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Abstract
In this work, the two different con�gurations (counter- and concurrent) of laboratory scale trickle-bed
reactors for ex-situ biomethanation were studied under continuous operation. Reactors operating at
thermophilic conditions (50°C) were fed with H2 and CO2 (ratio 4:1) while cow manure used as liquid
phase and source of nutrients for microbiota. Studies were performed at the gas loading rate ranging
from 10 m3/m3/d to 30 m3/m3/d. The counter-current con�guration performed better and had a higher
stability compared to concurrent con�guration. It achieved 96.1 ± 2.5% of CH4 at gas loading 10

m3/m3/d compared to 86.4 ± 3.3% of CH4 in concurrent at the same loading. At gas loadings >15

m3/m3/d, the concurrent con�guration had unstable performance (decreasing CH4 content), while the

counter-current reactor exhibited stable performance even at the highest studied loading (30 m3/m3/d),
with 68.5 ± 2.5% of CH4. The hydrogenotrophic methanogens such as Methanobacterium (45.7-64.9%)
and Methanothermobacter prevailed in both con�gurations.

1. Introduction
The role and share of renewable energy signi�cantly increases in the recent years where the installed
capacity of photovoltaics and wind power increased annually by 27% and 13% over the last 5 years 1.
Their rising presence increase the share of variable renewable electricity (VRE) due to the intermittent
nature of these renewable energy sources 2. The available storage capacity of energy production peaks is
low and its further development is still too expensive 3. Therefore, to stabilize the supply and demand for
energy based on renewable energy sources the new solutions are needed to increase the stability of
energy supply.

In the recent years anaerobic digestion (AD) plants producing biogas have been regarded as a vehicle for
further integration of renewable energy and VRE serving for the energy storage through the Power-to-Gas
(PtG) concept 2. In this concept the VRE is used for methane (CH4) production through the
biomethanation (BM) process (Eq. 1) being the sustainable alternative for physicochemical biogas
upgrading. Currently, biogas upgrading and particularly carbon dioxide (CO2) removal from biogas is
done through physicochemical methods such as water, chemical or physical scrubbing, pressure swing
adsorption and membrane separation while water scrubbing is the most popular solution in Europe
(around 40% of upgrading plants in Europe) 4,5. However, the mentioned methods are expensive and not
available for small-scale AD plants. Additionally, they require the removal/reduction of other
contaminants such as hydrogen sul�de (H2S) and siloxanes before CO2 removal 6.

CO2 + 4H2 → CH4 + 2H2O (1)

The BM can be also performed through the biological process that gained a signi�cant attention in the
recent years. It is related to the lower technical requirements of biologically catalyzed processes (high
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temperature or pressure are not needed). During biological BM, hydrogenotrophic methanogens utilize
CO2 originating e.g., from biogas simultaneously with hydrogen (H2) generated from VRE to produce CH4.
This process can be performed either in-situ (direct H2 injection to the AD) or ex-situ (H2 with CO2/biogas

are injected into the separate unit) 7. The ex-situ concept gives more �exibility, stability compared to in-
situ BM 8. The ex-situ BM can be performed in different reactor con�gurations and based on recent
literature the use of trickle-bed reactor (TBR) is the most promising. The TBR con�guration provides a
large contact area between bio�lm and gas phase, which enhance the conversion of H2 and CO2 into CH4

and mitigate the problem of H2 solubility 9.

In TBR, the CO2/biogas and H2 are introduced either at the reactor bottom (counter-current) or top
(concurrent) through the packing material (Fig. 1). The previous studies on ex-situ BM using TBR were
performed mostly on counter-current con�gurations while scarce literature comparing these two
con�gurations is available 10,11. To our knowledge, only one study performed by Porté et al. (2019)
reported comparable results at an in�uent gas loading rate of 11.6 m3/m3/d for concurrent (97.6 % of
CH4) and counter-current (97.8 % of CH4) con�gurations �lled with glass rings as packing material.
However, the performed comparisons were performed on limited variation of used packing materials and
low gas loading rates.

Therefore, in the present work, the performance of counter- and concurrent TBRs for ex-situ BM were
compared using biocarriers at the laboratory-scale. The objective of this study was to evaluate the impact
of gas loading rate (from 10 up to 30 m3/m3/d) on CH4 production through hydrogenotrophic
methanogenesis under thermophilic conditions (50°C). Additionally, the composition of microbial
communities in the liquid phase of TBR was analysed.

2. Materials And Methods

2.1. Inoculum and enrichment
The �ltered cow manure (200 µm) was used as the inoculum and liquid phase in this work (TS = 5.2 ±
0.1%, VS = 3.4 ± 0.1%, pH = 7.7). 150 mL of �ltered cow manure was inoculated to the reactors at the
beginning of the experiment to occupy the space below packing material at the TBR bottom (Fig. 1). For
enrichment of microbiota, inoculum was recirculated continuously through TBR for 30 min (�ow = 122
mL/min) with substrate gas supply on. Subsequently, the acclimatization period was started under the
conditions as experimental (described in Section 2.2.). The reactors fed CO2 and H2 achieved stable CH4

production after around two weeks at gas loading of 10 m3/m3/d (the data on acclimatization period is
not included in this work).

 

2.2. Experimental setup and feeding plan
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The two laboratory-scale TBRs made of glass with working volume 815 mL �lled 145 g of biocarrier HEL-
X (HXF13KLL+; surface area: 955 m2/m3) were used in this work. Substrate gas was introduced at the
bottom (counter-current) or top (concurrent) of the reactor (Fig. 1). The gas �ow was controlled by
separate gas �ow meters for CO2 and H2 at the volumetric ratio 1:4 (Alicat Scienti�c). Temperature in the
reactors was maintained stable at thermophilic conditions (50 ± 1°C) by the water jacket using the water
bath (VWR). During experimental period, recirculation was performed for 20 min per day in 20 occasions
(1 minute each) equally divided over 24 hours. Recirculation was adjusted and kept stable at 122 mL/min
giving recirculation ratio of 3 L/L/d. The liquid was regularly exchanged during the experiment (every 5
days) to avoid the dilution of nutrients in the liquid phase. During the exchange, the 50 mL of liquid phase
was taken out and replaced with pasteurized cow manure giving the hydraulic retention time (HRT) of
around 3 d. The excess of liquid phase was also removed at the same frequency. Further details on the
feeding plan are given in Table 1.

Table 1
Feeding plan.

Period
(days)

Counter-current Concurrent

Gas loading
(m3/m3/d)

CO2 �ow
(cm3/min)

H2 �ow
(cm3/min)

Gas loading
(m3/m3/d)*

CO2 �ow
(cm3/min)

H2 �ow
(cm3/min)

1-10 10 1.13 4.53 10 1.13 4.53

11-25 20 2.26 9.06 20 2.26 9.06

26-35 25 2.83 11.32 15 1.70 6.79

36-45 30 3.4 13.58 20 2.26 9.06

2.3. Analytical methods
The samples of e�uent gas were analyzed daily for gas composition (CH4, CO2) using gas
chromatography (GC; Agilent 3000A Micro GC) using helium as carrier gas. The GC was equipped with
thermal conductivity detector (TCD). The presence of H2 in the gas was derived by the mass balance. The
liquid samples extracted from the reactors every 5 days have been analyzed for volatile fatty acids (VFAs)
presence using high performance liquid chromatography (HPLC; Thermo Scienti�c UltiMate 3000) using
4 mM H2SO4 as the eluent. The HPLC was equipped with UV detector. Alkalinity of liquid samples was

measured using titration method with H2SO4 (Titroline 7000) according to the Standard Methods 13.
Additionally, daily monitoring of pH in liquid phase was performed using pH electrodes (Vernier). Due to
the reactor volume, gas was collected into the multi-layer gas sampling bags (RASTEK), while the volume
collected in time was measured using gas syringe (Popper & Sons).

The gas contraction was calculated based on the Eq. 2 where CO2(inf) and H2(inf) represent the volume of

fed gas into the reactors in time (cm3/min) while Gas volume(eff) represents the volume of collected gas
at the same time.
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Contraction(%) =
Gasvolume (eff )

CO2(inf ) +H2(inf )
∙ 100% (2)

2.4. Molecular methods

2.4.1. Samples collection, extraction, and library preparation
Samples collection was performed after each liquid exchange (every 5 days) while at the end of the
experiment 5 samples from counter-current (from day 1, 10, 25, 30, and 45) and 7 from concurrent reactor
(from day 1, 10, 15, 20, 25, 35, and 45) were selected for molecular analysis.

DNA extraction was performed using a slightly modi�ed version of the standard protocol for FastDNA
Spin kit for Soil (MP Biomedicals): 500 µL of sample, 480 µL sodium phosphate buffer and 120 µL MT
buffer were added to a Lysing Matrix E tube. Bead beating was performed at 6 m/s for 4x40s 14.
TapeStation 2200 was used for electrophoresis while Genomic DNA ScreenTapes (Aligent) were used to
validate product size and purity of a subset of DNA extracts. DNA concentration was measured using
Qubit dsDNA HS/BR Assay kit (Thermo Fisher Scienti�c).

Archaea and bacteria, 16S rRNA gene variable region V4 sequencing libraries were prepared based on an
Illumina protocol. Up to 10 ng of extracted DNA was used as template for PCR. Each PCR reaction (25 µL)
contained (12.5 µL) PCRBIO Ultra mix and 400 nM of each forward and reverse tailed primer mix.
Duplicate PCR reactions were performed. The forward and reverse, tailed primers targeted archaea and
bacteria, 16S rRNA variable region V4: [515FB] GTGYCAGCMGCCGCGGTAA and [806RB]
GGACTACNVGGGTWTCTAAT 15. The resulting amplicon libraries were puri�ed using the standard
protocol for CleanPCR SPRI beads (CleanNA). DNA concentration was measured using Qubit dsDNA HS
Assay kit (Thermo Fisher Scienti�c). Sequencing libraries were prepared from the puri�ed amplicon
libraries using a second PCR. Each PCR reaction (25 µL) contained PCRBIO HiFi buffer (1x), PCRBIO HiFi
Polymerase (1 U/reaction) (PCRBiosystems), adaptor mix (400 nM of each forward and reverse) and up
to 10 ng of amplicon library template. PCR conditions: 95°C for 2 min, 8 cycles of ampli�cation (95°C for
20 s, 55°C for 30 s, 72°C for 60 s) and a �nal elongation at 72°C for 5 min.

2.4.2. DNA sequencing and bioinformatics
The puri�ed sequencing libraries were pooled in equimolar concentrations and diluted to 2 nM. The
samples were paired-end sequenced (2x300 bp) on a MiSeq (Illumina) using a MiSeq Reagent kit v3
(Illumina) following the standard guidelines for preparing and loading samples on the MiSeq. The
trimmed reads (using Trimmomatic v.0.32) were dereplicated and formatted for use in the UPARSE
work�ow 16. Taxonomy was assigned using the RDP classi�ed as implemented in the script in QIIME and
the SILVA database 17–19.

3. Results And Discussion
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3.1. Reactors performance and comparison

3.1.1. Counter-current TBR
The counter-current con�guration achieved the highest e�uent CH4 content and could treat higher gas
loadings in a stable manner compared to concurrent con�guration (Fig. 2 (a) and Table 2). E�uent gas
had a CH4 content >95% at the gas loading of 10 m3/m3/d (96.1 ± 2.5%) and low CO2 and H2 content, 2.2
± 1.2% and 1.7 ± 1.3%, respectively. The biomethane quality obtained during this work typically allows for
grid injection depending on the national quality standards 20. Similar e�uent CH4 content was previously
reported in other counter-current TBR studies such as Burkhardt et al. (2015) and Strübing et al. (2019).
Although, the operational conditions between previous studies and this study signi�cantly differ. The high
CH4 in this work was obtained without external pH stabilization and by using natural liquid nutrient
source as cow manure.

At 20 m3/m3/d gas loading rate, the e�uent CH4 content decreased <90% (87.5 ± 3.2%), although the
production was characterized as stable. The CO2 and H2 content in the e�uent gas increased nearly 2.5
(5.3 ± 0.7%) and 4.0 (7.2 ± 3.2%) times compared to lower gas loading.

Due to the stable CH4 production, the gas loading was increased in this work further to 25 and �nally to

30 m3/m3/d. Subsequent gas loading increase decreased the e�uent CH4 content to <80% and <70%,
respectively. Although, the process was still characterized by stable CH4 production. This indicates the
possibility for process optimization. It can be potentially achieved by changes in operational conditions
such as recirculation rate or HRT at higher gas loadings to increase the e�uent CH4 content.

At the highest gas loading (30 m3/m3/d), H2 share in e�uent gas was up to 27.9% while CO2 was up to
12.5%. It was found that the ratio of H2/CO2 in the e�uent gas increases with increasing gas loading

reaching from 0.8:1 (10 m3/m3/d) to 1.9:1 (30 m3/m3/d). The increase in e�uent H2/CO2 ratio that is
near the feeding ratio (4:1) can imply that the reactor is approaching the overload status where the
applied gas loading is too high to be handled by the bio�lm developed on packing material.

3.1.2. Concurrent TBR
The concurrent con�guration had the same gas loading as a starting point as the counter-current reactor
(10 m3/m3/d). However, the e�uent gas had a nearly 10% lower CH4 content (86.4 ± 3.3%) compared to
counter-current con�guration. The average, H2 and CO2 content were 5.3 ± 0.3% and 8.4 ± 3.2%,
respectively.

Previous studies on concurrent con�guration reported higher CH4 content at similar gas loadings
compared to this study, although, they used different packing material (polyurethane foam �lling) for
their studies 23,24. The selection of packing material is one of critical parameters for bio�lm development.
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The main criteria used for its selection is the large surface area. The surface area of packing material
used in this study was around 955 m2/m3 while the polyurethane foam has a lower surface area of 560-
580 m2/m3. However, the applied material in this work having a larger surface area, did not yield in better
results compared to previous studies on concurrent con�guration.

The way of gas introduction was found as a very important parameter for bio�lm development in TBR.
We observed, that when the gas is introduced from the reactor top to the bottom (concurrent) it removes
the liquid from the packing material much faster compared to the counter-current con�guration. Since the
recirculation in this work was performed non-continuously (20 min per 24 hours) it could lead to faster
bio�lm drying and poor access to the nutrients present in liquid phase. This could signi�cantly hinder and
slow down the bio�lm development, especially when the packing materials of open structure are used in
TBR.

After operation at 10 m3/m3/d the gas loading was increased to 20 m3/m3/d which led to a signi�cant
performance decrease and reactor instability. The CH4 content was <50% (47.1 ± 9.6%) while the e�uent
H2/CO2 ratio was 2.8:1 being the highest between all studied cases. H2 content in the e�uent gas was up
to 53.0% while CO2 up to 19.6%. The CH4 production was unstable during this phase where a clear
decrease of CH4 production was observed after each liquid exchange (indicated as red inverted triangles
at Fig. 2). The three clear phases can be distinguished (Fig. 2 (b), days 11-15, 16-20, and 21-25).
Following each liquid exchange, the reactor performance was improved, producing CH4 content of around
60%, which then decrease approximately 10% per day until next liquid exchange. The obtained results
indicate a signi�cant change in the metabolism inside the TBR, reactor overloading, and lower �exibility
of concurrent con�guration compared to counter-current.

Due to the low CH4 production at 20 m3/m3/d, the gas loading rate was reduced to 15 m3/m3/d to
increase the CH4 content in produced gas. Reduced gas loading improved performance increasing the
CH4 content to 83.1 ± 3.4%. Interestingly, at this phase, the e�uent H2/CO2 ratio was even lower (0.9:1)

than at gas loading of 10 m3/m3/d (1.6:1). It indicates a slightly better bio�lm development inside the
reactor that was further con�rmed by the second gas loading increase to 20 m3/m3/d. At the second
attempt at 20 m3/m3/d the obtained results were signi�cantly better compared to the �rst attempt. The
CH4 content of 75.9 ± 7.5% was obtained, being 1.6 higher compared to the �rst attempt. However, the
CH4 production was characterized as unstable, where the CH4 content was dependent on the liquid phase
exchanges. The results implies that the concurrent con�guration was characterized by worst bio�lm
development compared to the counter-current con�guration

 

3.2. Substrates metabolism and liquid phase

3.2.1. pH
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Due to the lack of solids supplementation during ex-situ BM, nutrient supply becomes necessary 25. The
non-enriched cow manure was used as the liquid nutrient and inoculum in this work that had an initial pH
of 7.7. After its introduction to both TBRs, the pH of the liquid increased for most of the time above 8.0. It
can be related to the partial dissolving of fed CO2 into liquid phase as HCO3

− (pKa = 6.85). The pH values
in the counter-current reactor ranged from 7.80 to 8.61 and 7.87 to 8.55 for the concurrent reactor. Similar
values were reported by Porté et al. (2019) that used digestate from a biogas plant as a liquid nutrient
source reached pH up to 8.6. Additionally, Dahl Jønson et al. (2020) reached pH up to of 8.5 using cow
manure. The values >8.6 were indicated as above the optimum level for methanogens, however, no
further pH increase was observed, and therefore no pH adjustments were applied in this work.

Further increase in gas loading that led to the lower CH4 production also decreased the pH in the liquid
phase of TBRs. The lowest average pH for counter-current reactor was 7.9 ± 0.1 at gas loading rate of 30
m3/m3/d. The CH4 content in the e�uent gas decreased as the pH decreased (Fig. 3). Strübing et al.
(2017) mentioned potential reasons for pH decline during biomethanation such as buffer capacity
reduction due to H2O production and homoacetogenesis. Although, in this work, the sharper decrease was
observed for concurrent con�guration where the CH4 content <60% was achieved already at pH 8.2, such
low CH4 content was reported only once for counter-current con�guration at pH 7.9. These observations
may indicate the higher performance vulnerability of this con�guration, as well as possible differences in
the microbiology of these con�gurations.

In general, either mineral media or pH maintaining systems are used in TBR studies to maintain the
process at certain pH range. To achieve the optimal performance of TBR pH values below reported in this
work were used. For example, the e�cient CH4 production was reported e.g., at pH range 6.8-7.7 yielding

in CH4 content >95% 11,21. Although, our results indicate the advantage of using cow manure as a
suitable source of liquid phase for ex-situ biomethanation that does not require pH maintenance or
mineral supplementation. 

3.2.2. Acetic acid and alkalinity
The reactor liquid phase parameters such as alkalinity and acetic acid were in�uenced by different gas
loadings and reactor con�gurations (Fig. 4). A signi�cant difference in alkalinity level and acetic acid
presence was found in both reactors.

The alkalinity and acetic acid decreased over time in the counter-current reactor. Acetic acid presence
decreased threefold from 27.7 to 9.2 mg/L even when the liquid phase was periodically exchanged.
Similarly, alkalinity decreased 1.6 times from 4051.5 to 2508.6 mgCaCO3/L. This trend can be attributed
to the liquid phase dilution, due to the H2O production (second product of hydrogenotrophic
methanogenesis, Eq. 1). At higher gas loadings, the volume of produced H2O is increasing that ends up in
the liquid phase of TBR. We observed that the level of liquid phase at the reactor bottom increases,
especially at gas loadings >10 m3/m3/d.
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To equalize the liquid level in TBR, the excess of liquid was removed at the end of each experimental
period. For the counter-current reactor low volumes of excess liquid ca. 30, 50 and 70 mL were removed
after applied gas loadings of 20, 25 and 30 m3/m3/d, respectively. It can be hypothesized that without
excess liquid removal, the dilution would be more severe, and concentrations of acetic acid and alkalinity
will be even lower, leading to the process destabilization.

In concurrent con�guration, the unstable CH4 production was accompanied by unstable levels of acetic
acid and alkalinity. The acetic acid concentrations were found higher than in the counter-current reactor
and varied from 33.1 to 63.8 mg/L. The results were consistent with Porte et al. (2019), which observed
that the counter-current con�guration could affect the process due to the densities of gases passing
through the reactor. H2 has a much lower density than CH4 and CO2, and a downward �ow could result in
a higher H2 partial pressure in the liquid than an up�ow process. The alkalinity in concurrent
con�guration varied from 2775.3 to 3642.0 mgCaCO3/L. Interestingly, the highest levels of acetic acid at

20 m3/m3/d (days 11-25) occurred at the same time as the lowest content of CH4 (average: 47.1 ± 9.6%)
and the lowest pH (average: 8.1 ± 0.1) were obtained. The declining pH can be correlated to acetate
accumulation, as similarly observed by e.g., Kougias et al. (2017). In this work, other VFAs were also
measured, however, their concentrations did not exceed 10 mg/L for both con�gurations. Variability in
acetic acid presence can indicate changes in substrates metabolism and possible homoacetogenesis
conducted by autotrophic acetogenic microorganisms (Eq. 3). The fed substrates could be at some
degree utilized to produce acetate instead of CH4 27. Consequently, alkalinity reaches its lowest level at
the highest acetic acid presence and the lowest CH4 production.

2CO2 + 4H2 → CH3COOH + 2H2O (3)

The free-energy (∆G0’) of hydrogenotrophic methanogenesis is larger (-135.0) than homoacetogenesis
(-104.0), therefore, homoacetogenesis is considered thermodynamically unfavorable. However,
homoacetogens have been shown to outcompete hydrogenotrophic methanogens at lower temperatures
and also when methanogenic activity is inhibited 27,28. Their presence was previously reported at different
mesophilic, thermophilic and hyperthermophilic conditions such as AD or dark fermentation 29. Therefore,
potentially under unstable CH4 production due to reactor overloading, homoacetogens found a niche for
their activity leading to higher acetic acid presence in the liquid phase of concurrent TBR.

The increase in liquid level was also observed at the concurrent con�guration, however, only after gas
loadings of 15 and 20 m3/m3/d (days 36-45) where ca. 50 mL of excess liquid phase was removed
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3.3. Microbial communities
The performed microbial communities analysis indicated that in both TBR con�gurations, the
hydrogenotrophic methanogens such as Methanobacterium and Methanothermobacter were prevailing
during the whole experimental period (Fig. 5). Both genera belong to the family Methanobaceteriaea that
can mediate the hydrogenotrophic methanogenesis both under mesophilic and thermophilic conditions.
Similar �ndings have been published in previous studies, where Methanobacterium was reported as
prevailing 12,23,24. The sum of Methanobacterium and Methanobacter at the concurrent reactor ranged
from 57.8 to 67.3% while for counter-current reactor it ranged from 69.8 to 84.9%. The Methanobacterium
genus was prevailing during both counter-current and concurrent operation of TBR (share from 45.7 to
64.9). Its relative share during the experimental period was rather stable in counter-current TBR, while it
tended to decrease in time at concurrent con�guration.

In both con�gurations, the second hydrogenotrophic methanogen, Methanothermobacter, had a same
tendency to increase its relative share over time. It increased from 4.9–24.8% in counter-current TBR while
from 0.1–21.6% in concurrent con�guration. It can be hypothesized that late Methanothermobacter
development was correlated to its potential slower growth rate compared to Methanonobacterium or due
to the applied high gas loading rates 30.

Acetoclastic methanogens nearly not detected during this work. The presence of acetoclastic
methanogens such as Methnosarcina genus was detected only once at the counter-current TBR at day
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45. Its relative share was 1.3% and could be connected to the lower performance (e�uent CH4 68.5 ±
4.5%).

Regarding bacterial genera, the genus Pseudomonas was found at a signi�cant share. It had a lower
share at the counter-current TBR that was <10% and ranged from 0.1 to 6.4%. Their higher presence was
found in concurrent TBR that ranged from 1.9 to 16.5%. This high relative share of Pseudomonas
contradicts (day 20 in concurrent TBR) with the period of low CH4 production (average 47.1 ± 9.6%) and
the highest concentration of acetic acid in the liquid phase (63.8 mg/L). Pseudomonas are facultative
anaerobic bacteria and are capable to proliferate with nitrate as electro acceptor under anoxic conditions.
31. The presence of Pseudomonas was previously reported in relation to AD where its role was indicated
as to be responsible for carbohydrates hydrolysis independently of substrate and process parameters or
in degradation of lipids to produce fatty acids 32,33. However, their role was not correlated to
homoacetogenesis. Therefore, the role of Pseudomonas and its occasional enrichment during this work
is unknown and can be only correlated to the higher levels of acetic acid level in the liquid phase of
concurrent TBR. However, the same relationship cannot be drawn for counter-current con�guration where
the acetic acid presence was decreasing in time. In response to that, the future studies supposed to focus
on the role of Pseudomonas or other bacteria during the ex-situ biomethanation. This could be potentially
achieved by analyses of nitrogen in liquid phase or lipids/carbohydrates degradation.

4. Conclusions
The counter-current TBR achieved better performance compared to concurrent con�guration giving 96.1 ±
2.5% of CH4 at gas loading 10 m3/m3/d (86.4 ± 3.3% of CH4 in concurrent TBR). Higher loadings had no
effect on the performance of counter-current TBR, giving lower CH4 content at stable manner (68.5 ± 2.5%

at 30 m3/m3/d). Unstable performance was observed for concurrent con�guration at gas loadings >15
m3/m3/d that decreased CH4 production (until liquid phase exchange) and increased acetic acid
presence in liquid phase. Hydrogenotrophic methanogens with dominating Methanobacterium (45.7-
64.9%) and second Methanothermobacter had a prevailing share in microbial communities of both
con�gurations.
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Figures

Figure 1

Trickle bed reactor con�gurations: (a) counter-current, (b) concurrent.
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Figure 2

E�uent gas composition during the continuous operation of TBR (a) counter-current, (b) concurrent; the
inverted triangles indicate liquid phase replacement, and sample collection.



Page 16/18

Figure 3

Relationship between pH and e�uent CH4 concentration for (a) counter-current and (b) concurrent TBR;
symbols indicate different gas loading rates: ● - 10,  - 15,  - 20,  - 20 (for concurrent days 11-25), ▲ - 25
and ∆ - 30 m3/m3/d.
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Figure 4

Alkalinity level and acetic acid presence in the liquid phase of (a) counter-current and (b) concurrent TBR.
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Figure 5

Most abundant genera in (a) counter-current and (b) concurrent TBR (the complete information about all
detected genera is given in Supplementary Materials).
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