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Abstract:

Biological methanation is a promising technology for gas and carbon valorisation.
Therefore, process stability is required to allow its scale up and development. A pilot scale
bubble column reactor was used for ex sifu biological methanation with Mixed Microbial
Culture (MMC). A 16S rRNA high throughput sequencing analysis revealed the MMC
reached a stable composition with 50-60% Methanobacterium in closed liquid mode, a
robust genus adapted to large scale constraints. Class MBA(3 was identified as an indicator
of process stability. Methanogenic genera moved toward 50% of Methanothermobacter
when intensifying the process, and proteolytic activity was identified while 94% of H2/CO»
was converted into methane at 4NL.L!.d!. This study gives clarifications on the origin of

VFA apparitions. Acetate and propionate accumulated when methanogenic activity
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weakened due to nutritive deficiency, and when Py reached 0.7bar. The MMC withstood a
storage period of 34d at room temperature indicating its suitability for industrial

constraints.
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competition; acetate; homoacetogenesis; propionate; biotechnology

Graphical abstract

Gas IRgas o IRRRIRR
out analysers e
Perturbations Hydrogenotrophic
ch§1 Nultriellwtlimitation methanogen (HM)
o Oxidative stress
ly
S \ —_—
Double wall for Liquid volume
temperature © increase
regulation .
s5°C o 4 COZ(g) Drains needed
o o ’
Hag)
°
o o] :
oo |l CHA(g) CHA(I) ooy
ey, % A =
°° S Homoacetogen (HAC)
o
o o . H 2C02(|) Acetate ZHQO
pH and Al . N / 2(1) WP C.H,O
temperature 3 @ excess 4H2(|) A=
probe o © : I
°? VFA
o ° roduction
. Gas p
H2 —p
' o . ! Liquid Ha)
’ S decrease
Co2 —p Gas recycling N
Mass pump \\ VFA IR: infra-red
flow . VFA:VolatileFatty Acids
meters N Consumption WLP: Wood-Ljungdahl Pathway

‘ Process engineering and ‘ ‘ Physical-chemical processes: Gas to liquid mass transfer
macrokinetic analysis Microbial kineticsand dy ic of inter i i

Colour print is needed

High quality file has been provided separately

1. Introduction



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Anaerobic biological processes are more and more implemented for organic waste
recovery. They enable the production of value-added products, especially methane (CHa)
and hydrogen (Hz) for the production of energy from biomass and organic wastes. These
technologies are of great interest in the framework of Green House Gas (GHG) emissions
reduction, and to meet the goal of net zero emission by 2050. Biogas produced by
anaerobic digestion (AD) contains between 50 % to 70 % of methane and between 30 %
and 50 % of carbon dioxide (CO.) (Angelidaki et al., 2018). Thus, its calorific value is not
as high as that of natural gas, and it is important either to separate the CH4 from the CO», or
to upgrade the biogas to higher concentrations of methane before injecting it into the gas
grid. Biological methanation is an appealing way of upgrading biogas, because the process
is quite similar to AD and can be integrated into the biogas production plant. The principle
is to convert residual CO, with extra H» addition through reaction (1) to produce methane.
Two processes are developed for biological methanation. The in situ processes consist in
injecting external H» directly in AD reactors. However, Hz excess in an AD reactor 1) may
slow down the first reactions of hydrolysis, acidogenesis and acetogenesis, since the Gibbs
free energy (ArG) of these hydrogenogenic reactions will increase; 2) may stimulate
homoacetogenesis (Grimalt-Alemany et al., 2019; Agneessens et al., 2018; Gonzalez-
Cabaleiro et al., 2013; McCarty and Bae, 2011; Batstone et al., 2002). During in situ
biological methanation, Hz supply is therefore a crucial step, and the operating range of
process parameters such as temperature, pH, organic and hydraulic loading rates, is narrow
to support growth of all the synergistic activities and promote methanogenesis. Conversely,
ex situ biological methanation requires a second reactor to treat biogas externally to AD

reactors. Ex situ biological methanation promotes the advantage of being operated under
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specific conditions favouring reaction (1), without disturbing the stability of AD, and with
the possibility of injecting other CO> sources as substrate (Rafrafi et al., 2020; Kougias et
al., 2017; Burkhardt et al., 2015; Drosg, 2013). Nevertheless, more operational data of ex
situ biological methanation pilot scale processes are needed. In particular, with emphasis on
process stability and reliability in the face of gas load variations and shutdown periods
during long-term operation. This kind of studies will allow to have a certain hindsight to
better implement industrial biological methanation systems. Additionally, microbial mixed
cultures (MMC) are often used as catalyst of the reaction. Because they can be originated
from the AD, they are not expensive and available in AD plants. MMC also do not require
sterile conditions, and can withstand process troubles, or operational changes due to the
high microbial diversity they contain. Biological interactions within the MMC are of great
importance to ensure the stability of the process. Yet, the relation between process stability
and MMC composition in the framework of biological methanation has not been well
established, even though more and more microbial analysis are undertaken and some effort
is made in this direction in the anaerobic digestion field (Campanaro et al., 2020).
Within ex sifu biological methanation processes, H2/CO: can be directly converted into
methane through hydrogenotrophic methanogenesis (HM) according to reaction (1), but
also into acetate through homoacetogenesis (HA) according to reaction (2). Once acetate is
produced, it can be further converted into methane through acetoclastic methanogenesis
(AM) according to reaction (3), or oxidized through syntrophic acetate oxidation (SAO)
according to reaction (4), that is reverse reaction (2).

(1) 4H> + CO2 — CH4 + 2H20 (AG®’ =- 131 kJ.mol ™) HM

(2) 4H, + 2C0; — CoH402 + 2H0 (AG®” = - 82 kJ.mol™) HA
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(3) C:H402 — CH4 + CO2 (AG®’ = - 49 kJ.mol ™) AM

(4) C:H402 + 2H20 — 4H, + 2CO2 (AG®’ =+ 82 kJ.mol!) SAO
These reactions 1) are carried out by different microorganisms with proper kinetics and
optimal conditions ii) operate close to thermodynamic equilibrium, which implies
considering the reaction feasibility under given conditions. In the MMC, HM will compete
with HA for the same substrate Ho/CO2 and AM will compete with SAO for acetate, if
produced. Maximal specific growth rates of thermophilic HM is higher compared to
mesophilic ones (Bassani et al., 2015). Moreover, there is less microbial diversity under
thermophilic than under mesophilic temperatures (Grimalt-Alemany et al., 2019). For these
reasons, biological methanation is often more efficient under thermophilic than mesophilic
conditions when working with MMC (Striibing et al., 2019; Kougias et al., 2017). HA have
higher minimal H; fixation thresholds than HM (Weijma et al., 2002). Therefore, if H» is
limiting, and HM active, HA cannot fix H», which is maintained at very low thresholds by
HM, especially under thermophilic conditions (Pan et al., 2021; Cord-Ruwisch et al.,
1988). The use of MMC to carry out biological methanation is hence relevant, because the
competitive side reactions are prevented by HM activity, and opportunistic heterotrophs
still remain on lysis products, contributing to the durability of the process. This by
recycling growth factors, and preventing from toxic accumulations.
In this study, a pilot scale bubble column reactor has been operated for ex situ biological
methanation of Hy/CO; at 55 °C with a MMC. The aim of this study was to investigate the
reactivity of the biological methanation process in a dynamic operation mode such as gas
load variations, feed intermittence, and to highlight the impact of nutrient limitations on the

process performances. This study provides a wide discussion about the process features that



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

allow to orient the MMC toward the selective and stable methane production regarding
different aspects such as nutrient regulation, gas load management and MMC storage
conditions. Moreover, it gives some clarifications on the origin of potential VFA

accumulations that could compromise methane production.

2. Materials and Methods

2.1 Pilot-scale methanation process

Experiment was carried out in a 22 L bubble column reactor (BCR) of height and internal
diameter of 1.200 m and 0.145 m respectively. Ex sifu biological methanation at 55 °C was
carried out with synthetic CO; as the sole carbon source and synthetic H> as electron donor.
The reactor was conducted in closed mode for liquid, although some supernatant was
replaced by nutrients stock solutions at some periods along the operation to support growth
and maintain a constant liquid volume in the reactor by removing volume corresponding to
water production of reaction (1). Effective liquid volume was 20 L during periods 1 and 2
and 18 L during period 3. Gas was continuously sparged from the bottom of the column
through four porous sintered of 10 mm diameter and porosity between 100 and 160 pm
during period 1 and 2. During period 3, a single porous sintered with same properties but
150 mm diameter was implemented, occupying the whole bottom of the column, in order to
improve the gas to liquid mass transfer. Gases were supplied from pressurized gas cylinders
of H, and CO> through flow controllers (EL-FLOW® Select F-201CV, Bronkhorst). The
gas from the headspace was recirculated at 120 NL.L'.d"! through a valve pump (Type R
1C 225 HIB, Sirem). Outlet flow was measured with a volumetric gas meter (Ritter®).

Temperature was regulated at 55 °C with a thermostat (LAUDA®) circulating water in the
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double wall of the BCR. Probes for pH (InPro 3100(i) SG 120, Mettler Toledo®), ORP
(Polilyte Plus ORP Arc 225, Hamilton™), dissolved CO (InPro 5000(i), Mettler Toledo®)
were installed to measure continuously the values of these parameters.

Culture medium was composed of NH4Cl1 1 g.L-'; KH,PO4 0.5 g.L'!; MgCl,, 6H,0 0.1 g.L-
I, CaClz, 2H20 0.05 g.L''; NaxS04 0.1 g.L'; NaHCO3 0.13 g.L'!; Na,S, 9H,0 2 g. L.
Phosphate buffer was also used (K2HPO4 2.05 g.L'!; KH2PO4 0.59 g. L) to limit pH
variations. Trace element solution was punctually added into the reactor, it was composed
of the following salts (mg/L): FeCl, x 4H,0, 2.68; H3BOs3, 0.05; ZnCI2 x 7H>0, 1.01;
CuCl; x 2H>0, 0.14; MnCl; x 4H:0, 0.91; H24M07NsO24 x 4H>0, 0.09; CoCl» x 6H>0, 0.2;
NiCl; x 6H>0, 0.55; KI, 0.03.

The inoculum was composed of a mix of AD sludges from three different plants treating
household wastes, duck manures and bovine manures. They were pooled, centrifuged and
the biomass was put in suspension in a fresh minimum medium to reach an initial dry
weight of 2 g/L. The results presented in this study have been obtained during 405 days of
operation, with two shutdowns separating the experiment into three periods. The first shut
down happened on day 74, the culture broth was kept in the reactor under N> atmosphere at
25 © C during 34 days. Reactor restarted on day 108 and stopped again on day 220 for 23

days. This time, the culture broth was stored at 4 °C.

2.2 Gas and liquid analysis
The amounts of carbon dioxide and methane in the output gas were continuously measured
with infrared gas analysers (X-Stream Enhanced Series, Rosemount), as well as hydrogen

with thermal conductivity gas analyser (Binos 100 2M, Rosemount). Gas composition was



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

also punctually analysed with a gas chromatograph (Hewlett Packard HP 5890 Series II,
Agilent Technologies) equipped with a HayeSep Packed column (D 100/120, 6 m length,
1/8 external diameter). 250 pL of sample were injected at 100 °C, argon was the carrier gas
at a rate of 100 mL.min"!. TCD detection at 140 °C was carried out.

Amounts of acetate, propionate, butyrate, isobutyrate, valerate, isovalerate and hexanoate in
the liquid phase were measured with a gas chromatograph (VARIAN 3900 GC). The
column used was a CP-Wax 58 (FFAP) CB of 0.53 mm diameter and 15m length. Gas was
injected at 250 °C, oven temperature was 90 °C for 2 min, then increased at 130 °C at 20
°C.min’!, after 12 min it increased again until 210 °C at 50 °C.min"! and was maintained
during 2 min. Flame ionization detection (FID) was carried out at 240 °C.

Anions (F-, CI', NO2", Br,, NOs", SO4*, PO4*) and cations (Li*, Na*, NH4", K*, Mg?*, Ca?")
concentrations were determined with a ionic chromatograph (Dionex™ ICS 2000, Thermo
Scientific™). Cation column was IonPac™ CS16 (2x250mm), eluent was methanesulfonic
acid 30 mM at 0.36 mL.min"' and 40 °C. Anions column was IonPac™ AS19 (2x250mm),
eluent was KOH 20 mM, at 0.25 mL.min"!' and 30 °C.

Soluble proteins were quantified with bicinchonic acid (BCA) method (GBioscience kit).
Standard curve was done with bovine serum albumin (BSA) solutions from 0 to 1 gBSA.L"
!. Absorbance was measured in a spectrophotometer at 562 nm (Multiskan Ascent Thermo
Electron Corporation).

Nuclear Magnetic Resonance (NMR) analysis was carried out on a reactor sample of day
332. Broth sample was filtered (Minisart 0.2 um syringe filter, Sartorius, Gottingen,
Germany). The supernatant was mixed with 100 pL of D>O with 2.35 g L'! of TSP-d4

(deuterated trimethylsilylpropanoic acid) as internal reference. Proton NMR spectra were
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recorded on an Avance 111 800 MHz spectrometer equipped with a 5 mM QCI-P cryo probe
(Bruker, Rheinstatten, Germany). Quantitative 1H-NMR was performed at 280 K, using a
30° pulse and a relaxation delay of 10 s. The spectra were processed and the metabolites
were quantified using Topspin 3.1 (Bruker, Rheinstatten, Germany).

2.3 Microbiological analysis

Total genomic DNA of the inoculum and some samples of the reactor was extracted with
FastDNA™ SPIN kit for Soil (MP Biomedicals) according to the manufacturer’s
instructions. Bacterial and archaeal 16S rRNA V4-V5 hypervariable regions were amplified
using the following primers: 515F-Y 5' GTGYCAGCMGCCGCGGTAA and 926R 5'
CCGYCAATTYMTTTRAGTTT. high-throughput sequencing was performed with S5
system, lon Torrent in accordance with the manufacturer’s instructions. Sequences data
were processed and analysed with the rANOMALY R package (Theil and Rifa, 2021). The
processing of raw reads in this package is based on DADA?2 (Callahan et al., 2016).
Taxonomic assignment of bacterial and archaeal sequences was performed with IDTAXA
package from DECIPHER and SILVA 138 database, keeping the assignment with the
highest confidence or the deepest taxonomic rank. Relative abundances were obtained after

Total-sum normalization (TSS) of the raw ASVs counts.

3. Results and Discussions

Figure 1 shows H2/CO; loads, H> conversion and CHs4 production (a), VFA concentrations
(b) and pH (c) during 405 d of operation. Two shutdowns occurred and separated periods 1,
periods 2 and 3. Each of these periods is discussed in the following sections regarding

biological methanation process performance, VFA accumulations and consumptions,
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microbial composition and enrichment of the consortium. Figure 2 shows the CH4
productivity according to H loading rate during period 1 and 2, highlighting the periods
when instability was observed, such as the very beginning of the operation during period 1
and VFA accumulations during periods 2 and 3.

For the first time, in this study, a biological methanation reactor was operated and
monitored during a long-term period. The main objective in this study was to make a proof
of concept of the biological methanation of Hz and CO» and particularly to evaluate the
biogas upgrading capacity for further methane injection in gas grids. The different
variations of inlet gas flow rates were carried out for different objectives: 1) decrease inlet
gas flow to increase methane purity (% CHa > 95 %); 2) increase gas inflow to evaluate the
maximal capacities of the system to convert Hz and CO; into methane; 3) analyse the
system reactivity to these substrate load changes. In this article, the discussion is focused on
this third point, and on the understanding of the transient states considering microbial
aspects. VFA accumulations are discussed in order to understand the causes of the

perturbation of the process.

3.1 Methane production and process stability during period 1

3.1.1 Process performance

Period 1 was the start-up step of the process during which different gas inflows were tested,
starting from 0.67 to 7.78 NLu2.L'.d"! and 0.14 to 1.73 NLco2.L!'.d"! (Figure 2). Figure 2
represents the CH4 production rates as a function of Hz and CO; loading rates applied
during period 1 and 2. CH4 production rates increased according to a linear correlation with

the loading rate, indicating that the process, especially the gas to liquid mass transfer

10
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capacity, but also the MMC, was able to adapt to the range of gas loads applied, until 9.4
NL.L1.d!. Apart from the first 10 days, CHs productivity increased linearly with the
increase of the H, and CO; loads, with average yields of 0.22 NLcus.NLi2 ! and 1.02
NLcna.NLcoz™!, representing conversions of 89 % and 102 % respectively, the
stoichiometric maximal yields being 0.25 NLcus.NLi2 ! and 1 NLcus.NLcoz™!. Figure 1
shows that methanogenic activity was quickly observed during period 1 and H> conversion
reached 83-85 % after 9 days, with a CHa4 productivity of 0.66 NL.L!.d"!. Between 35 and
50 d, progressive increase of H, and CO; inflows from 3.6 to 4.3 and 4.8, with H>:CO» ratio
of 4.2, 4.6 and 4.2 respectively, resulted in instantaneous increase of CH4 production. Hz
and CO; were converted at 85 + 3 % and 107 + 12 % respectively with a Ho/CO» consumed
ratio of 4.8 = 0.2 (Table 1). Between days 56 and 63, the gas loading rate was doubled
instantaneously to reach 9.4 NL.L!'.d"! at a H»:CO; ratio of 4.5, closer to the calculated
consumed ratio observed before. According to Figure 2, these results demonstrate that the
process can rapidly reach high performances of methane production with a high conversion
yield. MMC was able to adapt the conversion flux to gas load fluctuations in 4 h. A specific
methane production rate of 3 mol.gTSS™!.d"! was measured during the period between 56
and 70 d (Table 1). This adaptation capacity is crucial for methanation applications in the
framework of a power-to-gas system operating with intermittent production of Hz from

renewable energies.

3.1.2 Microbial analysis
Relative abundances of the ten most represented genera in the MMC along the 405 days of

experiment are presented in figure 4. During period 1, microbial analysis was performed on
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the initial inoculum, and at days 56, 63 and 73. Composition of seeding inoculum showed
high diversity, with 283 OTU identified. At 56 days, only 90 OTU were identified.
Microbial composition remained stable from 56 to 73 d. The very drastic selection pressure
applied in the BCR led to a loss of diversity, and two majority genera: 58 + 1 % of
Methanobacterium and 14 + 2 % of MBAO3. Genera Lentimicrobium, Defluviitoga,
DTUO014, and Coprothermobacter represented at 5+2 %, 5+2 %,2+1% and 2+ 1 % of
the MMC respectively over the whole period 1. Another methanogenic genus,
Methanothermobacter, was present at 3 + 1 %. Methanobacterium genus is reported as
hydrogenotrophic methanogenic archaea and is commonly found in biogas upgrading
systems at mesophilic and thermophilic temperatures (Szuhaj et al., 2021; Grimalt-
Alemany et al., 2019; Guneratnam et al., 2017; Luo and Angelidaki, 2012). Within this
group, 6.9 = 2.1 % of Methanobacterium formicicum species have been identified. The
latter can also consume formate, acetate, propionate, butyrate, lactate, methanol, ethanol,
amino acids and carbohydrates to produce methane (Chellapandi et al., 2018). Although
metabolic function of MBA(03 is poorly understood, it is likely that it is linked to
carbohydrate fermentation (Jensen et al., 2021; Dyksma et al., 2020). Furthermore,
Lentimicrobium is referenced as a carbohydrate fermentative genus too. MBA03 together
with Lentimicrobium have also been identified as potential acetate oxidizing
microorganisms (Zheng et al., 2019). It has been identified in numerous of AD reactors
especially the one treating food wastes and bovine manure, but also in biological
methanation reactors, at thermophilic but also mesophilic temperatures (Braga Nan et al.,
2020). According to the conditions in batch mode and long-term operation, it is likely that

MBAO3 and Lentimicrobium grew on lysis products, ensuring the recycling of side products
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in the reactor. As substrates concentrations for these microorganisms (i.e. lysis products)
are low in the reactor, this could explain they are maintained at low abundance in the
MMC, and do not compete with autotrophs, especially methanogens. Thereby, the use of
MMC contributes to the stability of the operation, as side products do not accumulate in the
system and are substrates for heterotrophic communities. This way, the durability of the
process is improved, limiting the need of drains. It also increases, to a lesser extent, the
methane yield as the fermentation products (Hz, CO and acetate) are finally transformed by

methanogens.

3.2. Transient acetate and propionate accumulation and consumption during period 2
3.2.1 Volatile fatty acids producers take advantage of uncomplete methanogenesis
After 34 days of shutdown, the process was started again at day 106 for the beginning of
period 2. Methanogenic activity was instantaneously observed, and CO; conversion reached
99 % on day 115. Gas load was increased from 2.4 to 9.6 NL.L'.d"! at 120 d until 140 d in
order to compare the performances with the same loads applied at the end of period 1 (57
d). This time, CH4 production rate was no longer maximal nor stable but 50.9 +20.5 % and
32.0 £25.7 % between 120-134 d and 178-192 d respectively. In both periods, VFA
accumulated in the reactor (Figure 1), especially acetate and propionate with productivities
of 1.3 mmolC.L!d"! and 0.4 mmolC.L-'d"! accounting for 0.7 % and 0.4 % of the H»
supplied respectively between 120 and 134 d ; and productivities of 5.0 mmolC.L'd"! and
0.3 mmolC.L'd"!" accounting for 2.9 % and 0.2 % of H, supplied respectively between 178
and 192 d. Considering this, 50-70 % of H> supplied was not consumed in the system

during these periods. This resulted in a significant increase of hydrogen partial pressure
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(Pu2) and concentration in the liquid phase, a decrease in methane productivity, and a
decrease of pH due to VFA accumulation and CO; accumulation (Figure 1, Table 1). The
Pu2 increase led to higher H» soluble concentration, and therefore a higher bioavailability of
the substrate for hydrogenotrophic microorganisms. This had an effect on acetate and
propionate productivity since hydrogen excess stimulates homoacetogenesis as it has been
already described in various works (Luo and Angelidaki, 2012; Agneessens et al., 2018).
These results also suggest that the methanogenic activity was not decreased because of
microbial substrate competition with VFA producers, as great amounts of H> substrate were
not consumed in the process. Here, VFA accumulation is assumed to be a consequence of a
lower methanogenic activity, leading to high amounts of substrate available for microbial
communities such as homoacetogens and other consumers of H, and/or CO».
Homoacetogenesis mechanism has been well described in such systems. However,
propionate production mechanism in chemolithoautotrophy from H»/CO- remains uncertain
(Savvas et al., 2018; Striibing et al., 2018; Conrad and Klose, 1999). Some suggestion
would be that propionate production from acetyl-CoA is possible, corresponding to a
reductive carboxylation, operated by CODH/ACS complex involved in Wood-Ljungdahl
metabolic pathway (Conrad and Klose, 2000). It is also possible that some microorganisms
perform 3-hydroxypropionate cycle (3HPC) in which some propionyl-CoA can accumulate,
releasing propionate after coenzyme A regeneration. The 3HPC is known to be used by
some phototrophs Chloroflexi, as well as some hyperthermophilic archaea. Propionate can
also be produced from pyruvate, via lactate formation.

Regarding TSS measurements (Figure 3), between 107 and 133 days, average TSS

production was 27.3 mg.L'.d"! and specific methane production was 60 mmol.gTSS!.d"!

14
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while it stopped afterwards, and even decreased between 149 and 177 days. After day 177
the TSS production recovered to 27.7 mg.L1.d"! and specific methane production of 2
mol.gTSS!.d"!. Therefore, the MMC, with methanogens being the majority of the
community, must have been nutrient limited from 133 to 177 days. The origin of
methanogens weakening during this period has been investigated. In order to recover the
methanogenic activity, productivity in CH4 has been monitored before and after nutrient
injections to identify a deficiency. Various successive spikes of different nutrients such as
trace elements and Na>S have been carried out. Ammonium measurements along the period
indicated that nitrogen was never limiting during period 2 and similar to period 1 with
concentration between 0.15 and 0.4 g/L which is above the limitation threshold determined
at 0.09 g/L for thermophilic methanogens (Rénnow and A. H. Gunnarsson, 1982). Sulphur
was not measured, but the effect of supplementing the culture broth with Na>S has been
studied at 133 and 192 d, and had an instantaneous effect on methanogenic activity. H>
conversion yield increased to 80-85 % in both cases, and VFA concentrations decreased.
Here, as in previous studies, it is observed that the sulphide supply in the liquid is essential
for biological methanation (Figueras et al., 2021; Striibing et al., 2017). Na,S has different
important functions in the system. First, it is the only sulphur source provided in the
mineral medium. Therefore, it is incorporated into biomass, and accounts for 0.2 — 1 %
(gs.grss™!) (Stanbury et al., 2013). Additionally, liquid phase is almost closed, and biomass
is accumulating, contributing to sulphur depletion in the culture broth. During period 2, the
average biomass production was 11 mg.L!'.d"!. Considering biomass is composed of 1 % of
sulphur, the sulphur requirement in the form of Na>S was 5.4 mgnazs.d! to supply growth.

The initial concentration of Na,S provided into the medium was 2 g.L"! which should be
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enough for 373 d of growth. However, H,S/HS pka is 7.04, and considering pH was
around 7, but varied between 6 and 8, the sulphur added in the medium was mainly in the
forms of HS™ and H»S. Although it was not measured, it is assumed that H>S stripping was
significant considering the gas phase was open. Na,S is also a strong reducing agent,
contributing, with H», to maintain low ORP in the medium. Chemical or biological sulphide
oxidation also allows to consume traces of oxygen in the reactor, that would be toxic for
methanogens. Finally, a source of sulphur loss is the output of liquid. Although the
retention time is very high (> 130 d), some culture broth extraction was operated to
maintain the volume constant during long term operations. This also contributed to the
elimination of nutrients in the medium as it was replaced with bicarbonate solution. Further
investigations on sulphur supply and sulphide functions is necessary to be able to control

correctly the process regarding Na»S supply.

3.2.2 Microbial analysis

During period 2, microbial composition of the consortium was similar to period 1 (Figure
4). Methanobacterium was the dominant genus, followed with minority bacterial genera
such as Lentimicrobium, MBAO3, DTUQ014 and Coprothermobacter. However, the
particularity of period 2 compared to period 1 is the significant abundance of genus
Tepidiphilus of 2.2-13.7 %, and the decreasing abundance of MBA03 between 126 and
147 d. MMC composition finally recovered a similar profile to period 1 between 192 and
219 d, except that Coprothermobacter became more abundant and Lentimicrobium less
abundant. Tepidiphilus genus belongs to proteobacteria, it is mostly thermophilic. These

microorganisms can use hydrogen or inorganic sulphur compounds as electron donor for
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chemotrophic growth, as well as acetate for heterotrophic growth (Manaia et al., 2003).
This genus increased in the consortium when acetate was produced, and it is likely that
acetate was accumulated because of a lack of MBA03 for its oxidation. MBA03 has been
found to be associated to trace element supplementation in an AD reactor (FitzGerald et al.,
2019). Its disappearance between 126 and 147 d might be linked to a trace element
limitation. Trace elements were supplied at 180 d, and MBAO3 increased again in the
consortium from this day according to Figure 4. Tepidiphilus as well as Coprothermobacter
have been found to dominate a MMC in a bioelectrochemical system converting acetate
into power (Dessi et al., 2019). This is consistent with the accumulation of acetate observed
during period 2. During this transitory state, Tepidiphilus and Coprothermobacter took
advantage of acetate production to carry out acetate oxidation. Genus Tepidanaerobacter
was also present at 1-4 % in the MMC between 147 and 192 d, and it is known to perform
SAO. Acetogens have a highly versatile metabolism and most of them can switch from
heterotrophic to autotrophic growth depending on substrate availability and environmental
conditions (Batstone et al., 2002). According to Figure 4, the abundances of Tepidiphilus,
Tepidimicrobium and Lentimicrobium in the MMC increased during the VFA accumulating
period, indicating that they could be linked to acetate and propionate production, as well as
their consumption depending on the environmental conditions. Especially, gas partial
pressures can reverse the thermodynamic feasibility of the reactions in favour of VFA

production when they are high, or VFA oxidation if they are low.

3.3. Four and five carbons organic acids accumulation during period 3

3.3.1 Proteolysis or chain elongation?
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Period 3 corresponds to an intensification of the process. Effective volume was decreased
from 20 L to 18 L, small diffusers were changed for a full column bottom area diffuser,
enabling to increase gas supply until 18 NL.L!.d"! (Figure 1). Higher methane
concentration up to 90 % in the outlet gas was achieved. However, other organic acids
beside acetate and propionate were detected with gas chromatograph (GC) such as butyrate,
isobutyrate and isovalerate (Figure 1). Propionate accumulated until 290 d and then,
between 291 d and 301 d, propionate concentration decreased from 0.65 to 0.30 g.L!
corresponding to 4.7.10° mol consumed and C5 organic acids increased from 0.25 to 0.63
g.L! corresponding to 3.7.10~ mol produced. Simultaneously to C5 organic acids
accumulation, a decrease of propionate concentration was observed. This co-occurrence
suggests that odd carbon chain elongation could be active. Chain elongation corresponds to
reverse f-oxidation cycles, allowing lengthening of the carbon chain with two carbon atoms
by creation of C-C bond. The mechanism has been described in C. kluyveri (Seedorf et al.,
2008). Coma et al. (2016) showed by thermodynamic calculations that different
alcohol/carboxylate combinations were favourable for chain elongation, which explains the
synthesis of odd carboxylates in some cases (ElI-Gammal et al., 2017). In particular,
heptanoate could be obtained from ethanol and propionate, with valerate as intermediate
(Grootscholten et al., 2013). Odd-numbered carboxylates such as valerate are interesting
because they can be used for the production of PHA-type polymers with different
properties from those conferred by even-numbered carboxylates.

In the other side, NMR analysis at day 332 revealed the presence of 2-methylbutyrate,
which in fact, was the majority C5 organic acid. 2-methylbutyrate, isobutyrate and

isovalerate are branched chain organic acids. This VFA mixture must rather come from
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amino acids fermentation (Stickland reactions). It is known that peptides and amino acids
fermentation releases acetate, propionate, butyrate, valerate, isobutyrate, isovalerate, 2-
methylbutyrate, aromatic compounds such as phenylacetate, phenylpropionate, inorganic
carbon, ammonia and reduced sulphur (Mclnerney and Bryant, 1981). Proteins have been
quantified in the soluble fraction of the culture medium (Figure 3). Proteins concentration
did not vary to a great extend during period 2 while it did during period 3. Indeed, proteins
were continuously released with a rate of 5.7 + 0.3 mg(eq-BSA).L!.d"!. 2-methylbutyrate
and isovalerate can be obtained after deamination and decarboxylation of isoleucine and
leucine respectively (Girbal et al., 1997). These last amino acids are the most hydrophobic
ones involved in proteins constitution also with valine. They are thus highly represented in
cell membranes proteins (Kaneda, 1991). It is possible those proteins detected in the
medium come from cell decay, and that some heterotrophs grow on the lysis products,
especially proteolytic microorganisms. This is consistent with the reactor running with a
closed liquid mode, allowing cell death and recycling in the culture broth. As process
activity has been intensified during period 3, death and matter recycling in the process

could be observed while they were too low in the previous periods.

3.3.2 Microbial analysis of period 3

During period 3, The dominant genus was still Methanobacterium until 372 d. At this point,
the methanogenic community changed and genus Methanothermobacter took the
advantage, representing progressively 50 % of the consortium at day 405 while
Methanobacterium was only 2 %. Another interesting observation is that

Coprothermobacter genus was more represented in the consortium compared to periods 1
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and 2, accounting for 10-15 % of relative abundance (Figure 4). Conversely to
Methanobacterium, Methanothermobacter is found in thermophilic systems only, some of
the strains can use formate, but the others are obligate autotrophs. Daily drains were applied
from day 364, implying a lower hydraulic retention time of 71 d. This could explain the
switch in methanogenic community from Methanobacterium to Methanothermobacter,
although, this high retention tim corresponds to a dilution rate of 0.014 d, which is lower
than the maximal specific growth rates reported for thermophilic hydrogenotrophic
methanogens (0.02 — 12 d'!) (Batstone et al., 2002). Szuhaj et al. (2021) observed that
Methanobacterium abundance decreased with the Hz supply increasing, while
Methanothermobacter had a reverse behaviour. The intensification of the process, with
higher gas supply could also explain the selection of Methanothermobacter along period 3
and demonstrates the competition between the two genera according to H» supply.
Coprothermobacter spp. are known as thermophilic and proteolytic microorganisms,
commonly found in anaerobic environment, especially AD reactors (Braga Nan et al., 2020;
Grimalt-Alemany et al., 2019; Zheng et al., 2019). Proteolytic activity of such anaerobes
produces acetate, H> and CO», as well as few isobutyrate, isovalerate and propionate. As
discussed previously, this VFA mixture profile is consistent with the VFA detected in the
biological methanation reactor. Proteolysis is also accompanied with inorganic nitrogen and
carbon release due to deamination and decarboxylation of amino acids respectively. This
could explain that the calculated ratio of H2/CO> consumed is higher than the one of the
sole methanogenesis reaction (i.e. 4) because some CO> can be produced along
fermentation processes. Coprothermobacter spp. produce high concentrations of

intracellular and extracellular proteases. Thus, it is possible that the proteins concentration
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measured in the supernatant were hydrolytic enzymes such as proteases. Considering this, it
is likely that the second hypothesis about the origin of the branched chain C4 and C5
carboxylates found in period 3 is confirmed, these molecules might be produced from lysis
products and proteolytic activity, consuming dead cells. As period 3 was an intensification
phase of the study, higher biomass concentrations were reached, implying higher death rate
as well, and this could explain that the concentrations of VFA increased during this period.
Furthermore, syntrophic relationships have been previously highlithed between
Coprothermobacter and Methanothermobacter in AD reactors (Gagliano et al., 2015;
Zheng et al., 2019). Grimalt-Alemany et al. (2019) also identified Coprothermobacter and
Methanothermobacter as majority genera in their thermophilic enrichments of MMC for
biological methanation of syngas. Here, in the ex sifu biological methanation of H2/COa»,
hydrogenotrophic methanogens are the most represented microorganisms in the consortium,
it is likely that soluble hydrogen concentration is close to zero due to methanogenic

activity, enhancing proteolytic activity.

3.4. Effect of starvation periods on microbial composition and reactor performances
The reactor was stopped during 34 days between 72 and 106 d, with the culture broth kept
inside at room temperature. During this starvation period, microbial relative composition
changed (Figure 4). While Methanobacterium represented 59 % of the consortium before
the shutdown, it did only 26 % afterward. Conversely, Lentimicrobium relative abundance
increased from 3 % to 12 % before and after the shutdown respectively. However,
methanogenic activity recovered to 83 % Hz and 69 % CO; conversion rates in less than

24 h, and 91 % H> and 86 % CO: after 8 days, indicating that methanogenic activity was
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resilient to the storage conditions and capable of a fast reactivation (Figure 1). Furthermore,
as discussed in previous sections, MMC composition moved toward the same profile as in
period 1 when nutrient limitations were overcome, demonstrating the reproducibility of the
MMC enrichment in these conditions. During the starvation period at room temperature,
some communities of Proteobacteria and Bacteroidetes phyla could have grown
heterotrophically, probably on lysis products, increasing their relative abundance.
Hydrogenotrophic methanogenic archaea probably did not grow during this storage period
because of the lack of H2/CO, but were able to restart quickly, despite their relative
abundance decreased, which suggests they maintained themselves in a non-growing or very
slow growing state. Indeed, it has been shown that restart performances after a storage
period was better for a storage temperature of 25 °C than 55 °C, due to lower inactivation
rate at room temperature than thermophilic temperature (Striibing et al., 2019). The next
storage period was carried out at 4 °C for 23 days between periods 2 and 3 (Figure 1).
According to Figure 4, MMC composition was maintained with similar relative abundances
of the different genera found at the end of period 2. This was expected as low temperatures
stop biological activity and stabilize the MMC. In this case the activity recovered to 93 %
H> and 85 % CO; conversions within 3 days, suggesting that storage at 4 °C also allowed a
fast recovery of performances of the MMC for methane production. However, the
performances obtained after 3 days in case of a storage at 4 °C during 23 d were
comparable to the performances obtained after 8 days in the case of storage at room
temperature during 34 d. The storage of the MMC at 4°C during 23 d therefore allowed a
better preservation of the activity, however, on a large scale, it is more complicated, and

costly in terms of energy, to implement this low temperature storage. This is consistent
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with the fact that genus Methanobacterium turns out to be more resistant to high hydrogen
partial pressures, VFA accumulation, and starvation period. Braga et al. (2022) showed that
Methanobacterium was capable of recovering a methanogenic activity within a week after a
starvation period of four weeks, outcompeting other methanogens in presence before the
starvation period, indicating the high potential of these microbes for the development of

biological methanation at large scale.

4. Conclusion

In this study of an ex situ biological methanation system with MMC during 405d,
productivity of 4N.L'.d"! of CH4 was obtained with up to 94% of H,/CO, conversion. VFA
accumulations was observed as a consequence of the methanogens limited growth.
Methanogens were mostly represented by Methanobacterium genus during the first stage of
operation, and Methanothermobacter after intensification of the process. MMC was
resilient to storage periods of 34d and 23d at room temperature and 4°C respectively

indicating its suitability for large scale and long-term operations.
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Figure captions

Table 1: Performances of the thermophilic ex situ biological methanation along the

different periods of operation.
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Figure 1: (a) Hyinflow in NL.L-'.d"! (red line), CO> inflow in NL.L'.d"! (blue line), CHa4
outflow in NL.L!.d"! (orange squares) and H, conversion in % (black circles) ; (b) Volatile
fatty acid concentrations: C2 mainly composed of acetate (square), C3 mainly composed of
propionate (triangle), C4 mainly composed of butyrate (yellow circle), iC4 mainly
composed of isobutyrate (orange circle) and iC5 composed of a mixture of isomers
isovalerate and 2-methylbutyrate (blue circle), arrows show supernatant have been drained
three times and replaced by carbonate solution, half of the supernatant at 303 d and a
quarter at 352 d and again half of the supernatant at 373 d. A 250 mL daily drain has been

implemented from day 364 (grey area); (c) pH evolution.

Figure 2: CH4 productivity as a function of H» (top) and CO; (below) loading rates during
period 1 and period 2. Green circles represent stable periods of the process. In red the
periods of instability: start-up of the operation during period 1 from 0 to 10 d (squares), and
VFA accumulation during period 2 from 120 to 140 d (triangles) and from 176 to 193 d

(squares).

Figure 3: Soluble proteins concentration in g(eq-BSA)/L (blue squares) and TSS

concentration in g/L (yellow circles) in the culture broth along the experiment. Dot lines

represent the starvation periods.

Figure 4: Relative abundance of the ten most represented genera in the MMC along the

experiment obtained with rANOMALY pipeline (Theil and Rifa, 2021).
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Tables and Figures

. Avera
o e e vem o wcos SO volumic Ci,
H>/CO: ratio ratio conversion conversion (mol.gTSS™.d") productflon_1
(NLcns.Ld
0-10 4.0£0.0 45+59 45 + 39 44 + 35 - -
15-35 5.8+2.1 6.6+3.6 88+ 7 125 + 48 - 0.45+0.23
Period 1 36-55 46+0.1 48+0.2 85+3 107 + 12 - 0.85+0.10
56-63 4.5+0.0 44+0.1 74+ 6 103 + 12 1.67+0.30
64-70 54+1.4 5.6+ 1.5 93 +4 96 + 41 3 0.44+0.25
107-119 53+ 1.7 53+1.8 86 + 7 87 + 13 2 0.85+0.50
Period2  120-164 4.6 £0.0 5.1+0.6 79+ 19 72+ 18 - 1.08 +0.46
165-205 4.0+0.0 5.8+24 65 + 24 51+27 2 1.27+0.46
Period3  242-405 42+0.1 42+39 94 + 10 94 + 24 1 3.97+3.04

Table 1: Performances of the thermophilic ex situ biological methanation along the different

periods of operation.
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Figure 1: (a) Hyinflow in NL.L-'.d"! (red line), CO> inflow in NL.L'.d"! (blue line), CHa4
outflow in NL.L!.d"! (orange squares) and H, conversion in % (black circles) ; (b) Volatile
fatty acid concentrations: C2 mainly composed of acetate (square), C3 mainly composed of
propionate (triangle), C4 mainly composed of butyrate (yellow circle), iC4 mainly
composed of isobutyrate (orange circle) and iC5 composed of a mixture of isomers
isovalerate and 2-methylbutyrate (blue circle), arrows show supernatant have been drained
three times and replaced by carbonate solution, half of the supernatant at 303 d and a
quarter at 352 d and again half of the supernatant at 373 d. A 250 mL daily drain has been
implemented from day 364 (grey area); (c¢) pH evolution.
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Figure 2: CH4 productivity as a function of H» (top) and CO; (below) loading rates during
period 1 and period 2. Green circles represent stable periods of the process. In red the
periods of instability: start-up of the operation during period 1 from 0 to 10 d (squares), and
VFA accumulation during period 2 from 120 to 140 d (triangles) and from 176 to 193 d
(squares).
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Figure 3: Soluble proteins concentration in g(eq-BSA)/L (blue squares) and TSS

concentration in g/L (yellow circles) in the culture broth along the experiment. Dot lines

represent the starvation periods.
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Figure 4: Relative abundance of the ten most represented genera in the MMC along the
experiment obtained with rANOMALY pipeline (Theil and Rifa, 2021).
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