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A B S T R A C T

Syngas (H2, CO2, CO) produced thermochemically from lignocellulosic biomass is an underexploited source for 
resource recovery and valorisation through its biological conversion for the production of a wide range of 
chemicals and fuels. Syngas biomethanation is one such promising bioconversion pathway, displaying interesting 
features such as high conversion efficiency and product selectivity, as methane is the sole product of the process. 
The biological conversion of syngas to high purity biomethane is still typically associated with a number of 
challenges related to the syngas composition, CO toxicity, and gas–liquid mass transfer limitations. In this work, 
the syngas biomethanation process carried out in trickle bed reactors was investigated at its boundary conditions 
to explore the limits of the process, focusing on syngas composition and mass-transfer conditions potentially 
limiting process performance. The process was found to be robust when exposed to CO excess, but highly sen
sitive to H2 excess, which caused severe inhibition even under small amounts of excess H2. This implies that 
biomethane purity comparable to natural gas can be achieved by addition of renewable H2, but this requires 
precise control to avoid process failure. Modulating the liquid recirculation rate and gas residence time allowed 
for a maximum methane productivity of 9.8 ± 0.5 mmol CH4 h− 1 Lreactor

− 1 with full conversion of H2 and CO at a 
gas residence time of 1 h. Nevertheless, increasing the gas–liquid mass transfer with increasing liquid recircu
lation rate did not lead to increased methane productivity, which suggested additional rate-limiting bottlenecks 
in the process. Careful investigation of other factors potentially limiting the process led to the conclusion that 
diffusive transport of syngas components in the biofilm was the main bottleneck of the process. This diffusive 
limitation leads to a scenario of severe substrate scarcity in the biofilm phase that conditions the thermodynamic 
feasibility of the different biochemical reactions involved in syngas biomethanation. In turn, these thermody
namic constraints were found to drive the stratification of microbial groups and sequential consumption of 
syngas components along the height of the reactor.

1. Introduction

Gasification and pyrolysis are thermochemical treatments applied to 
dry, woody biomass for which anaerobic digestion is unsuitable. They 
are more advantageous than incineration especially when alternative 
products to electricity and heat are desired [1,2]. Their products are 
biochar, bio-oil and syngas (or synthesis gas). Syngas is mainly 
composed of hydrogen (H2), carbon monoxide (CO), carbon dioxide 
(CO2), and methane (CH4). It also contains traces of sulphide com
pounds, nitrogen compounds, condensable organics, and tars [3]. 
Currently, it is burned to produce heat and electricity on-site, but syngas 

can be converted thermo-catalytically and biologically into other 
products, such as methane and alcohols. Its conversion into methane 
(CH4) is particularly interesting because it allows the transformation of 
syngas into a stable and versatile energy carrier that is miscible with 
natural gas in already existing infrastructures [4].

Biological conversion of syngas to methane, also called syngas bio
methanation, is commonly carried out by a mixed microbial community 
and encompasses a series of interrelated metabolic interactions carried 
out by different microbial trophic groups. The main reactions are 
hydrogenotrophic and aceticlastic methanogenesis, carboxydotrophic 
acetogenesis and hydrogenogenesis, homoacetogenesis, and syntrophic 
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acetate oxidation [5]. Which pathways dominate depend on operational 
conditions, most notably temperature. In mesophilic conditions, path
ways with acetate as an intermediary dominate, whereas H2 is the 
principal intermediary in thermophilic conditions [6]. The microbes are 
the biocatalysts of the process and give biological conversion distinct 
advantages over thermo-catalytic conversion. This includes taking place 
at milder temperatures (37–75 ◦C) and atmospheric pressure and relying 
on inexpensive biocatalysts. Moreover, biological conversion is more 
robust to contaminants such as hydrogen sulphide, which is known to 
poison catalysts used for thermo-catalytic conversion processes [7]. 
Furthermore, syngas composition is variable and depends on both waste 
properties and the pyrolysis or gasification operating conditions [1]. 
Thermo-catalytic conversion requires a specific and invariable syngas 
composition (fixed H2:CO ratio), while biological conversion is more 
flexible, as all electron donors (H2 and CO) contained in syngas can be 
fully converted independently of the H2:CO ratio. Nonetheless, biolog
ical syngas conversion does face a series of challenges that remain to be 
studied and addressed in detail.

One such challenge is related to syngas composition, which depends 
on multiple parameters such as biomass composition, operational con
ditions, oxidizing agents, etc., and may also vary substantially during 
continuous operation. On the one hand, high CO content has been re
ported to cause inhibition due to its toxicity to microorganisms in sus
pended cultures, whereas robustness to CO was reported when microbes 
were spatially arranged in protective structures such as granules [8–10]. 
CO toxicity is nevertheless still mentioned as a challenge to syngas 
biomethanation [1,11,12]. On the other hand, syngas is relatively 
energetically poor and typically lacks reducing equivalents, i.e. H2, to 
fully convert the CO and CO2 to gas with a high CH4 content [1]. 
Interestingly, this lack of H2 presents an opportunity to use syngas 
biomethanation for storage of energy during periods of peak renewable 
energy production. The electricity from renewable overproduction 
could be converted to H2, which can be added to the syngas bio
methanation process to achieve full conversion to CH4 [13,14]. How
ever, stoichiometric excess of H2 has been shown to be detrimental to the 
process because it interferes with the consumption of CO, one of the key 
reactions in syngas biomethanation [13]. Under thermophilic condi
tions, CO is typically transformed with H2O into a mixture of H2 and CO2 
[15], but this can be hampered if the H2 concentration is too high, 
because the transformation of CO to H2 becomes thermodynamically 
unfeasible [13]. This raises the need to further study the effect of syngas 
composition on syngas biomethanation performance. Key aspects to be 
revisited are the possibility of the toxicity of CO in the inlet syngas 
inhibiting (or not) the biofilm’s capacity to convert the syngas, and the 
potential for (and extent of) thermodynamic inhibition of CO conversion 
when the inlet syngas contains small stoichiometric excesses of H2.

Another challenge faced by biological syngas conversion is achieving 
effective mass transfer from the gas phase (where the carbon and elec
tron sources are) to the liquid phase and the solid (biofilm) phase, where 
biochemical reactions take place. Trickle bed reactors (TBRs) have been 
proposed as the best option to maximise gas–liquid mass transfer 
[16,17], so far regarded as the key limiting parameter in gas fermen
tation processes [5]. TBRs are gas phase reactors filled with high specific 
surface area packing material over which liquid medium is trickled. The 
packing material and trickling simultaneously promote gas–liquid mass 
transfer and the formation of biofilm, which allows the retention of slow 
growing anaerobes in the reactor [18]. Although biofilm gives trickle 
bed reactors an advantage in gas fermentation, the compounds in the gas 
phase do need to be transported within the biofilm to reach the microbes 
that will eventually consume them. This transport occurs by diffusion, 
and at rates much slower than those reported for gas–liquid mass 
transfer [19]. It is thus plausible to hypothesise that gas–liquid mass 
transfer is not the sole bottleneck in the syngas biomethanation process, 
and that increasing the liquid recirculation rate will only have a minor 
effect on process performance.

As the syngas moves along the bed, its constituents are transformed 

according to the catabolic reactions of the microbiome into methane or 
into intermediate products that are subsequently converted into 
methane by other microorganisms. The main catabolic reactions taking 
place at thermophilic conditions are carboxydotrophic hydrogeno
genesis (the biological gas-shift reaction) and hydrogenotrophic meth
anogenesis. Under certain conditions, carboxydotrophic acetogenesis 
and syntrophic acetate oxidation can also take place [6]. It is hypoth
esised that the partial pressure of the constituents at each position in the 
reactor influence which catabolic reactions are thermodynamically 
feasible. This, in turn, is thought to drive the selection of those micro
organisms that can carry out the energy-giving reactions in that context, 
leading to a higher abundance at that height. Consequently, the mixed 
microbial community is expected to show a level of stratification within 
the reactor driven by its metabolic capabilities and the circumstances 
provided by both gas composition and the rate of gas flow.

The aim of this work is thus to explore the limits of the syngas bio
methanation process, focusing on the identification of the main bottle
necks of the process in trickle bed reactors. This work addresses the gas 
composition challenges outlined above, namely the possible toxicity of 
CO and the effect of excess H2. The parameters influencing gas–liquid 
mass transfer are also studied with the specific aim to observe if an in
crease in liquid recirculation rate could improve syngas conversion. 
Finally, the reactor’s microbiome at different heights is analysed to 
describe the distribution of microorganisms and their interactions 
within the bed.

2. Materials and methods

2.1. Reactor setup and characterisation

A 1 L borosilicate glass trickle bed reactor (TBR; 80 mm diameter, 
540 mm height) filled with K1 PE/PP (Evolution Aqua, UK) packing 
material was operated co-currently at thermophilic conditions (55 ±
1 ◦C). The residence time distribution was measured using a standard 
tracer test method [20]. NaCl solutions of 0.01, 0.1 and 1 M were used to 
check consistency. Liquid was introduced at the top of the reactor and 
the conductivity was measured at the outlet. The relative concentration 
(C/C0) was calculated for each time step and plotted over time. This 
residence time distribution was then integrated to obtain the overall 
residence time. 

θ =

∫ t

0
W(t) dt (1) 

where θ is the residence time, W(t) is the relative concentration resi
dence time distribution, and t is the final sampling time point. This 
procedure was repeated for liquid recirculation rates of 40, 120 and 200 
mL min− 1 to establish the relationship between liquid recirculation rate 
and liquid residence time.

The volumetric mass transfer coefficient (kLa) was also measured for 
different liquid recirculation rates. Synthetic syngas (Air Liquide, 
Denmark) and water (at 55 ± 1 ◦C) were introduced co-currently at the 
top of the reactor and collected at the bottom with no recirculation of 
any streams to quantify the effective gas-to-liquid mass transfer along 
the bed of the reactor. Liquid samples (5 mL) were carefully collected at 
the outlet avoiding the collection of gas bubbles and were stored in 10 
mL sealed serum bottles. The saturation concentration of the gases was 
determined in a 250 mL serum bottle with 100 mL working volume of 
distilled water and a 150 mL syngas headspace. The bottle was placed in 
an incubator at 55 ◦C overnight, after which two 5 mL liquid samples 
were taken and stored in 10 mL sealed serum bottles. The 10 mL serum 
bottles were heated to 100 ◦C for 30 min to strip the compounds of in
terest to the gas phase, after which the headspace composition was 
measured using gas chromatography. The mass transfer of a compound i 
can be expressed as: 
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Ci

dθl
= kLa(C*

i − Ci) (2) 

where Ci is the concentration of compound i at the outlet of the reactor, 
C*

i is the saturation concentration of compound i, and θl is the hydraulic 
residence time. Equation (2) was then linearised to calculate the kLa by 
plotting ln(1 − Ci/C*

i ) against the residence time. The slope between this 
point and the inlet concentration (0 mM) is the kLa. This method as
sumes that the outlet concentration is at steady state, the liquid phase 
follows plug flow, and the liquid holdup is constant along the bed. Five 
replicate samples were taken for each liquid recirculation rate.

2.2. Gas residence time, liquid recirculation and trace element supply

The reactor was inoculated with syngas-adapted anaerobic digestion 
digestate previously adapted to growth on syngas. The growth medium 
was liquid fraction of digestate (Solrød Biogas Plant, Denmark) degassed 
at 55 ◦C, where solids were removed using a 1 mm sieve. To avoid 
ammonium inhibition, the liquid fraction of digestate was diluted 1:2 
with tap water, resulting in 1.1 ± 0.02 g NH4

+-N L− 1. The bicarbonate 
was stripped from the liquid fraction of digestate, using acidification 
with HCl (Sigma-Aldrich, USA) and N2 bubbling (Air Liquide, Denmark), 
to be able to accurately quantify CO2 balance of the reactor, since CO2 is 
present in syngas. The initial pH of the liquid influent was adjusted with 
phosphate buffer to avoid large fluctuations in the pH of the process. In 
some conditions the liquid fraction of digestate was supplemented with 
15 mL L− 1 of double modified Wolin’s mineral solution (DSMZ medium 
S5902, Germany), 0.08 g L− 1 sodium sulphide, and 0.01 g L− 1 sodium 
tungstate. The medium was held in a 1 L liquid reservoir and continu
ously recirculated from the reservoir to the top of the reactor using a 
peristaltic pump (Watson-Marlow, UK), from where it trickled through 
the packed bed. The reactor was operated in semi-continuous mode by 
manually replacing medium daily to keep a constant liquid volume and a 
hydraulic retention time of 20 days. The TBR was operated in co-current 
mode (see Fig. 1), with synthetic syngas (Air Liquide, Denmark) fed by 
peristaltic pump (BT100-2J YZ1515x, Longer, UK) from the top of the 
reactor. Exit gas flow was measured by a gas meter. The TBR was 
equipped with sampling ports for gas measurement at the gas inlet and 
before the gas meter, a liquid sampling port in the liquid reservoir, and 
three sampling ports for gas and packing material sampling along the 
height of the column.

The gas residence time (GRT) was calculated as the empty bed 
residence time: 

GRT = VEB/Qin (3) 

where VEB is the volume of the empty reactor and Qin is the inlet flow of 

syngas. Sampling took place daily or twice-daily. Gas samples were 
taken using a gas-tight syringe (Hamilton ® SampleLock syringe 1750SL 
volume 0.5 mL, needle size 22 ga (bevel tip), needle L 51 mm, Hamilton, 
USA). Liquid samples were taken from the liquid reservoir, centrifuged 
and the supernatant frozen until analysis. An experimental condition 
was considered to have reached steady state when the difference in CH4 
content was less than 5 % on three consecutive days. Each measurement 
on a consecutive day at steady state was considered an experimental 
replicate and each condition remained at steady state for at least four 
days.

The performance of the syngas biomethanation reactor was assessed 
in terms of net conversion efficiency and CH4 productivity. Conversion 
efficiency was calculated as: 

Conversion efficiency =
Qg,i,in − Qg,i, out

Qg,i,in
(4) 

where Qg,i,in is the inlet flow of compound i (in the gas phase), and Qg,i,out 

is its outlet flow. CH4 productivity was calculated as: 

CH4productivity =
Qg,CH4 ,out − Qg,CH4 ,in

VEB
(5) 

where Qg,CH4 ,out and Qg,CH4 ,in are the outlet and inlet flow of CH4, 
respectively, and VEB is the volume of the empty reactor volume. Ori
ginPro (version 2023, OriginLab Corporation, USA) was used for sta
tistical analysis of the results.

2.3. Experimental conditions

2.3.1. Gas composition
The proportions of H2, CO and CO2 in syngas determine the CH4 

content that can be produced from it. A useful way to summarise the 
composition is the ratio of electron donor (H2 and CO) to electron 
acceptor (CO and CO2) as in Asimakopoulos et al. [13]. CO is both an 
electron donor and acceptor because through the biological water–gas 
shift reaction CO and H2O result in H2 (an electron donor) and CO2 (an 
electron acceptor). The e-donor/e-acceptor ratio necessary for a com
plete conversion of all syngas components to CH4 is 4. These experi
mental conditions are summarised in Table 1. The gas residence time 
was 3 h, the liquid recirculation rate was 20 mL min− 1, and the recir
culated liquid volume was 1  L.

2.3.2. Gas residence time, liquid recirculation and trace element supply
The limiting factor of syngas conversion in trickle bed reactors was 

investigated with the experimental conditions summarised in Table 2. 
The aim was to discern gas–liquid mass transfer limitation from nutrient 
limitation and observe if any other bottlenecks were present. The TBR 

Fig. 1. Experimental setup of the trickle bed reactor for syngas biomethanation.
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was operated at different gas residence times and liquid recirculation 
rates, and the effect of the addition of trace elements was tested. The gas 
composition was 65 % H2, 16.7 % CO, 13.1 % CO2 and 5.2 % N2 (see 
Control in Table 1), and the recirculated liquid volume was 1 L.

2.4. Analytical methods

Biomass content in the liquid phase and attached to the carriers was 
quantified by measuring total solids [21]. The biomass from the carriers 
was detached by shaking in 20 mL phosphate buffer saline 1x (PBS, 137 
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM K), the carriers 
removed, the suspension centrifuged, and the supernatant discarded. 
Gas composition was monitored using gas chromatography (GC-TRACE 
1310, ThermoFisher Scientific, USA). A Thermo (P/N 26004-6030) 
(ThermoFisher Scientific, USA 30 m length, 0.320 mm inner diameter, 
and 10 µm film thickness) was used for CH4 and CO2, and an HP- 
Molesieve column (Agilent Technologies, USA, length 30 m, diameter, 
0.53, film 50 μm) was used for H2, CO, and CH4. The injection volume 
was 0.2 mL. Volatile fatty acids were measured by gas chromatography 
(Agilent 7890A, Agilent Technologies, US) equipped with a flame ioni
zation detector (FID) and SGE capillary column (30 m length, 0.53 mm 
inner diameter, film thickness 1.00 μm) with helium as carrier gas. A 
detailed description can be found in Giangeri et al. [22]. pH was 
monitored daily (Mettler Toledo LE407, Switzerland) and manually 
adjusted with NaOH (Sigma-Aldrich, USA) to 7 if values below 6.8 were 
observed.

2.5. Microbial community characterisation

After each steady state, biofilm samples were taken by opening the 
sampling ports along the column and removing four carriers with 
tweezers, and then replacing them with new carriers. Suspended sam
ples were taken from the liquid reservoir. The carriers were directly 
stored at − 20 ◦C, while the suspended samples were first centrifuged, 
and the supernatant discarded before freezing. The samples were sub
sequently used for 16S rRNA sequencing. Prior to DNA extraction and 

16S rRNA sequencing, the samples were thawed, placed in 20 mL 
phosphate buffer saline 1x (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, 1.8 mM KH2PO4), and vortexed to release the biofilm. Once 
the biofilm was detached, the carriers were removed, the suspension 
centrifuged, and the supernatant discarded. DNA was extracted and 
purified using the DNeasy® PowerSoil® Pro Kit (QIAGEN 181 GmbH, 
Germany) following manufacturer instructions and with an additional 
cleaning step [23]. DNA quantity was determined using a Qubit fluo
rometer (ThermoFisher Scientific, USA). Polymerase Chain Reaction 
(PCR) amplification of the 16S rRNA hypervariable V4 region was car
ried out with the primers F515/R806 [24]. Library preparation was 
performed with the Nextera DNA Flex Library Prep Kit (Illumina Inc, San 
Diego, CA) and gene amplicons were sequenced with the platform 
NovaSeq at the NGS facility of the Biology Department of the University 
of Padova, Italy. Raw sequences were deposited in the NCBI SRA data
base with BioProject ID PRJNA1112761. Raw reads were primer- 
trimmed with cutadapt, discarding all untrimmed reads [25]. Trim
med reads were quality-filtered, denoised and merged using DADA2 
within the Qiime2 pipeline [26]. The taxonomic assignment to amplicon 
sequence variants (ASVs) was performed using the classify-sklearn al
gorithm and a taxonomic classifier trained on the MiDAS 4.81 database 
using fit-classifier-naive-bayes algorithm [26,27]. Downstream analyses 
on ASVs were performed using the Phyloseq 1.42.0 [28], Vegan 2.6-4 
[29] and ggpubr 0.6.0 [30] packages in R version 4.2.2 [31].

2.6. Thermodynamic analysis

The predominant reactions in the syngas biomethanation process 
under the conditions in this study are summarised in Table 3: hydro
genotrophic methanogenesis, carboxydotrophic hydrogenogenesis and 
syntrophic acetate oxidation. The interactions between them are eval
uated using the Gibbs free energy change (ΔrGT́) as described in Grimalt- 
Alemany et al. [6] and the thermodynamic potential factor (FT) pro
posed by Jin and Bethke [32]. 

FT,i = 1 − exp
(
− ΔrGʹ

T,i − YATP,iΔGP

χRT

)

(6) 

ΔrGʹ
T = ΔrG

◦

T +RTln
[C]c[D]d

[A]a[B]b
(7) 

where YATP,i is the ATP yield of the metabolic reaction, ΔGP is the Gibbs 
free energy of ATP synthesis, χ is the average stoichiometric number (see 
Table 3), R is the universal gas constant, and T is the temperature. ΔrGT́ 
corrects the Gibbs free energy of the reaction (ΔrG

◦

T) by taking into ac
count the concentration in the phase under evaluation and the effects of 
temperature and ionic strength by correcting the Gibbs free energy of 
formation [33]. ΔGP has been reported to range between 40 and 50 kJ/ 
mol ATP [32], and the value of 45 kJ/mol ATP is used unless otherwise 

Table 1 
Experimental conditions for the study of the effect of syngas composition 
expressed in percentage, and ratio of electron donor to electron acceptor [13], 
together with the overall and steady state duration of each condition.

Condition Gas composition (%) e− donor/e−

acceptor
Duration (d)

H2 CO CO2 N2 Total Steady 
state

Control 65 16.7 13.1 5.2 2.7 17 9
High CO 33.3 40 16.7 8.33 1.2 13 7
High H2 74.3 12.0 8.6 5.1 4.1 7 4

Table 2 
Experimental conditions for the study of the bottleneck in syngas conversion in 
trickle bed reactors: Gas residence time, liquid recirculation rate and application 
of trace element supplementation (15 mL L− 1 double modified Wolin’s mineral 
solution, 0.08 g/L sodium sulphide, and 0.01 g/L sodium tungstate), together 
with the overall and steady state duration of each condition.

Gas residence 
time (h)

Liquid recirculation 
rate (mL min− 1)

Trace element 
supplementation

Duration (d)

Total Steady 
state

1.5 20 No 13 9
1 20 No 14 5
1.5 280 No 14 7
1 280 No 15 5
1.5 20 Yes 9 3
1 20 Yes 7 5
0.75 20 Yes 10 5
0.75 280 Yes 16 5

Table 3 
Representative biochemical reactions, their ATP yield, and the average stoi
chiometric number used in the thermodynamic potential factor (FT) 
calculations.

Hydrogenotrophic 
methanogenesis

Carboxydotrophic 
hydrogenogenesis

Syntrophic 
acetate 
oxidation

Reaction 4 H2 + CO2 → CH4 

+ 2 H2O
CO + H2O → H2 +

CO2

CH3COOH +
2 H2O → 4 H2 

+ 2 CO2

ATP yield 
(mol/mol 
product)

0.5 0.33 0.33

Average 
stoichiometric 
number (χ)

2 2 1

Reference [34] [6,37] [38]
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indicated. Hydrogenotrophic methanogenesis was assumed that to be 
performed by species without cytochromes that translocate 6Na+ across 
the membrane (investing 1 mol ATP in acetate activation), had an ATP 
synthesis stoichiometry of 4Na+ per ATP formed [34], and whose rate 
determining step was the translocation of Na+ by the methyl transferase 
complex. Carboxydotrophic hydrogenogenesis was assumed to trans
locate one H+ per mol of CO across the membrane through an energy 
conserving hydrogenase and use an ATP synthesis stoichiometry of 3H+

per ATP synthesised [6,35]. Syntrophic acetate oxidation was assumed 
to use an ATP synthesis stoichiometry of 3H+/Na+ per ATP formed [36].

As a preliminary exploration, the thermodynamic feasibility of the 
reactions in Table 3 were evaluated for a broad range of concentrations 
(1⋅10− 6 to 1⋅10− 4). The gas composition, the microbial community and 
the liquid phase concentration profile along the height were then 
compared with these results to further explain the observed profiles with 
thermodynamic insights. Liquid phase concentrations were calculated 
based on the assumption that the uptake rate of syngas components 
between two sampling points (qi(Δh)) must be equal to the mass transfer 
rates, which can be used to determine the dissolved concentrations 
fulfilling that equality: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

qi(Δh) = kLa
(

Cg,i
(
hj
)
−

Cl,i
(
hj
)

KH,i

)

qi(Δh) =
Cg,i

(
hj− 1

)
− Cg,i

(
hj
)

θg(Δh)

(8) 

where Cg,i is the gas phase concentration, KH,i is Henry’s law constant, 
and Cl,i

(
hj
)

is the concentration of compound i in the liquid phase at a 
height j. The gas residence time between each sampling height θg(Δh)
was calculated using N2 balance: 

θg(Δh) =
Cg,N2

(
hj
)

VEB

Qg(hj− 1)Cg, N2 (hj− 1)
(9) 

where Cg,N2 is the N2 content in the gas at a specified height.

3. Results and discussion

3.1. The effect of syngas composition

CO toxicity to methanogens is still mentioned as a challenge in 
syngas biomethanation [1,11,12] due to the CO toxicity reported in 
suspended cultures. This is despite previous studies documenting the 
robustness of microbial communities previously adapted to high CO 
partial pressures, especially in spatial configurations such as granules or 
biofilm [8,9,11]. Previous studies of syngas biomethanation in TBRs in 
particular do not show evidence of CO toxicity to microorganisms, but 
they all use a CO content no higher than 30 % (i.e. a partial pressure of 
0.3 atm) [12,13,15,39]. Using a higher content of CO (40 % or 0.4 atm 
partial pressure) could contribute to reframing the challenge posed by 
CO inhibition. H2 accumulation has been reported to inhibit the activity 
of carboxydotrophic hydrogenogenic bacteria converting CO into H2 
and CO2 [11,13,40]. Accounting for this potential H2 inhibition, real- 
world syngas biomethanation plants targeting biomethane production 
(where the pyrolysis gas or syngas produced varies in composition over 
time) may find it challenging to adjust the supply of exogenous H2 
without exceeding the stoichiometric needs of raw syngas (with a 
theoretical maximum of 4 e-donor/e-acceptor). Therefore, the series of 
syngas compositions examined ranged from high CO content (1.2 e- 
donor/e-acceptor) to slight H2 excess above the stoichiometric 
maximum (4.1 e-donor/e-acceptor), to investigate potential process 
failure at its boundary conditions.

Analysing the entire range of syngas compositions revealed consid
erable deviations from the theoretically expected reactor off-gas com
positions. CO was completely consumed under high CO supply (1.2 e- 
donor/e-acceptor), suggesting that no significant microbial inhibition 

was occurring as a result of the 40 % CO content in the syngas. The off- 
gas CH4 content was also in agreement with the theoretical maximum 
CH4 content (Fig. 2A). The lack of CO inhibition can be explained by the 
fact that under mass transfer limiting conditions, the dissolved con
centration of CO is well below saturation conditions, alleviating the 
possibility of any potential inhibition [41]. Increasing the e-donor/e- 
acceptor ratio to 2.7 also resulted in an outlet CH4 content in agreement 
with the theoretical, with complete conversion of H2 and CO (Fig. 2A). It 
should also be noted that the percentage of CO2 dropped significantly 

Fig. 2. A) Steady state outlet gas composition as a function of e-donor/e- 
acceptor ratio of the inlet gas, theoretical CH4 content based on the e-donor/e- 
acceptor ratio, and stoichiometric ideal e-donor/e-acceptor ratio for complete 
conversion of syngas to CH4, and B) thermodynamic potential factor as a 
function of e-donor/e-acceptor ratio (based on the partial pressures of CO, H2 
and CO2 in the gas phase). The thermodynamic potential factor is presented as a 
range to account for the uncertainties the Gibbs free energy of phosphorylation 
(ΔGP in equation 6) used. In this case, 45, 60 and 70 kJ/mol ATP were 
applied [38,42].
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due to the higher supply of H2, but some CO2 remained unconverted as 
expected based on the e-donor/e-acceptor ratio of 2.7. Nevertheless, 
further increasing the H2 supply to slightly above the stoichiometric 
needs (4.1 e-donor/e-acceptor) in order to convert this remaining CO2 
led to drastic process failure. The production of CH4 and conversion of 
CO plummeted dramatically, likely due to the accumulation of excess H2 
and inhibition on CO conversion activity (Fig. 2A).

The conversion of CO into H2 and CO2 has been reported as the 
dominant CO-converting pathway at thermophilic conditions [6,10]. 
The thermodynamic potential factor was used to analyse the thermo
dynamics of the latter as a function of the e-donor/e-acceptor ratio of 
syngas. This factor indicates the strength of the thermodynamic drive for 
a reaction to occur [32]. The thermodynamic drive is strongest when the 
factor approaches 1. The factor approaching 0 is a sign of loss of drive 
and, thus, thermodynamic inhibition. This analysis showed a potential 
thermodynamic inhibition with increasing H2 content. As shown in 
Fig. 2B, the thermodynamic potential factor (FT) decreases as the e- 
donor/e-acceptor ratio of syngas increases, indicating a loss in ther
modynamic drive for carboxydotrophic hydrogenogenesis. Therefore, at 
an e-donor/e-acceptor ratio of 4.1, thermodynamic inhibition is the 
most likely explanation for the lack of CO consumption [13,35].

The microbial community composition illustrates the catabolic re
actions dominating the syngas biomethanation process under these 
conditions. In Fig. 3, reads mapping to hydrogenotrophic methanogens, 
Methanobacterium spp. and Methanothermobacter spp., reveal that the 
dominant methanogenic pathway is hydrogenotrophic methanogenesis. 
This concurs with previous research showing that H2 is the main inter
mediary in thermophilic conditions [6]. Firmicutes, the phylum that 
includes most carboxydotrophs, e.g. Desulfosporosinus and Eubacterium 
spp. [43,44] are highly represented. It is most likely that these microbes 
produced predominantly H2, although some acetate was also produced 
(between 0.2 and 16.3 mM). Acetate played a minor role in the process 
with only small amounts produced even in transitory state. This was 
nevertheless sufficient to allow the presence of acetotrophic groups. 
Multiple strains of syntrophic acetate oxidisers (like Syntrophaceticus 
spp.) are present in higher overall abundance than aceticlastic metha
nogens, represented by a single putative genus (Methanosarcina). This 
supports previous findings that hydrogenotrophic methanogenesis is the 
dominant methane production pathway at thermophilic conditions 
[6,10].

Overall, these results clearly show that risk of inhibition and process 
failure are not related to CO toxicity but to the thermodynamic 

inhibition by excess H2. This was previously reported by Asimakopoulos 
et al. [13] but studied at an e-donor/e-acceptor ratio of 4.78, a sub
stantial excess of H2. This present study emphasises the risks of even 
small excesses of H2 having an outsized effect on process viability. 
Consequently, these findings show that the supply of exogenous H2 
should be carefully tuned to prevent even small excess H2 conditions due 
to potential variations in syngas input composition in continuous-mode 
operated gasification and pyrolysis reactors.

3.2. Gas residence time, liquid recirculation and trace elements supply

The performance of a trickle bed reactor (TBR), how much substrate 
(gaseous species) the biofilm can convert, depends on how much of this 
substrate can be provided to the biofilm. The movement of liquid 
through the bed is the main driver of the transfer of sparsely soluble 
compounds like H2 and CO from the gas to the liquid phase. The liquid 
trickling through the packed bed of a TBR tends to follow preferential 
pathways, a phenomenon called channelling. This limits the mass 
transfer and, consequently, the productivity of the reactor. Increasing 
the liquid recirculation rate reportedly ameliorates channelling by 
ensuring that the bed is more uniformly wetted (with fewer preferential 
pathways), both providing nutrients to the biofilm and enlarging the 
surface for gas–liquid exchange [45]. This makes the impact of the liquid 
recirculation rate one of the key parameters to study when exploring the 
limits of the syngas biomethanation process.

The TBR in the current study was characterised in terms of its mass 
transfer capability. First, the residence time distribution was measured 
(Fig. 4A), followed by the gas–liquid mass transfer coefficient (kLa) for 
the sparsely soluble gases, H2 and CO (Fig. 4B). The results in Fig. 4B 
show the relationship between the liquid recirculation rate and the 
gas–liquid mass transfer coefficient (kLa) under abiotic conditions, and 
their order of magnitude is consistent with data in the literature [46,47]. 
Here, an increase from 20 to 300 mL min− 1 in liquid recirculation rate 
results in a 6.5- and 5-fold increase in mass transfer for H2 and CO, 
respectively, the difference between species previously reported in 
literature [46]. This increase in mass transfer is then expected to yield 
increases in productivity of a similar order of magnitude.

Fig. 5 shows the process performance as a function of the gas resi
dence time in terms of CH4 productivity, and H2 and CO conversion. 
Liquid recirculation rates of 20 and 280 mL min− 1 were tested at gas 
residence times (GRT) of 1.5 and 1 h. At a GRT of 1.5 h, there were no 
significant differences in performance as both liquid recirculation rates 

Fig. 3. Relative abundance at the middle of the reactor of dominant phyla and genera as a function of the e-donor/e-acceptor ratio. Microbial composition samples 
were sequenced in duplicate, except for e-donor/e-acceptor ratio 2.7, where the second replicate was not sequenced successfully.
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presented nearly full conversion of H2 and CO, and very similar CH4 
productivity. At a GRT of 1 h though, a liquid recirculation rate of 20 mL 
min− 1 was insufficient to completely convert the incoming H2 and CO. 
Elevating the liquid recirculation rate to 280 mL min− 1 was expected to 
improve the productivity and conversion efficiency substantially, since 
the mass transfer had been improved by an increase in recirculation rate 
in abiotic conditions. However, the observed results were modest, and 
nowhere near those expected from the mass transfer coefficient behav
iour. The CH4 productivity did increase significantly (p-value < 0.05), 
but only by 30 %. There was no significant improvement in H2 con
version. CO conversion was improved significantly (p-value < 0.05), but 
full CO conversion was not achieved. This indicated that another factor 
was limiting the ability of the biofilm to convert syngas to biomethane. 
This could either be a potential nutrient limitation in the liquid fraction 
of digestate used as liquid medium, or a different mass transfer related 
bottleneck like the diffusion of the compounds through the biofilm.

Nutrient limitation can hinder the ability of the biofilm to convert 
syngas to methane [48]. With an adequate supply of nutrients, a given 
reactor can convert a larger amount of gas, resulting in higher produc
tivity and conversion efficiency. Thus, trace elements were 

supplemented to the liquid fraction of digestate used as trickling me
dium to address any potential nutrient limitation. As shown in Fig. 5A, 
the supplementation of trace elements resulted in a 59 % increase in CH4 
productivity at a GRT of 1 h, compared to the only 30 % increase ach
ieved by only increasing liquid recirculation. Furthermore, complete H2 
and CO conversion was achieved at GRT 1 h by supplementing trace 
elements (Fig. 5B and C). Overall, the results show the bottleneck per
taining to the lack of trace elements was overcome and no longer played 
a role in subsequent experiments.

Once trace element limitation was addressed, the impact of 
increasing the liquid recirculation rate could be reevaluated. Since trace 
element supplementation showed complete conversion at a GRT of 1 h 
even at a 20 mL min− 1 liquid recirculation rate, the GRT was further 
lowered to 0.75 h to push the reactor to its maximum possible perfor
mance. In this case, neither H2 nor CO conversion was complete. 
Furthermore, operation with a liquid recirculation rate of 280 mL min− 1 

did not significantly improve CH4 productivity nor conversion effi
ciency. Neither did it greatly affect the uptake rates (see Supplementary 
Table 1). This indicates that the diffusion of H2 and CO within the bio
film may be the true rate limiting step of the process, and not the 

Fig. 4. A) Liquid residence time and liquid holdup (the ratio of liquid volume to total volume) in the trickle bed reactor as a function of liquid recirculation pump 
flow, and C) volumetric mass transfer coefficient (kLa) of H2 and CO as a function of the liquid recirculation rate.

Fig. 5. A) Methane productivity, B) hydrogen conversion efficiency, and C) carbon monoxide conversion efficiency as a function of gas residence time (GRT) for an 
inlet gas composition of 65 % H2, 16.7 % CO, 13.1 % CO2 and 5.2 % N2. The values are expressed as the average of three consecutive days at steady state and their 
standard deviation.
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generally assumed gas–liquid mass transfer. Considering that the 
biomass in attached to the carriers ranged from 4 to 6 g dry weight and 
that in the liquid phase ranged between 5 and 10 mg dry weight, biofilm 
phenomena are likely to contribute significantly to the overall perfor
mance of the reactor. Although increasing gas–liquid mass transfer does 
increase the driving force for diffusion, diffusion is a process several 
orders of magnitude slower than gas–liquid convective transfer [49], so 
the effect of increased kLa is not observable in the process performance. 
This finding carries multiple implications in our understanding of the 
metabolic network of syngas-converting microbial biofilms (see section 
3.3).

The performance obtained in this study compares favourably with 
values reported in the literature. Asimakopoulos et al. [45] reported a 
CH4 productivity of 8.5 mmol Lreactor

− 1 h− 1 with at e-donor/e-acceptor 
ratio of 2.8 and at a GRT of 0.6 h, with 89 % and 73 % H2 and CO 
conversion, respectively. The best performance reported in this work 
was 9.81 ± 0.52 mmol Lreactor

− 1 h− 1 at a GRT of 1 h, with full H2 and CO 
conversion. However, the gas composition requires further H2 supple
mentation to achieve a productivity closer to the 17.6 mmol Lreactor

− 1 h− 1 

reported for semi-pilot scale [12]. Aside from this last value, the present 
study finds CH4 productivities (with full conversion) higher than those 
previously reported in literature [13,39,50].

3.3. Thermodynamics shape microbial community structure along syngas 
biomethanation TBRs

Biofilm diffusion was found to be the likely bottleneck of the syngas 
biomethanation process in TBRs, mirroring the behaviour of similar 
systems, such as those used in biological wastewater treatment. In 
wastewater treatment, the diffusion limitation of oxygen and other 
compounds into and within the biofilm is well established and has been 
widely studied [19,51,52]. The result is a severe limitation in substrate 
availability in the biofilm phase. Biofilm communities in TBRs may thus 
face the challenge of having to scavenge carbon at very low concen
trations as the gaseous substrates get consumed along the bed of the 
reactor, imposing severe bioenergetic restrictions for multiple functional 
guilds inhabiting the biofilm and ultimately shaping its microbial 
structure. This hypothesis was investigated analysing the biofilm com
munity structure along the bed of the reactor combined with a ther
modynamic analysis of multiple bioenergetically constrained reactions 
within the metabolic network of syngas-converting microbial 
communities.

Analysing the microbial composition of the biofilm at three different 
heights in the reactor showed a clear distribution of different microbial 
groups along the reactor (Fig. 6B). Having in mind that the gas was 

supplied from top of the reactor, the largest proportion of reads mapping 
to hydrogenotrophic methanogens, most notably Methanothermobacter 
and Methanobacterium spp., were found at the top of the reactor 
(Fig. 6B). In turn, carboxydotrophic Firmicutes like Desulfosporosinus 
spp. and Eubacterium spp. [43,53,54] became the dominant microbial 
group at the middle of the reactor, while synergistic bacteria also 
appeared at the middle of the reactor and their proportion increased 
towards the bottom of the reactor (Fig. 6C). A Pearson correlation 
analysis on the relative abundance of the top genera from each phylum 
showed a clear correlation between several key genera and the height of 
the reactor (Fig. 6C). Methanobacterium spp. was positively correlated 
with height, which can also clearly be seen in Fig. 6B, in agreement with 
the H2 gradient. Acetate consuming genera like Methanosarcina, Syn
trophaceticus and multiple members of the Synergistaceae family [55]
were negatively correlated with the height, showing that they were most 
present at the bottom of the reactor. These observations suggest a high 
degree of spatial specialisation in the substrate utilisation by the biofilm, 
where hydrogenotrophic methanogenesis was the dominant at the top of 
the reactor and was gradually displaced as carboxydotrophs and syn
trophic acetate oxidizers increased at the bottom of the reactor. Overall, 
the microbial community was found to be naturally stratified along the 
height of the reactor, indicating that the gradient of gaseous substrates 
along the reactor exerted a strong selective pressure on the biofilm 
community structure.

The composition of the gas phase along the height of the reactor was 
studied to validate the above observations. The results were in good 
agreement with the microbial stratification of the biofilm community as 
the content of the different gases followed different trends along the 
height of the reactor. H2 and CO2 were mostly consumed at the top of the 
reactor (Fig. 7B), which concurred with the fact that hydrogenotrophic 
methanogens were very abundant at the top of the reactor and syntro
phic acetate oxidisers barely present. Similarly, the consumption of CO 
increased at the middle of the reactor, which was in agreement with the 
dominance of carboxydotrophs at this height (Fig. 7B and 6B). Such 
dynamics in the gas phase profile and the consistency with the microbial 
community analysis supported our hypothesis on bioenergetic con
straints shaping the biofilm community stratification along the reactor.

The most surprising finding is the presence of syntrophic acetate 
oxidisers, as the thermodynamic feasibility of their main metabolic re
action is incompatible with the H2 partial pressure measured in the gas 
phase. To explore how syntrophic acetate oxidation and hydro
genotrophic methanogenesis could coexist, the thermodynamic poten
tial factors (FT) of these two reactions were evaluated for a broad range 
of H2 and CO2 concentrations (see Supplementary Figs. 1 and 2). The 
thermodynamic potential factor gives an indication of the 

Fig. 6. A) Schematic of the reactor with sampling ports for microbial community analysis, B) the microbial community composition in terms of relative abundance 
sampled along the height of the reactor, and C) the correlation between the most abundant functionally relevant microbes and the height of the reactor, where only 
significant (p-value < 0.05) correlations are shown.
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thermodynamic drive of a reaction: strong when the factor approaches 
1, weakening as it approaches 0. For two reactions to coexist, their 
thermodynamic potential factors must both be greater than 0. Supple
mentary Fig. 3 shows the overlap of the concentration range in which 
both hydrogenotrophic methanogenesis and syntrophic acetate oxida
tion are feasible (FT > 0). When comparing this range with the liquid 
phase concentrations calculated from the measured gas concentrations, 
the reactions were not simultaneously feasible at these dissolved con
centrations. This is in discrepancy with the microbial community 
composition data, where both microbial groups coexist from around the 
middle of the reactor, with the proportion of syntrophic acetate oxidisers 
increasing towards the bottom of the reactor. This is a strong indication 
that, for the two reactions to coexist, the effective concentrations of H2 
needed to be much lower than those calculated in the liquid phase, 
which is consistent with a mass transfer limitation of transport within 
the biofilm. As microbial consumption of these compounds is faster than 
their diffusion into the biofilm, the steady state concentration reached in 
the biofilm is substantially lower than that in the liquid film [19].

The range of values in Supplementary Fig. 3 where syntrophic ace
tate oxidation and hydrogenotrophic methanogenesis overlap are up to 
100 times lower than those measured in the liquid phase. This range was 
then used to calculate the thermodynamic potential factor of hydro
genotrophic methanogenesis, carboxydotrophic hydrogenogenesis and 
syntrophic acetate oxidation over the height of the reactor based on the 
measured gas concentrations at each of the five sampling ports (see 
Fig. 1). This profile was calculated for a fraction of the dissolved con
centration by dividing it with a “dilution factor” that ranged from 5 to 
100. As can be seen in Fig. 7C, the syntrophic acetate oxidation reaction 
would only become feasible around the middle of the reactor (where 
syntrophic acetate oxidisers are first observed – Fig. 6C), if the H2 
concentration was at least 35 times lower in the biofilm than in the 
liquid phase. As their presence is negligible at the top of the reactor, it is 
unlikely that the H2 concentration in the biofilm is less than 60 times 
lower than the liquid phase, as it would make syntrophic acetate 
oxidation feasible already at the top sampling port of the reactor. Under 
these diffusion-limited conditions, syntrophic acetate oxidisers could 
interact with hydrogenotrophic methanogens following an interaction 
profile very similar to the dynamics of the biofilm composition observed 
along the bed of the reactor. Their coexistence occurs thanks to the 
ability of hydrogenotrophic methanogens to scavenge very low 

concentrations of H2. In this syntrophic partnership, syntrophic acetate 
oxidisers produce H2 from acetate, and the continuation of their activity 
is ensured by H2 being consumed by hydrogenotrophic methanogens. 
These, in turn, are provided with the H2 and CO2 required for their 
metabolism. These results indicate a severe carbon limitation in the 
biofilm and reinforce the finding that diffusive transport in the biofilm is 
a key factor in determining both the performance and the microbial 
structure of the syngas biomethanation reactor.

Carboxydotrophic hydrogenogenesis, for its part, occurs at all 
heights of the reactor, as can be seen from the gas consumption data 
(Fig. 7B) and its thermodynamic potential factor overlapped with 
hydrogenotrophic methanogenesis (Fig. 7D). This behaviour is expected 
based on the gas composition, which did not have H2 in excess and does 
not deviate in the range of biofilm concentrations identified above as 
most likely.

4. Conclusion

Syngas biomethanation is a complex process involving multiple mi
crobial groups. The sensitivity of this microbiome to high CO supply was 
minimal, while thermodynamic inhibition by even small excesses in H2 
supply caused drastic process failure. Mass transfer limitations due to 
diffusive transport of compounds within the biofilm was found to be the 
most important bottleneck to process performance compared to the 
commonly assumed gas–liquid mass transfer limitation. This diffusion 
into the biofilm further shapes which catabolic reactions are possible 
within the reactor, leading to a spatial substrate-based specialization of 
the biofilm and stratification of the microbial groups involved in syngas 
biomethanation.
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