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Syngas biomethanation is a promising technology in the process chain converting wastes to methane. However, gas-liquid mass transfer is a limiting factor of the biomethanation process. To reach high methane productivity, increasing the pressure is an interesting strategy to improve mass transfer. However, the CO content in the syngas raises concerns about a potential inhibition of the microorganisms. Therefore, the aim of the research was to assess the ability to work at high CO partial pressures. In this regard, a pressurized continuous stirred column with a working volume of 10L was implemented and a consortium adapted for syngas-biomethanation for 22 months was submitted to 100% CO and increasing pressure. No inhibition phenomenon was observed for logarithmic PCO as high as 1.8 bar (inlet pressure 5.0 bar), which was the first time that such a high CO partial pressure was tested in continuous mode. Mass transfer limitations allowed for the carboxydotrophic microorganisms to consume CO faster than it was transferred, allowing for the dissolved CO concentration to remain under inhibitory concentrations. These results question the habitual consensus that CO inhibition is a limiting factor of syngas biomethanation.

Introduction

The growing world population leads concurrently to an increase in waste production and therefore higher risk of environment pollution, and to increase energy demand. Waste valorisation to energy is an interesting approach to address both these issues at the same time. In this perspective, waste gasification allows to convert heterogeneous wastes to energy in the form of syngas. Syngas is a mixt of H2, CO, CO2 and CH4 and its composition varies with the gasification technology employed, the type of waste input and the operational parameters [START_REF] Pradhan | Syngas as An Alternative Fuel Used in Internal Combustion Engines[END_REF]. Syngas can be upgraded to methane to take advantage of the storage and gas grid infrastructures. In this regard, catalytic methanation is a well-developed technology with existing commercial plant in the world [START_REF] Ren | Methanation of syngas from biomass gasification: An overview[END_REF].

However, it is sensitive to syngas pollutants such as tar, H2S or HCl that can deactivate catalysts [START_REF] Ahn | Deactivation and Regeneration Method for Ni Catalysts by H2S Poisoning in CO2 Methanation Reaction[END_REF][START_REF] Ducamp | Statu quo sur la méthanation du dioxyde de carbone : une revue de la littérature[END_REF]. Therefore, it requires extensive gas cleaning which can increase costs. To face this challenge, biomethanation is a promising developing technology that uses adapted microorganisms as the catalyst for the methanation reactions. Indeed, biological processes present a higher resistance to poisoning compared to catalytic processes [START_REF] Klasson | Carbon monoxide conversion and syngas biomethanation mediated by different microbial consortia[END_REF]. Moreover, biomethanation doesn't require consistent gas quality and specific H2/CO ratio to be able to produce methane [START_REF] Yasin | Syngas Fermentation Into Biofuels and Biochemicals[END_REF]. Indeed, in thermophilic conditions and using a mixed adapted consortium, the complex syntrophic interactions between the diverse microbial groups involved can be summarized according to two independent global equations: CO + H2O → H2 + CO2

(1)

4H2 + CO2 → CH4 + 2H2O (2) 
With CO and water being converted to H2/CO2 by carboxydotrophic hydrogenogens (Eq.1)

and H2/CO2 to methane by hydrogenotrophic methanogens (Eq. 2) [START_REF] Figueras | Biomethanation of syngas by enriched mixed anaerobic consortium in pressurized agitated column[END_REF][START_REF] Grimalt-Alemany | Enrichment of Mesophilic and Thermophilic Mixed Microbial Consortia for Syngas Biomethanation: The Role of Kinetic and Thermodynamic Competition[END_REF][START_REF] Guiot | Potential of Wastewater-Treating Anaerobic Granules for Biomethanation of Synthesis Gas[END_REF][START_REF] Luo | Anaerobic Digestion for Simultaneous Sewage Sludge Treatment and CO Biomethanation: Process Performance and Microbial Ecology[END_REF][START_REF] Sipma | Carbon monoxide conversion by anaerobic bioreactor sludges[END_REF].

Even though it is a promising technology, biomethanation has only been implemented at lab scale yet [START_REF] Figueras | Biomethanation of syngas by enriched mixed anaerobic consortium in pressurized agitated column[END_REF] and only once using a real syngas (Asimakopoulos et al., 2021b). It still faces several scientific challenges, one of them being CO inhibition.

Indeed, carbon monoxide could at the same time act as a substrate for carboxydotrophic microorganisms or inhibit some microbial populations. Carboxydotrophic methanogens could be inhibited by CO partial pressure between 0.5 and 1 atm [START_REF] Grimalt-Alemany | Syngas biomethanation: state-of-theart review and perspectives[END_REF]. However, it has been reported on a consortium adapted to syngas-biomethanation that hydrogenotrophic methanogens could be more tolerant to high CO concentration compared to carboxydotrophic hydrogenogens [START_REF] Figueras | Biomethanation of syngas by enriched mixed anaerobic consortium in pressurized agitated column[END_REF]. The importance of the inhibition depends on the quantity of CO experienced by the microorganisms. The maximum dissolved CO concentration CCO* (mol/L) can be expressed according to Eq. 3:

CCO*= HCO * yCO *P

With HCO the Henry law constant (mol/L/bar), yCO the molar fraction of CO in the gas and P the total pressure (bar). Therefore, both the syngas composition and the operating pressure of the process can impact the maximum dissolved CO concentration and therefore impact the CO inhibition. Syngas composition and therefore the CO content depends on various parameters, mainly the waste composition that influences the choice of reactor type [START_REF] Couto | Influence of the Biomass Gasification Processes on the Final Composition of Syngas[END_REF]. The oxidizing agent used has also a strong impact on the CO proportion. In particular, O2 and steam allow for less N2 in the syngas and higher CO percentages (up to 48% for a fixed bed downdraft gasifier with O2 as an oxidizing agent [START_REF] Couto | Influence of the Biomass Gasification Processes on the Final Composition of Syngas[END_REF]).

Other parameters such as the equivalence ratio can also influence the syngas composition [START_REF] Paniagua | Syngas biomethanation: Current state and future perspectives[END_REF].

Gas-liquid mass transfer is a limiting step of the biomethanation process [START_REF] Asimakopoulos | Reactor systems for syngas fermentation processes: A review[END_REF]. According to Eq. 4, Ni (mol/Lreactor/h) the mass transfer rate of a component i is proportional to the mass transfer coefficient kLai (h -1 ), and to the concentration gradient between the bulk liquid Ci,L (mol/L) and the saturation concentration, which corresponds to the product of the Henry constant Hi, cp by the partial pressure Pi.

Ni = kLai *(Hi, cp * Pi -Ci,L) (4) 
Therefore, increasing the pressure allows for a better mass transfer rate. However, it can also increase the dissolved CO up to inhibitory concentrations (Eq. 3). Yet, carboxydotrophic microorganisms consume CO and participate in lowering CCO,L. Therefore, the CO concentration experienced by the microorganisms is a question of equilibrium between the rate at which CO is transferred and the rate at which it is consumed (Fig. 1). Even though removing mass transfer limitations is a key aspect of the biomethanation process addressed by many studies [START_REF] Asimakopoulos | Reactor systems for syngas fermentation processes: A review[END_REF][START_REF] Jensen | H2 gas-liquid mass transfer: A key element in biological Power-to-Gas methanation[END_REF], one should keep in mind the potential CO inhibition that could arise with a high-performance reactor in terms of transfer.

On the other hand, the transfer rate is different for every study, notably because the reactor geometry impacts the kLa (Eq. 4). Hence, the CO partial pressure remains a good indicator to compare the inhibition phenomena between various studies, as it indicates the highest CCO* experienced by the microorganisms.

A few studies have explored the inhibition limit of consortia performing biomethanation of 100% CO. [START_REF] Navarro | Biomethanation of Syngas Using Anaerobic Sludge: Shift in the Catabolic Routes with the CO Partial Pressure Increase[END_REF] observed in mesophilic conditions in batch bottles, for non-acclimated sludge, that the maximum methane productivity was reached for a CO partial pressure of 0.2 atm. Carboxydotrophic activity increased with CO partial pressure. Yet, methanogenic activity decreased with PCO and totally stopped at 1 atm. However, after adaptation to CO for 45 days, the consortium was able to convert 1 atm of CO with methane production up to 90%. [START_REF] Guiot | Potential of Wastewater-Treating Anaerobic Granules for Biomethanation of Synthesis Gas[END_REF] observed in mesophilic batch test on unacclimated sludge a stop of methanogenesis for PCO higher than 0.3 atm. However, using a gas lift reactor, methanogenesis was able to occur up to 0.96 atm of PCO in the feeding gas, after 97 days.

According to the authors, this was probably due to the dilution due to the gas recirculation. [START_REF] Luo | Anaerobic Digestion for Simultaneous Sewage Sludge Treatment and CO Biomethanation: Process Performance and Microbial Ecology[END_REF] observed in batch in thermophilic conditions on a non-adapted sludge that for a PCO higher than 0.25 atm, methanogenesis became limited, as well as carboxydotrophic activity. Methanogenesis was completely limited for a PCO of 1 atm. [START_REF] Alves | Enrichment of anaerobic syngas-converting bacteria from thermophilic bioreactor sludge[END_REF], when performing an enrichment for syngas in thermophilic conditions with gradual pressure increases, observed an interruption of methanogenesis after 4 transfers, at a PCO of 0.18 bar. After 16 enrichment transfers, methanogenesis didn't start, indicating that the consortium did not adapt to CO. It is unclear why it would not adapt after a long period and perform methanogenesis, whereas it did for [START_REF] Navarro | Biomethanation of Syngas Using Anaerobic Sludge: Shift in the Catabolic Routes with the CO Partial Pressure Increase[END_REF].

However, carboxydotrophic activity was present.

To sum up, four studies have observed CO inhibition for PCO higher than 0.2 atm, notably of methanogenesis that appeared to be the most affected by increasing CO partial pressure.

However, a few studies have been able to convert CO at higher partial pressure. For instance, a successful methane production was obtained at PCO higher than 0.4 atm [START_REF] Grimalt-Alemany | Enrichment of Mesophilic and Thermophilic Mixed Microbial Consortia for Syngas Biomethanation: The Role of Kinetic and Thermodynamic Competition[END_REF][START_REF] Li | Effects of temperature, hydrogen/carbon monoxide ratio and trace element addition on methane production performance from syngas biomethanation[END_REF][START_REF] Westman | Syngas Biomethanation in a Semi-Continuous Reverse Membrane Bioreactor (RMBR)[END_REF][START_REF] Youngsukkasem | Rapid bio-methanation of syngas in a reverse membrane bioreactor: Membrane encased microorganisms[END_REF]. Li et al. (2020) obtained methane production with PCO at 1 atm, with full CO conversion in 10 days in batch tests. It could be argued that this is due to a higher biomass concentration: if the microorganisms are inhibited by CO and only perform at a certain fraction of their maximum rate, having a higher biomass concentration can compensate for the inhibition. Indeed, Luo et al. ( 2013) have observed full methanogenesis inhibition at a PCO of 1 atm with a biomass concentration of 12.4 g/L, whereas Li et al. (2020) observed methane production at a biomass concentration of 84.7 g/L (both in thermophilic conditions)

The difference in temperature conditions could possibly explain the discrepancy between the results from the literature. Indeed, the temperature conditions impact the predominant microbial species [START_REF] Asimakopoulos | Temperature effects on syngas biomethanation performed in a trickle bed reactor[END_REF], which could present various tolerance to CO inhibition. However, amongst the four studies reporting CO inhibition for CO partial pressure higher than 0.2 atm, two operated in mesophilic conditions [START_REF] Guiot | Potential of Wastewater-Treating Anaerobic Granules for Biomethanation of Synthesis Gas[END_REF][START_REF] Navarro | Biomethanation of Syngas Using Anaerobic Sludge: Shift in the Catabolic Routes with the CO Partial Pressure Increase[END_REF] and two in thermophilic conditions [START_REF] Alves | Enrichment of anaerobic syngas-converting bacteria from thermophilic bioreactor sludge[END_REF][START_REF] Luo | Anaerobic Digestion for Simultaneous Sewage Sludge Treatment and CO Biomethanation: Process Performance and Microbial Ecology[END_REF]. Moreover, other studies were able to obtain methane production with CO partial pressure higher than 0.4 atm in both thermophilic and mesophilic conditions [START_REF] Asimakopoulos | Temperature effects on syngas biomethanation performed in a trickle bed reactor[END_REF][START_REF] Li | Effects of temperature, hydrogen/carbon monoxide ratio and trace element addition on methane production performance from syngas biomethanation[END_REF][START_REF] Youngsukkasem | Rapid bio-methanation of syngas in a reverse membrane bioreactor: Membrane encased microorganisms[END_REF]. Therefore, temperature conditions are not the sole factor explaining the different CO tolerances observed by various studies. To our knowledge, the highest CO partial pressure tested is 1.8 bar by [START_REF] Sipma | Carbon monoxide conversion by anaerobic bioreactor sludges[END_REF] in batch mode.

Various sludges were tested, and some were able to produce methane. It appeared in this study that this was dependent on the structure of the sludge, and that granular sludges were more resistant to CO inhibition. Indeed, crushing the sludge led to a stop of methane production. The granule structure appears to protect sensible microorganisms that are located in the center [START_REF] Fang | Microbial distribution in UASB granules and its resulting effects[END_REF]. Therefore, the structure of the sludge is also to consider when comparing studies.

The CO inhibition threshold is still unclear in terms of partial pressure. Literature data are scattered, and no clear conclusion can be drawn. The time of adaptation, the biomass concentration and the structure of the sludge need to be considered when comparing studies. When considering working at high pressure to enhance mass transfer and reach high methane productivity, one should consider the impact that CO could have at high dissolved concentrations. However, CO inhibition has not been evaluated for PCO higher than 1.8 bar.

Hence, the aim of this study is to explore for the first time CO inhibition at higher pressure in continuous mode.

Material and Methods

The reactor set-up was similar to the one described in a previous paper [START_REF] Figueras | Biomethanation of syngas by enriched mixed anaerobic consortium in pressurized agitated column[END_REF] and is described in Fig. 2 . The reactor was a gas-tight stainless-steel tank (height: 588mm, inner diameter: 162mm), continuously supplied with gas injection. The tank was pressurized with a pressure controller. Inlet and outlet mass flow rates were monitored, as well as outlet gas composition. Thermophilic conditions were chosen as they allow higher methane productivity [START_REF] Asimakopoulos | Temperature effects on syngas biomethanation performed in a trickle bed reactor[END_REF][START_REF] Grimalt-Alemany | Enrichment of Mesophilic and Thermophilic Mixed Microbial Consortia for Syngas Biomethanation: The Role of Kinetic and Thermodynamic Competition[END_REF][START_REF] Youngsukkasem | Rapid bio-methanation of syngas in a reverse membrane bioreactor: Membrane encased microorganisms[END_REF] and because hydrogenotrophic methanogens present higher growth rates in thermophilic conditions [START_REF] Rafrafi | Biological Methanation of H2 and CO2 with Mixed Cultures: Current Advances, Hurdles and Challenges[END_REF]. Therefore, the temperature was regulated with a thermostat at 55°C by circulating hot water in the water jacket of the tank. Mass transfer was enhanced by mechanical agitation, with three Rushton turbines, at 1000 rpm. The working volume was 10L. CO (>99%) was supplied with a gas bottle.

The reactor was initially incubated with a mesophilic anaerobic sludge sampled from the sludge digester of the municipal wastewater treatment plant of La Feyssine, Lyon, France.

The sludge was suspended and didn't form floc or granules in the biomethanation reactor due to the high agitation rate. It was adapted for syngas biomethanation at 40% CO, 40% H2, and 20% CO2 at 4 bar for 22 months, corresponding to a PCO in of 1.6 bar. To choose this syngas composition, we considered syngas compositions from gasification plant using either steam or O2 as oxidizing agents. Indeed, these agents help reduce the N2 content in the syngas, which is more favorable to biomethanation. Before the beginning of the experiments described in this work, 100% CO at 1 atm at 7.5 LSTP/h was supplied to the consortium for one day, which led to methane production.

Gradual pressure increase

The first experiment was done to test the impact of increasing CO partial pressure on carboxydotrophic and methanogenic activity. For this purpose, the total pressure was increased by 0.1 bar steps, every hour. The pressure was not modified during the weekends, leading to longer exposure to a single pressure. The pressure was first increased up to 2.4 bars (run 1), but the experiment was interrupted due to technical issues. The experiment was restarted one month later (run 2). Since no inhibition had been observed during run 1, it was decided to make the first steps quicker starting at 1 bar, then 1.5, 2, 3 and 3.5 bar with a change every hour. Then, the total pressure was increased by 0.1 bar steps every hour, up to 5 bar which is the limit of the capacity of the reactor. The experiments are described in Table 1.

Before the beginning of run 1, the total solid (TS) concentration was 9.0 g/L, and the volatile suspended solids (VSS) concentrations 6.9 g/L. The compositions of the liquid media for run 1 and 2 are described in Table 2. The analytical methods are detailed in a previous article [START_REF] Figueras | Biomethanation of syngas by enriched mixed anaerobic consortium in pressurized agitated column[END_REF]. Since no deficiency was observed at these concentrations, no nutrient solution was added during the experiment. In run 1, 5 mL of a solution of Na2S.9H2O (6.77 gS/L) was supplied daily. This supply was interrupted for the rest of the experiments because the sulfur content appeared to be enough to allow methane production.

Starting at high pressure

To identify the pressure at which the inhibition starts to lift, the consortium was submitted to high initial PCO followed by incremental decreases. Considering the scientific literature presented earlier, it was considered that the microorganisms would be completely inhibited at 4 bars. The idea was thus to start at high CO partial pressure and to make sure that the saturation concentration was reached in the liquid phase. Therefore, the pressure was set at maximal pressure of 4 bar to reach inhibition and prevent CO conversion. Then, it was planned to lower the pressure step by step, every 24h. It was assumed that once the inhibition limit would be lifted, CO conversion would start, and a precise value of inhibitory CO concentration would be deduced.

To guarantee a PCO of 4 bars, the gaseous atmosphere of the reactor had to be composed of 100% CO. Therefore, the CO conversion by the microorganisms had to be interrupted. For this purpose, the stirring was stopped, and the pressure was initially set at 1 atm to limit CO mass transfer flux to the liquid. The CO inlet gas flow was set to its maximal value (24 LSTP/h) to purge the reactor from other gases. When the outlet gas composition reached 100% CO, the pressure was set at 4 bars and the input gas flow rate at 7.5 LSTP/h. Then the stirring was launched.

This experiment was performed 3.5 months after run 2. Due to cellular lysis, the microbial consortium was probably different than the one used in run 1 and 2.

Regarding CO inhibition in continuous mode, as CO is converted, a gradient of gas composition establishes between the inlet and the outlet of the reactor. To estimate the maximal CO concentration experienced by the microorganisms according to Eq. 3, the logarithmic partial pressure (PCO log ) is a good compromise [START_REF] Doran | Chapter 10 -Mass Transfer[END_REF][START_REF] Villadsen | Gas-Liquid Mass Transfer[END_REF]:

= ( ) (5) 
With PCO in the CO partial pressure at the inlet of the reactor, and PCO out at the outlet of the reactor (bar).

3 Results

Gradual pressure increase

During the first experiment the inlet pressure was gradually increased up to 5 bar (run 1 and 2), which is the limit of the capacity of the reactor. With the gradual increase of CO partial pressure, we observed an increase in CO conversion efficiency from around 24 mmol/L/h at 0.6 bar of PCO log to around 31 mmol/L/h at 1.8 bar (Fig. 3). Similarly, CO conversion efficiencies also increased with CO logarithmic partial pressure, around 70% at 0.6 bar of PCO log to around 92% at 1.8 bar. The increase in conversion efficiencies can be explained by the enhanced mass transfer rate that increased with pressure (Eq. 4). Therefore, it appears that there is no CO inhibition on carboxydotrophic activity.

In this study, we did not test an inlet CO partial pressure inferior to 1 bar. However, during the adaptation time on syngas (40% CO, 40% H2, 20% CO2) mentioned in Material and Methods, a test has been made at atmospheric pressure for 7.5 LSTP/h of syngas. This corresponds to an inlet PCO of 0.4 bar and a CO flow rate of 3 LSTP/h. In these conditions, CO conversion rate was 11 mmol/L/h (PCO log =0.21 bar). This shows that the CO conversion rate follows the same trend from low to high CO partial pressure.

Moreover, one can observe in Fig. 4 that the methane productivity increased with the logarithmic CO partial pressure, from around 5.9 mmol/L/h at 0.6 bar of PCO log to around 7.8 mmol/L/h at 1.8 bar. Methane yield observed the same trend, from around 70% at 0.6 bar to 93% at 1.8 bar. Therefore, no drop in methane productivity was observed as the pressure increased. On the contrary, methane production increased, probably due to the increase in mass transfer with the increase of partial pressure (Eq. 4).

Therefore, no inhibition of methanogenesis was observed for a logarithmic CO partial pressure as high as 1.81 bar. [START_REF] Sipma | Carbon monoxide conversion by anaerobic bioreactor sludges[END_REF] reported that anaerobic granules were able to convert CO to methane at a similar operating pressure. They also observed in the same batch experiment that crushing the granules led to CO conversion with no methane production. This is likely due to diffusional mass transfer limitation in the granule that protects the inner microorganism. However, in our case, the microorganisms do not form flocs or granules. Yet, they were still able to perform CO biomethanation at 1.8 bar. The main difference between the two studies could be the adaptation time: their experiments were performed on unacclimated sludge for 35 days, whereas our consortium had been adapted for syngas-biomethanation for 22 months.

It appears that gradually increasing the CO partial pressure allowed for the microorganisms to convert CO and maintain a low CO concentration in the liquid bulk. Therefore, we designed the next experiment to start at a high dissolved CO concentration to try to reach an inhibitory concentration.

Starting at high pressure

The experiment starting at high CO partial pressure is described in Fig. 5. The agitation was stopped, and the reactor was purged at high CO flow rate and atmospheric pressure until the CO composition in the outlet gas reached a high percentage of 90% (1.). Then the pressure was increased from 1 to 4 bar (2.). Finally, the agitation was restarted (3.). We can observe that as soon as the agitation was restarted, the CO conversion began, and CO conversion efficiency reached 94% in 1.6 hour with methane production.

Indeed, before the agitation was restarted (step 2.), mass transfer rate was only controlled by the concentration gradient and the CO pressure (which was the same in the headspace and at the inlet: 4 bar). Therefore, the mass transfer rate was slow. When starting the agitation, the mass transfer rate was accelerated, and CO was transferred faster to the liquid bulk. However, as soon as it began to be transferred, the carboxydotrophic microorganisms began to consume it.

Much probably, under these operating conditions, the CO uptake rate was fast enough to keep the dissolved concentration of CO under the inhibition limit. This means that, for a reactor that is transfer limited, and for a well-adapted consortium, CO inhibition is difficult to observe even at CO inlet partial pressure as high as 4 or 5 bars.

However, this is at the conditions that the carboxydotrophic microorganisms are fully active and not limited by other factors. Indeed, in a previous study [START_REF] Figueras | Biomethanation of syngas by enriched mixed anaerobic consortium in pressurized agitated column[END_REF], we have suspected CO inhibition of the carboxydotrophic population in one occasion. It happened after a maintenance period. CO conversion was inhibited for PCO log up to 2 bar and the activity was recovered as soon as the pressure was lowered. However, methane production was still occurring. In this study, we were not able to reach a PCO log higher that 1.81 bar due to equipment limitations and safety issues. It is therefore possible that at higher CO inlet pressure, PCO log would reach an inhibitory limit that could be around PCO log = 2 bar. Therefore, if the carboxydotrophic microorganisms are not active and efficient, for example at a restart of the process after a maintenance as stated earlier, the limiting factor could become the biological CO conversion rate instead of the CO transfer rate.

It can be observed in Fig. 5 that the conversion of a gas containing 100% CO led to the production of only 23% of CH4 in the outlet gas and 69% of CO2. Considering mass transfer limitations, this is consistent with the stoichiometry of the reactions involved in biomethanation (Eq. 1 and 2). Indeed, according to the stoichiometry, 100% CO would theoretically be converted to 25% CH4 and 75% CO2. Regarding syngas-biomethanation, theoretically, the higher the hydrogen content in the syngas is, the higher the methane content in the outlet gas will be, which has been demonstrated experimentally by several studies (Asimakopoulos et al., 2021a;[START_REF] Li | Effects of temperature, hydrogen/carbon monoxide ratio and trace element addition on methane production performance from syngas biomethanation[END_REF][START_REF] Li | Pyrolysis gas as a carbon source for biogas production via anaerobic digestion[END_REF]. Usually, syngas compositions are richer in H2 [START_REF] Couto | Influence of the Biomass Gasification Processes on the Final Composition of Syngas[END_REF], which would allow for a higher methane content in the gas produced by biomethanation.

Finally, the experimental set-up was not appropriate to reach an inhibitory concentration, and an experimental set-up able to function at higher pressure would be more adapted.

Another option would be to saturate in CO a cell-free medium using high CO partial pressure, then to inject the microorganisms at high pressure. Another perspective for this research could be to study the evolution of the microbial population when it is submitted to an increase of the CO partial pressure to observe if it varies and adapts. This could also help to identify predominant microorganisms and their tolerance to CO.

Considering the use of a real syngas to produce methane through biomethanation, in addition to the determination of CO inhibition thresholds, other parameters should be considered to optimize the process. The methane yield could be improved either by using a syngas rich in H2 or by supplying exogenous hydrogen that could be produced from excess electricity from renewable wind or solar energy (Asimakopoulos et al., 2021a). Furthermore, the potential inhibitory effect of the impurities contained in the syngas (tar, H2S , NH3) on the microorganisms [START_REF] Xu | The effects of syngas impurities on syngas fermentation to liquid fuels[END_REF] should be assessed.

Conclusion

To conclude, this study demonstrated the high tolerance to CO of a consortium adapted to syngas-biomethanation. An inlet CO partial pressure up to 5 bar was reached with no apparent CO inhibition on either carboxydotrophic or methanogenic activity. When setting the initial pressure up to 5 bar, the fact that CO was consumed faster than it was transferred allowed for the dissolved CO concentration to remain below an inhibitory limit. Therefore, with an efficient and adapted consortium, because of the mass transfer limitations, the CO inhibition is not necessary a limiting factor of the syngas biomethanation process.
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Fig. 1: Simplified representation of the mechanisms impacting the dissolved CO concentration (CCO,L). The COG from the gas phase is transferred to the liquid according to equation 4, at a rate that depends on the kLa and the CO partial pressure.

Moreover, the dissolved CO is consumed by carboxydotrophic microorganisms and converted to H2 and CO2 (equation 1).

Therefore, CCO,L is a question of equilibrium between the rate at which CO is transferred and the rate at which it is consumed.

It should be noted that CCO,L is the concentration of CO experienced by the microorganisms that can induce an inhibition. 
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