
resulted in the lack of certain trace elements. However, this can only be 
assumed because the concentrations of, e.g., Fe, Ni, and Co in the liquid 
phase were not systematically followed. Another possible reason for the 
reduced reactor performance after day 520 could be the accumulation of 
solids and sediments in both the reactor liquid and the packed bed. 
During the periods with lower NMSR, the liquid phase remained longer 
in the TBR compared to periods of higher nutrient media addition, and 
less volume, including solids and sediments, was discharged. This could 
also have resulted in partial clogging within the packed bed, hindering 
the syngas from reaching all zones of biofilm on the carriers and, thus, 
leading to a less active reactor volume and lower total gas-liquid mass 
transfer area.

4.2. The influence of liquid recirculation regimes on syngas 
biomethanation

Balancing the liquid recirculation related to nutrient supply and gas- 
liquid mass transfer limitations is a key parameter for efficient TBR 
syngas biomethanation. Lowering the liquid recirculation rate might be 
associated with potential clogging in TBRs. However, the volatile sus
pended solids in the TBR liquid are considered to be very low, as re
ported by Asimakopoulos et al. (2019) (< 0.6 g/L), in comparison to 
other reactor designs such as CSTR (Figueras et al., 2021) (11 g/L). Our 
observations during carrier sampling did not indicate any clogging for 
the TBR setup used. Still, reduced liquid recirculation can improve gas- 
liquid mass transfer, as the liquid thickness on the biofilm is lower 
(Burkhardt et al., 2015). Similar findings were reported by Sieborg et al. 
(2021), observing increased H2 conversion rates at reduced liquid 
recirculation in TBR biomethanation of H2 and CO2. Among different 
studies in the literature for syngas biomethanation, the liquid recircu
lation regimes have been operated both continuously and intermittently 
(Aryal et al., 2021; Andreides et al., 2022; Ali et al., 2024; Goonesekera 
et al., 2024; Gabler et al., 2025).

The reduced liquid recirculation, i.e., the lower recirculation fre
quencies compared to the NMSR sub-trial, resulted in reduced syngas 
biomethanation performance with lower syngas loads of 19 L/(Lpbv⋅d) 
(with a corresponding GRT of 1.3 h) and lower MERs of 3.4 L/(Lpbv⋅d). 
More specifically, the biological conversion of CO was more affected, 
whereas the H2 conversion was more resilient, with conversion rates 
ranging between 98 and 99 % (Fig. 3). This is consistent with several 
other studies and highlights that the gas-liquid mass transfer of CO is the 
major bottleneck for syngas biomethanation due to low CO solubility 
compared to H2 (Asimakopoulos et al., 2021; Paniagua et al., 2022). 
Underlining this, it has been shown that every single recirculation 
occasion can have an inhibitory influence on the biological conversion 
of CO (Fig. 4), whereas the H2 conversion is not as affected, which can be 
explained by a higher solubility of H2 compared to CO and by the 
reduced transfer of gaseous substrate into the microbial cells when the 
liquid covers the biofilm (Sieborg et al., 2021). Similar findings were 
reported by Jensen et al. (2021) who observed significant declines in H2 
conversion rate (99 to 79 %) and CH4 concentration in the product gas 
(94 to 67 %) after intermittent recirculation of the liquid phase during 
biomethanation of H2 and CO2 in a mesophilic 8.3 L TBR. In another 
study for the biomethanation of H2 and CO2 in a 0.5 L TBR using 
pasteurized cow manure as nutrient media, Ashraf et al. (2021) found 
that a 20-fold increase in the nutrient liquid flow rate during continuous 
recirculation resulted in reduced H2 conversion rate (− 9 %) and CH4 
productivity (− 13.5 %). Here, the authors suspected a change in hy
drodynamics, leading to a higher gas-liquid boundary inhibiting the gas 
from reaching the active biofilm to convert H2 and CO2 into CH4. In 
opposite, Goonesekera et al. (2024) observed and improved mass 
transfer and increased conversion rates of (+10 %) and CO (+40 %) due 
to increased liquid recirculation rate from 20 to 280 mL/min. However, 
the examined liquid recirculation duration in the present study did not 

seem to affect the H2 and CO conversion rates, which is reasonable as the 
average recirculation flow rate of the pump (40 L/h) was constant, likely 
resulting in a comparable liquid-biofilm boundary section among the 
different recirculation durations of 20, 40, and 80 s.

An important aspect to consider regarding recirculation regimes in 
TBR biomethanation is the liquid hold-up capacity of the carrier mate
rial. Jensen et al. (2021) compared plastic, cellulosic, and clay-based 
carriers concerning their liquid hold-up capacity for TBR bio
methanation of H2 and CO2. Clay-based carriers are characterized by a 
high porosity and a similar specific area (550 to 1020 m2/m3), compared 
to the more commonly used plastic equivalents (300–950 m2/m3), and 
can hold the liquid to a significantly higher percentage after 30 min 
(7–14 vol% compared to 1–3 vol% for the plastic and cellulose-based 
carriers). Based on that, Jensen et al. (2021) selected crushed clay as 
carrier material for subsequent biogas upgrading trials in a mesophilic 
8.3 L TBR while recirculating the liquid phase once per day. Interest
ingly, the H2 conversion rate decreased below 70 % after the daily liquid 
recirculation and did not fully recover within 210 min afterwards. A 
similar behavior of long recovery time, but for CO conversion only, was 
found within the present study (Fig. 4). However, the disruptive influ
ence of each recirculation occasion on the H2 and CO conversion rates 
was not as pronounced as mentioned by Jensen et al. (2021) (Fig. 4). In 
the present study, the TBR was filled with a high-density polyethylene 
carrier (AnoxKaldness K1 500) that has a specific surface area of 500 
m2/m3, which is within the range of plastic carriers (320–950 m2/m3) 
used in other TBR syngas biomethanation studies (Aryal et al., 2021; 
Asimakopoulos et al., 2021; Andreides et al., 2022; Cheng et al., 2022; 
Goonesekera et al., 2024). Plastic carriers have a significantly lower 
liquid hold-up capacity and, to maintain effective syngas bio
methanation, those TBRs utilizing such material need more regular 
liquid recirculation compared to TBRs with clay-based carriers. 
Continuous recirculation is not necessary; however, the recirculation 
regime should be based on the TBR settings, such as the liquid hold-up 
capacity of the carriers, the applied syngas loads, and the utilized 
nutrient medium. Thus, for a sufficient nutrient supply to the biofilm, a 
low recirculation duration of 20 s combined with higher recirculation 
frequencies (> 48 d− 1) can be assumed as a well-balanced condition for 
our setup.

4.3. Microbial community development

While the process performance experienced some fluctuations, the 
microbial community did not show any major changes in both sub-trials 
concerning NMSR and liquid recirculation regime, with only small dif
ferences, even during the standby period and the subsequent decreases 
in the syngas loads (Figs. 4 and S5-S8, SM).

In line with several other studies on thermophilic biomethanation 
with syngas or H2 and CO2, the dominating methanogenic genus was 
Methanothermobacter (Porte et al., 2019; Ali et al., 2024; Gabler et al., 
2025). This genus can grow with either CO or CO2 as the sole carbon 
source and utilize formate and H2 and CO2 as the sole energy source at 
thermophilic temperatures (Diender et al., 2016). In addition, mainly 
during the NMSR sub-trial, Methanobacterium was present at comparably 
higher abundance and identified to belong to M. formicicum. Even 
though this methanogen is a mesophilic species, it has also been found in 
thermophilic biomethanation (Porte et al., 2019). M. formicicum can 
utilize H2/CO2 and formate as a carbon and energy source (Battumur 
et al., 2016). Interestingly, during the recirculation regime period, the 
same ASV for Methanobacterium dropped to below 1 % RA, suggesting a 
negative effect on this methanogen by decreasing the liquid recircula
tion frequency. In contrast to Methanothermobacter, members within 
Methanobacterium have not been previously shown to utilize CO, and 
thus the decrease of this ASV was likely not linked to the observed 
reduction in CO conversion. The presence of this methanogen mainly 
during the NMSR sub-trial might explain the separation of the archaeal 
community in addition to the correlation with CO and H2 conversion 
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rates, as seen in Fig. 5a. The Methanosarcina ASV observed at higher RA 
on the top carrier during the NMSR sub-trial was closely identified as 
M. thermophila, an acetate-utilizing species that also may slowly grow on 
H2 and CO2 (Zinder et al., 1985). Members in the genus Methanosarcina 
have been previously recovered in both mesophilic and thermophilic 
syngas biomethanation processes (Aryal et al., 2021; Goonesekera et al., 
2024), several at higher RA on the carriers as compared to liquid, as seen 
in the present study.

During both phases of the experiment, several fermenting bacteria 
likely producing acetate and other organic acids were identified. 
Hydrothermae was abundant in both phases of the experiment. This ASV 
was closely identified with Thermotogales sp. SRI-15, belonging to the 
order Thermotogales, is known to include thermophilic fermenting 
members that produce acetate and H2/CO2 (Reysenbach et al., 2001). 
The type species of Haloplasma (H. contractile) is fermentative and 
produces lactate. Tepidimicrobium ASV most likely represented another 
acetate producer (Niu et al., 2009), sharing 93 % similarity with 
T. ferriphilum. Members of the Caldicoprobacter genus are fermenters that 
can produce lactate, acetate, ethanol, and H2/CO2 (Yokoyama et al., 
2010). Acetomicrobium, more abundant during the liquid recirculation 
sub-trial, was confirmed by NCBI BLAST to be A. mobile, which is a sugar 
and organic acid fermenter producing acetate and H2/CO2 (Menes and 
Muxi, 2002). Coprothermobacter, showing the same pattern, is a pro
teolytic fermenter producing acetate and H2/CO2 as main products, and 
its growth has been shown to be enhanced when combined with 
M. thermautorophicus (Sasaki et al., 2011). Coprothermobacter has been 
previously described as part of the core bacterial group in thermophilic 
biomethanation systems (Chen et al., 2021; Sieborg et al., 2025). These 
fermenting bacteria were likely feeding on organic components avail
able in the digestate nutrient medium and/or on decaying biomass 
(Sieborg et al., 2025). The increase of Acetomicrobium and Cop
rothermobacter ASVs coincided with the transition to the liquid recir
culation sub-trial, which could link the RA increase with the reduced 
liquid recirculation frequency.

Furthermore, Acetomicrobium and Coprothermobacter were found 
with comparably higher RA on the carriers in the top and middle sec
tions of the reactor, closest to the liquid inflow. Another potential ace
tate producer may belong to the ASV that is assigned as W5, which has 
been suggested to be a syntrophic propionate degrader producing ace
tate and H2 as end products (Dyksma and Gallert, 2019). Interestingly, 
no known acetogens seem to be present, which mirrors findings in other 
studies on thermophilic biomethanation processes (Ali et al., 2024; 
Sieborg et al., 2025). Due to thermodynamic advantages and higher 
substrate affinity, methanogens can thrive at lower dissolved H2 con
centrations, giving them an advantage over acetogens (Wegener Kofoed 
et al., 2021). However, under some conditions, like low temperatures, 
elevated H2 levels, acetogens become more competitive (Liu et al., 2016; 
Fu et al., 2019; Voelklein et al., 2019). In line with this, acetogens have 
been found during continuously operated TBR syngas biomethanation 
under mesophilic conditions (Cheng et al., 2022). Notably, even though 
acetate most likely was produced, acetoclastic methanogens (Meth
anosarcina and Methanothrix) were observed only in low RA throughout 
the NMSR sub-trial. Methanosarchina has some members that, in addi
tion to acetate, can also use H2/CO2 and CO (Rother et al., 2007; Luo 
et al., 2013). Thus, it cannot with certainty be said that this species was 
using acetate. Methanothrix, on the other hand, can only use acetate. 
However, more abundant were several known and potential acetate- 
oxidizing bacteria, indicating their importance for acetate consump
tion. Potential acetate consumers were represented by Syntrophaceticus, 
Thermacetogenium, Tepidanaerobacter, DTU014, and MBA03. The ASV 
belonging to known genera were assigned by NCBI BLAST closely to 
S. schinkii, T. phaeum, and T. syntrophicus. S. schinkii is a known SAOB 
that has previously been detected in thermophilic biogas processes and 
described to play a key role in syngas conversion while partnering with 
Methanothermobacter (Singh et al., 2023; Ali et al., 2024). Tepid
anaerobacter is known to have members that are SAOBs, but 

T. syntrophicus is described as a syntrophic alcohol- and lactate- 
degrading bacterium (Sekiguchi et al., 2006; Westerholm et al., 2011). 
T. phaeum is known to convert acetate in syntrophy with hydro
genotrophic methanogens but can also take on the role of an acetogen by 
producing acetate by converting H2 and CO2 (Hattori et al., 2005), why 
it is not possible to determine the true role of T. phaeum. Notably, several 
of these known SAOBs were found on the carriers in the bottom fraction 
of the reactor, where the inlet of syngas is located with a high partial 
pressure of H2. However, SAOBs typically only thrive at very low H2 
partial pressure, i.e., <10− 4 atm at 35 ◦C (Lee and Zinder, 1988). The 
relatively higher abundance of these bacteria on the bottom carriers 
indicates biofilm formation on the carriers could change the microbial 
kinetics and provide efficient gas-liquid mass transfer to potentially 
ensure efficient methanogenic H2 removal to maintain favorable con
ditions for SAOBs (Stewart, 2003). However, additional investigations of 
microbial kinetics are required to provide in-depth explanations of the 
high presence of SAOBs near the gas inlet. The ASVs belonging to 
DTU014 and MBA03 have also been previously proposed to be potential 
SAOBs (Kamravamanesh et al., 2023), and additionally, the D8A-2 ASV 
could represent another acetate oxidizer as the NCBI BLAST analysis 
identified with the closest known relative to be ‘Candidatus Syntropho
natronum acetioxidans’, which has been characterized to oxidize acetate 
in the presence of sulfate-reducing bacteria (SRB) (Sorokin et al., 2014). 
SRB use the same substrates as methanogens, and some can also use CO 
as an electron donor (Parshina et al., 2005). In the presence of sulfate, 
these bacteria are strong competitors with methanogens, and their ac
tivity results in H2S (Dar et al., 2008). The concentration of sulfate in the 
nutrient medium was between 160 and 320 mg/L throughout the first 
part of the study until day 564, which was accompanied by H2S levels of 
mainly 10–60 ppm in the product gas (Fig. S2b, SM), suggesting some 
activity of sulfate-reducing bacteria. SRBs could have been represented 
by two ASVs, one belonging to Desulfitobacteriaceae, according to NCBI 
blast, most closely related to genus Desulfosorinus (Pester et al., 2012), 
and one belonging to Desulfitibacter (Nielsen et al., 2006), present both 
in the liquid and on the carriers consistently throughout the study.

5. Conclusions

Nutrient medium supply rate (NMSR) and liquid recirculation re
gimes were assessed for continuous biomethanation of syngas (40 % H2, 
30 % CO, 20 % CO2, 10 % N2) in a thermophilic 5 L TBR, using poly
ethylene carrier material and diluted digestate for nutrient supply. Over 
time, the reduced nutrient supply rate resulted in a slow decline of H2 
and CO conversion rates, especially of CO. At a minimum NMSR of 14 
mL/(Lpbv⋅d), high H2 and CO conversion rates (>99 %) were achieved 
with a corresponding maximum methane evolution rate (MER) of 4.3 L/ 
(Lpbv⋅d) at a gas retention time of 1 h. Intermittent liquid recirculation 
for efficient syngas biomethanation was studied, applying different 
frequencies and durations. At reduced recirculation frequencies, the 
biological syngas conversion deteriorated, leading to a maximum MER 
of 3.4 L/(Lpbv⋅d), whereas the recirculation duration per se did not in
fluence the syngas biomethanation performance.

The microbial community profile in the TBR showed similar struc
tures throughout the different operational phases, with only small dif
ferences, and the community was also similar between the carrier and 
liquid. Thus, the observed differences in process performance were 
likely caused by differences in activity and not community structure or 
methanogenic abundance. The syngas converting community was 
mainly composed of the hydrogenotrophic methanogen Meth
anothermobacter, with the ability to consume both H2/CO2 and CO, and 
different syntrophic acetate-oxidizing bacteria, such as Syntrophaceticus 
and Thermacetogenium. In addition, different heterotrophic fermentative 
bacteria were present, likely to feed on organic carbon in the nutrient 
medium or cell debris.
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