Abstract

Capturing carbon dioxide (CO2) is a major challenge for developing a low-carbon economy. In addition, the reduction of CO2 allows the synthesis of platform molecules for the chemical and energy industry. Anaerobic mixed cultures contain homoacetogenic microorganisms (HAC) capable of reducing CO2 to acetate. However, one of the obstacles to their use is the understanding and control of their functional diversity. In particular, managing the competition between HACs and hydrogenotrophic methanogens (HMs) that convert CO2 into methane is crucial to produce acetate.

The study contributes to bring new knowledge on the competition between HAC and HM. For this, notions of mass transfer between the gas phase where the substrates are located, and the liquid phase which contains the microbial catalysts (G/L), as well as kinetic and thermodynamic aspects of biological reactions have been integrated.

Microbial competition was studied using data from an ex situ biological methanation reactor of H2/CO2, in mixed and thermophilic culture. In parallel, microbial growth modeling work specific to each microorganism was carried out in order to study their behaviour in batch and continuous reactors. Maintaining a G/L mass transfer rate higher than the gas consumption rate appeared decisive to promote the growth of HACs. These modeling results, coupling microbial kinetics and thermodynamics of reactions, made it possible to identify favourable environments for HAC selection. They were then confronted with an experimental plan in order to study the system in real conditions.

As part of the experimental plan, batch and then continuous reactors at 25 °C and 35 °C were set up. In batches, the lifting of the limitation by the transfer of gas, as well as the lowering of the temperature to 25 °C made it possible to select mixed anaerobic cultures for the HAC function by eliminating the methanogens, after four successive batches of 4 to 6 days each.

In continuous reactors, the effect of pH between 5 and 7 and dilution rate between 0.1 and 1 d -1 has been studied. At neutral pH, a significant acetate productivity of 0.296 molC.L -1 .d -1 could be observed over several residence times. Moreover, lowering the pH to 5 did not eliminate the HMs. On the other hand, a zone of critical dilution rate of the HMs could be identified between 0.25 and 0.38 d -1 , while the HACs were maintained in the reactor up to the maximum tested value of 1 d -1 .

Interestingly, the model showed that these reactors were not limited by the G/L mass transfer, but by the reaction thermodynamics, thus setting a maximum acetate concentration, which imposes the gas consumption rate. These results demonstrate the potential of using continuous reactors to wash out methanogens and select HAC on H2/CO2 in anaerobic mixed cultures.

Thanks to a work of optimization of the culture medium for the HAC, the mixed culture could be enriched up to 75 % in C. autoethanogenum, after the addition of vitamins in the culture medium. At 25 °C, the production of ethanol and the elongation in butyrate and hexanoate could be observed, although minor.

During this study, an adaptable model allowing to describe the microbial competition was developed. It made it possible to show the different types of limitations of the system: the G/L mass transfer, the thermodynamics of the reactions, or the nutrients of the liquid phase.

Understanding the system has allowed the development of techniques for enriching mixed cultures with HAC. These results constitute a database for the optimization of the production of platform molecules from H2/CO2, without recourse to chemical or thermal inhibitions of HMs.
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General introduction

1 The resource CO2

In the context of the climatic emergency, the objective set at COP21 in Paris in 2015 (Paris Agreements) is to keep the increase in global temperature below 1.5-2 °C by 2050 or 2100 according to the scenarios developed. To do this, greenhouse gas (GHG) emissions and the use of carbon or fossil energy sources such as coal, oil and natural gas must be reduced, and a part of these resources must even remain unextracted [START_REF] Welsby | Unextractable fossil fuels in a 1.5 °C world[END_REF].

CO2 represents about three quarters of GHG emissions (40 Gt in 2018), its percentage in the atmosphere is increasing because the flows of anthropogenic emissions are greater than the flows absorbed in the natural carbon cycle (Ministère de la transition écologique et solidaire, 2020).

This disturbance creates an imbalance, at the origin of the observed climatic transformations. Two main levers are necessary to achieve the set objectives. The first is to reduce anthropogenic CO2 emissions by developing a new economic model based on rational and sober consumption. The second is to compensate incompressible CO2 emissions with sustainable carbon sinks, and to develop a renewable energy mix. All of this, which is called circular economy, or low-carbon economy, must meet several criteria to ensure the sustainability of the system, which are: the maximum energy and material efficiency of the sectors, their economic viability, and access to a comfortable way of life for the whole of world's population.

Scientific efforts are developing in two main areas to support this transformation of the global economy. First, the acceleration of the development of already functional technologies to respond as quickly as possible to the current state of emergency. This part of the work must be carried out in close collaboration with industrial partners in the transport, agriculture, building, industry and energy sectors, which are the sectors that emit the most GHGs, representing 86% of emissions in France in 2018 (Ministère de la transition écologique et solidaire, 2020). Second, the research and study of less mature technologies, aimed at exploring new methods of energy production and material recovery. Indeed, the most efficient of these technologies can then be developed in the context of longer-term low-carbon economy scenarios.

To date, the compensation of CO2 emissions represents a very high cost for manufacturers, due to its capture and storage. However, CO2 has direct applications, in the food sector in particular, but for which it must be 99.99 % pure and subject to numerous regulations as to its origin [START_REF] Grim | Transforming the carbon economy: challenges and opportunities in the convergence of low-cost electricity and reductive CO2 utilization[END_REF]. Thus, CO2 waste has been considered as a key carbon resource, which, when it cannot be used directly, can be transformed and reused in other sectors such as chemistry (synthesis of materials, or fine chemistry for the synthesis of active ingredients) or energy (synthesis of energy vectors such as methane, or fuels such as ethanol). Indeed, CO2 is a globally available, non-toxic, stable carbon resource, and could make it possible to respond to many economic, technical and societal obstacles in the context of economic transformation. In France in 2014, for example, the chemical and the fuel industries were 95 % and 80 % based on fossil resources respectively [START_REF] Tlili | H2 drives metabolic rearrangements in gas-fermenting Clostridium autoethanogenum[END_REF].

Overall, if all organic chemistry was based on CO2 chemistry instead of oil chemistry, 2 Gt.yr -1 of CO2 could be recycled [START_REF] Tlili | H2 drives metabolic rearrangements in gas-fermenting Clostridium autoethanogenum[END_REF]. It is therefore a restricted route, but one that can contribute to reducing GHG emissions and especially the extraction of fossil resources for the chemical industry. In addition, the products of this sector have significant added value, which could benefit to certain processes that have not yet been industrialized for economic reasons. The major scientific challenges of this recovery route are based on the fact that it would be necessary to completely transform the chemistry industry to move from oxidation processes of petroleumderived hydrocarbons to CO2 reduction processes. However, CO2 chemistry already has industrialized applications in organic chemistry, mainly oxidation reactions such as carboxylations [START_REF] Dumergues | Valorisation du CO2[END_REF].

The production of fuels from CO2 is a much larger market, but it also faces other scientific hurdles, particularly in terms of energy efficiency, because the reduction of CO2 in fuels requires large amounts of energy. Nevertheless, this path cannot be ruled out since in low-carbon scenarios, the energy mix is based on a majority of renewable resources and could therefore make it possible to couple the reduction of CO2 with the use and storage of this type of energy. This is the case, for example, in the "Power-To-Gas" sector, which makes it possible both to store and to use surplus or intermittent renewable electricity, and to produce hydrogen by water electrolysis. Coupled with the reduction of CO2, this process also allows to produce methane, and this constitutes the methanation process [START_REF] Benjaminsson | Power to Gasa Technical Review[END_REF].

Challenges for COchemistry

Currently, about 140 Mt.yr -1 of CO2 are chemically transformed, and the production of urea (precursor of agricultural fertilizers) represents 96-98 % of this flow. The other pathways are therefore largely in the minority, among them there is for example the production of methanol ( 5Mt.year -1 ) by hydrogenation, or of salicylic acid (0.17 Mt.year -1 ) by carboxylation [START_REF] Dumergues | Valorisation du CO2[END_REF].

As mentioned above, one of the main obstacles to the development of CO2 chemistry is the energy efficiency of the processes, since a lot of energy is needed to reduce CO2. Thus, facilities geographically close to the CO2 source must be preferred, to avoid the costs, energy and GHG emissions associated with the compression and transport of gas.

Then, at the reaction scale, research focuses on the design and development of catalysts that reduce the energy required to activate the reaction. An ideal catalyst would be non-toxic, simple to manufacture and widely available, stable, inexpensive, and recyclable. It should also be able to withstand varying levels of purity and CO2 concentrations, in order to reduce the costs and energy spent on gas purification [START_REF] Grim | Transforming the carbon economy: challenges and opportunities in the convergence of low-cost electricity and reductive CO2 utilization[END_REF]. Thus, this thesis project is included in the context of developing efficient and sustainable catalysts for the reduction of CO2 into chemicals and fuels.

Biological CO2 reduction

Different energy sources can be used to reduce CO2. Light, and in particular solar energy, is naturally used by photosynthetic organisms to reduce CO2 converting it into biomass. Thus, open ponds, or photobioreactors exist at industrial scale to capture the very low CO2 concentration from the atmosphere. Photochemistry is inspired by these biological catalysts, and in particular the enzyme RuBisCO (Ribulose Biphosphate Carboxylase Oxygenase), which is responsible for the reduction of CO2 in these systems, to develop catalysts which use solar energy and carry out more specific reactions. Electricity is another energy source that can be used to supply electrons to the CO2 reduction reaction. This route is also interesting to recover excess electricity, since the electricity cannot be stored directly. Electrochemical and bioelectrochemical processes can be developed, or the electrolysis of water can be carried out upstream in order to provide H2 to reduce CO2. Indeed, the chemical energy contained in certain molecules, such as H2, can also be used to reduce CO2. In nature, methanogenic microorganisms thus reduce CO2 to methane, and homoacetogens to acetate. The enzymes carrying out the reduction of CO2 in these microorganisms are dehydrogenases such as Fdh (Formiate dehydrogenase) or COdh (carbon monoxide dehydrogenase), which initiate the Wood-Ljungdahl metabolic pathway. The latter allows the production of an acetyl-CoA molecule thanks to the key enzyme acetyl-CoA synthase (Acs) which makes a C-C bond between two carbons coming from two CO2 molecules. For chemists, this path is a source of inspiration since the creation of C-C bonds is a major challenge to get out of petrochemistry, where C-C bonds are broken through oxidative processes instead.

However, the C-C bond is rich in energy, so the chemical processes for its creation operate under conditions of high pressure and temperature (200-500 °C, 1-1000 bar). For example, the Fischer-Tropsch generates hydrocarbons from carbon monoxide and hydrogen with metal catalysts [START_REF] Guillou | SYNTHESE DE FISCHER-TROPSCH EN REACTEURS STRUCTURES A CATALYSE SUPPORTEE EN PAROI (Génie des procédés[END_REF]. Research in chemical catalysis therefore strives to both optimize catalysts in order to reduce pressure and temperature conditions, and to reduce the use of noble metals, which are often better catalysts.

Biocatalysts, whether whole microorganisms or their isolated enzymes, are of great interest because they operate under mild conditions of pressure and temperature. Biotechnology thus makes it possible to lower the energy costs of the processes. Biocatalysts are generally non-toxic, and relatively simple to produce and recycle. Although, the development of bioprocesses for the reduction of CO2 encounters scientific, technical and economic challenges.

Likewise, the development of mixed microbial cultures (MMCs) catalysts is interesting. Indeed, microbial consortia offer many advantages such as the possibility to combine different biological functions in the same reactor, but also functional redundancy which confers to microbial consortia their adaptability to variations of environmental parameters [START_REF] Paul | Biopolymers Production from Wastes and Wastewaters by Mixed Microbial Cultures: Strategies for Microbial Selection[END_REF][START_REF] Agler | Waste to bioproduct conversion with undefined mixed cultures: the carboxylate platform[END_REF].

Moreover, MMCs do not require the sterilization of the equipment before use, which is a considerable advantage, especially for the development of continuous reactors, which are often subject to contamination and require strict conditions of sterility in pure cultures.

However, the often low productivities and the cost of H2 to reduce CO2 are limitations to the economic profitability of biological CO2 reduction processes (Figure 1). Energy efficiency is also a major issue, studied in the context of dedicated life cycle analyses establishing the scenarios according to which these processes are relevant or not. For instance, the price of H2 from organic waste (dark fermentation) is high (Figure 1), and the choice of the H2 source is important to ensure the economic viability of the processes. The improvement of processes in terms of energy, and the development of high-performance catalysts are therefore the major scientific stakes addressed by the research on biological CO2 reduction processes.

Diversifying the portfolio of products synthesized from CO2 is also a key objective, both to meet the challenges of the chemical sector and to increase the economic profitability of processes through the production of high value-added molecules. Among those molecules of interest, acetate is a platform molecule with many applications, such as the production of solvents, paints and coatings, polymers for the packaging industry, or terephthalic acid (PTA) for the textile industry. Although these sectors must be largely redesigned as part of the transformation of the economy, acetic acid will still be used for the production of polymers and materials in particular, but also for certain medical and food applications. Acetate also has an interesting added value, and represents a market of 16 Mt in 2020, i.e. a transformation potential of 23 Mt.year -1 of CO2 (Mordor Intelligence, 2020). About 10 % of the world's acetate is biologically sourced for vinegar production, and the rest is produced by catalytic carbonylation of methanol at high pressures and temperatures. Thus, the combination of an increase in the proportion of acetate produced biologically on the one hand, and the use of a renewable carbon source such as CO2 on the other hand, constitutes a promising path to reduce the use of petrochemicals and to promote CO2 chemistry.

Objectives of the thesis project

The thesis is part of the development of efficient catalysts for the valorisation of CO2. Thus, the objective of this thesis work was to reduce CO2 to acetate, by controlling MMC catalysts. The work is part of the fields of microbiological engineering and MMCs engineering. The effect of culture conditions on microbial communities and the functional orientations of MMCs are at the center of the work, along with kinetic and thermodynamic considerations of biological reactions.

Indeed, the microorganisms reducing CO2 to acetate being anaerobic, the reactions operate close to thermodynamic equilibrium, which requires to evaluate the energetic limitations of the biological reactions involved.

The microbial competition between homoacetogens (HAC) and hydrogenotrophic methanogens (HM) quickly appeared as the major lock to be controlled, therefore this study focused on this competition. In order to control microbial competitions, it is necessary to understand its origin, then to have a detailed knowledge of the different microorganisms involved. Particularly from a metabolic, kinetic and energetic point of view, but also their nutritional requirements, and optimal growth or production conditions. In the context of the recovery of gaseous substrates, the understanding of physical processes such as the mass transfer, and their impact on biological reactions, is also necessary for a thorough understanding of the system. A systemic approach of reactors and biological reactions is therefore necessary. In nature, CO2 reduction is carried out by photoautotrophic organisms, but also chemoautotrophic organisms. In the first case, the energy source is sunlight, while in the second one, energy comes from chemicals such as sugars or hydrogen. The energetic efficiency is ensured by biocatalysts, the enzymes, enabling to lower the activation energy needed to initiate the reactions, which can be carried out under mild conditions. Enzymes for CO2 reduction manage to activate the CO2 and H2 molecules in their catalytic site, either through electronic interactions (in metallic complexes containing for example Co, Fe or Ni) or by electrostatic interactions with specific amino acids. In both cases, the bonds of the CO2 are strongly polarized, which activates the reaction [START_REF] Tlili | H2 drives metabolic rearrangements in gas-fermenting Clostridium autoethanogenum[END_REF][START_REF] Fontecave | Competition Between Chemolithotrophic Acetogenesis and Hydrogenotrophic Methanogenesis for Exogenous H2/CO2 in Anaerobically Digested Sludge: Impact of Temperature[END_REF]. Biocatalysis consists of the use of isolated enzymes, isolated microorganisms (pure cultures), a combination of known microorganisms (co-cultures), or microbial consortia (mixed cultures) (Figure 2). This work focuses on the use of MMCs. These biocatalysts are on the rise, as they present numerous benefits, both to improve energetic and economic efficiencies of processes, and to carry out reactions that could not be achieved in a single reactor. Sterile conditions are not required, which is interesting for industrial scale and continuous process development. Also, the use of MMCs allows working with uncultivable microorganisms, i.e. microorganisms that could not be isolated in laboratory. Indeed, a lot of microbial interactions exist between microorganisms in natural environments, which explains why the majority could not be isolated [START_REF] Basile | Revealing metabolic mechanisms of interaction in the anaerobic digestion microbiome by flux balance analysis[END_REF][START_REF] Lewis | Uncultured microorganisms as a source of secondary metabolites[END_REF], therefore, there should be numerous potential interesting candidates in MMCs that could help to improve existing bioprocesses productivities. Additionally, metabolic redundancy among the multitude of microorganisms contained in MMCs is an advantage, as it allows adaptability and robustness of the process facing substrate or physical parameters changes.

The cumulation of those similar functions between different communities also contributes to reach higher rates and productivities in some cases when using MMCs [START_REF] Paul | Biopolymers Production from Wastes and Wastewaters by Mixed Microbial Cultures: Strategies for Microbial Selection[END_REF].

MMCs have two main fields of applications. The first one is the achievement of a wide range of reactions in a single process involving very diverse but complementary biochemical functions. It is for example widely used in wastewater treatment, or organic wastes management. The principle is based on microbial interactions and synergies to consume multiple and diverse substrates. The use of MMCs for this type of applications allows to develop stable ecosystems in bioprocesses.

Hence, anaerobic digestion (AD) is an outstanding process which combines both the advantage of handling high diversity and variability of substrates but also of producing a single valuable product, methane, naturally recovered in the gas phase. This particularity, also linked to thermodynamics, explains the convergence to methane in anaerobic environments. Indeed, methane contains the lowest free energy per electrons, so the whole chain of reactions is naturally driven by its production and extraction from the liquid to the gas [START_REF] Hanselmann | Microbial energetics applied to waste repositories[END_REF][START_REF] Moletta | La méthanisation[END_REF][START_REF] Agler | Waste to bioproduct conversion with undefined mixed cultures: the carboxylate platform[END_REF]. The column of Winogradsky in sediments, or granular sludges in waste water treatment plants, are other examples of stable MMCs systems performing multiple complementary reactions according to a spatial distribution of microorganisms depending on substrate gradient concentration [START_REF] Esteban | Temporal and Spatial Distribution of the Microbial Community of Winogradsky Columns[END_REF][START_REF] Gao | Aerobic granular sludge: characterization, mechanism of granulation and application to wastewater treatment[END_REF].

Another strategy though, is conversely to constraint the MMC with very specific environmental conditions. This way, decreasing the biodiversity toward few major communities and promoting an exclusive biochemical function. This strategy is based on natural selection of the microbes along generations, selecting the more suitable candidates to survive in the given conditions among as much as initial biodiversity as possible. This is interesting to carry out specific reactions with high product selectivity. In anaerobic environment, this kind of strategy allows to produce naturally other chemicals than methane, especially in the liquid phase, by controlling the process parameters. Nevertheless, the high initial biodiversity of MMCs results in many biochemical functions coexisting. MMC engineering consists in applying process and physical-chemical parameters that will give the advantage to microorganisms of interest, and in the same time weaken the undesired activities. There are a lot of different strategies to specialize a MMC, but all of them consists in applying certain conditions to constraint microorganisms (selection pressure). MMC specialization is accompanied with a loss of biodiversity. The specialization strategy must be designed from a thorough knowledge of functional microbes: their interactions with their environment and other microbes; their metabolisms, and especially carbon, nitrogen, phosphate, energy requirements etc.; their growth kinetic and energetic properties, and also those of other microbes that interact or compete with them. From this knowledge, it is generally possible to identify a high selective factor, that is a specific feature of the functional microbes, differentiating them from concurrent.

Microbial interactions are central in MMCs and need to be understood when implementing a MMC specialization strategy. Some of them could benefit to the process and should remain if they improve the functional performances, while others compromise it and should be eliminated. Some interactions between microbes are beneficial for one or both of them (e.g. commensalism, mutualism interactions), or detrimental (e.g. amensalism, predation, competition interactions) [START_REF] Basile | Revealing metabolic mechanisms of interaction in the anaerobic digestion microbiome by flux balance analysis[END_REF][START_REF] Paul | Biopolymers Production from Wastes and Wastewaters by Mixed Microbial Cultures: Strategies for Microbial Selection[END_REF]. However, the study of microbial interactions is a difficult task considering the multiple interactions that exist in a single MMC. Co-cultures are often used to study specifically the interactions between two microbes of interest [START_REF] Westerholm | Growth Characteristics and Thermodynamics of Syntrophic Acetate Oxidizers[END_REF][START_REF] Girbal | Why Does Clostridium acetireducens Not Use Interspecies Hydrogen Transfer for Growth on Leucine?[END_REF][START_REF] Lee | Isolation and Characterization of a Thermophilic Bacterium Which Oxidizes Acetate in Syntrophic Association with a Methanogen and Which Grows Acetogenically on H2-CO2[END_REF][START_REF] Archer | Dependence of the specific growth rate of methanogenic mutualistic cocultures on the methanogen[END_REF].

In the framework of this work, the main issue when implementing a biological reactor with MMC to reduce CO2 to acetate, is the competition between the microorganisms of interest, the HAC, with HM. In order to carry out a MMC management strategy to promote HAC, a review of both communities in competition was required. In next section are reviewed HAC and HM features, in terms of growth kinetic, thermodynamic and energetic considerations, metabolism, and nutrient requirements.

MMC growth representation

Kinetic model of Monod

The kinetic model of [START_REF] Monod | The environmental biorefinery: state-ofthe-art on the production of hydrogen and value-added biomolecules in mixed-culture fermentation[END_REF] is an extension of Michaelis-Menten law to describe microbial growth according to substrate availability. As all chemical reactions, there is one reactant, or substrate, that is stoichiometrically limiting the biological reactions. Hence, microbial growth can be described according to this limiting substrate concentration with a Monod limitation term, introducing Ks. Ks is a half-saturation constant, corresponding to the substrate concentration when the specific growth rate is half the maximal specific growth rate of a microorganism. Inhibition terms can also be added, introducing an inhibition constant KI as described in equation A. Growth rate is also a function of pH and temperature, and microorganisms doesn't have the same range of optimal conditions, neither have the same sensitivity to parameters variation. Microbial growth is an autocatalytic reaction, meaning that biomass (catalyst) is a product of the reaction. In conventional models, decay is integrated to growth rate, to represent the observed growth rate and be in capacity to confront simulations to real conditions. Decay is generally a first order kinetic, with kd the decay constant.

The conversion rate equation including Monod limitation terms can described as follow:

𝑟 𝑋 (𝑇,𝑝𝐻) = [µ 𝑚𝑎𝑥 (20°𝑐,𝑝𝐻7) ( 𝐶 𝐾 𝐶 + 𝐶 × 𝑒 - 𝑒 -+ 𝐾 𝑒 - × 𝑁 𝑁 + 𝐾 𝑁 × 𝐾 𝐼 𝐾 𝐼 + 𝑆 × 𝐾 𝐼.𝑃 𝐾 𝐼.𝑃 + 𝑃 … ) × 𝑓(𝑇, 𝑝𝐻 … )] × 𝑋 -𝑘 𝑑 𝑋 (A)
Where rX is the microbial growth rate, µmax is the specific maximal growth rate. C, e -and N are the carbon, electron, and nitrogen sources concentrations respectively. KI is a substrate inhibition constant, KI,P is a product inhibition constant, kd is the decay coefficient, and X is the biomass concentration. Other inhibition terms exist, for example the Haldane kinetics (B) to describe acetate substrate inhibition of acetoclastic methanogens [START_REF] Vavilin | Description of two-step kinetics in methane formation during psychrophilic H2/CO2 and mesophilic glucose conversions[END_REF], or VFA product inhibition terms (C) and (D) for acidogenic bacteria [START_REF] Pratt | Inhibition by fatty acids during fermentation of pre-treated waste activated sludge[END_REF].

Haldane kinetics:

𝑟 𝑋 = µ 𝑚𝑎𝑥 × 𝐴𝑐𝐻 𝐾 𝐴𝑐𝐻 +𝐴𝑐𝐻+𝐴𝑐𝐻×( 𝐴𝑐𝐻 𝐾 𝑖 𝐴𝑐𝐻 ) 𝑝 (B)
where AcH is the concentration of the non-dissociated form of acetic acid, and p is the degree index generally set to 1.

Non-competitive product inhibition term:

1 1+ 𝐴𝑐𝐻 𝐾 𝐴𝑐𝐻 (C)
Where KAcH is the acetate concentration for which growth is 50 % inhibited.

Thermodynamic inhibition term:

max (0, (1 -( 𝐴𝑐𝐻 𝐾 𝐴𝑐𝐻 ) 𝑛 )) (D)
Where KAcH is the maximal threshold concentration above which growth is 100 % inhibited, for n = 1 the inhibition function is linear, for n > 1 the function is convex.

Microbial competition in kinetic models: the resource ratio competition

Microbial competitions can express themselves in different ways. Some microbes compete for space, others can produce inhibiting substances for their competitors, or fix an essential substrate, and even accumulate and store it. Here the focus is made on the competition for the previously described limiting substrate. The resource ratio competition model consists in defining the competition according to the substrate availability, and the substrate consumption rates of both competitors. Hence, microorganisms can adopt two different strategies to have the advantage over their competitors. The first type of competitors are r-strategists, meaning that they have high specific growth rates, or high specific consumption rates. They will grow faster and become dominant. Conversely, K-strategists are microbes with a better substrate affinity, meaning that the bioavailability of the substrate is higher for them than for their competitors. This competition representation is based on substrate concentration, in particular around the cells, and can be described with Monod equations with proper parameters of the different competitors (i.e. µmax and KS). Here, the culture mode is determinant, as it can give the advantage to the r-or to the Kstrategists. Classically in a single liquid phase batch mode, the r-strategists outcompete the others, due to high initial substrate concentrations, while in chemostat, substrate concentration remains low which promotes K-strategists. However, the hydraulic retention time (HRT) constrains the microorganisms to a minimal growth rate, which can also affect the outcome of the competition by washing out slow growing microbes ("Bioprocess Engineering Principles -2nd Edition," n.d.).

Working with two phases, liquid and gas, brings some particularities, especially since the substrates are gaseous. Then, even in closed mode, the substrate is supplied according to a flux, corresponding to the gas to liquid mass transfer rate, and the maximal concentration of the substrate in the liquid is limited by gas solubility. Hence, the competition is highly dependent on the gas mass transfer rate that fixes a substrate maximal delivery rate, and the maximal capacity of the biological reactor. H2 has the lower solubility, and is therefore often the limiting substrate when working with H2/CO2 substrate. Additionally, working with gaseous substrates opens on new process control modes, as the substrate management is decoupled from the growth management. Gas phase can be opened or closed, so as the liquid phase, and all these choices will affect the competition features and its outcome. A thorough understanding of the culture mode effect on microbial competitions are therefore central to design an efficient MMC specialization strategy.

With this theory, it is possible to predict the outcome of a competition for a substrate, provided that the culture broth is homogeneous, and that cells are in suspension. However, some biological phenomenon can complexify this representation. For example, the capacity of certain microorganisms to attach on the walls, which often enables slow growing microbes to maintain themselves in a continuous process (biofilm formation). Microorganisms can also attach together and then create a proximity between different types of microorganisms that have syntrophic interactions, meaning that the products of the ones are only available as substrate for the attached communities but not for eventual suspended equivalents. This has been reported in the case of interspecies H2 transfer, which corresponds to a spatial proximity between hydrogen producers (e.g. hydrolytic and acidogenic bacteria) and hydrogen consumers (e.g. methanogenic archaea) in AD reactors [START_REF] Mcinerney | Basic Principles of Bioconversions in Anaerobic Digestion and Methanogenesis[END_REF][START_REF] Basile | Revealing metabolic mechanisms of interaction in the anaerobic digestion microbiome by flux balance analysis[END_REF]. The outcome of a competition can also be described according to thermodynamics of the reactions, especially in anaerobic systems.

Hence, numerous researchers developed thermodynamic or bioenergetic models to describe the dynamic behaviour of MMCs.

Thermodynamic consistency of anaerobic MMCs dynamic models

Numerous classical MMC models are based on Monod equations, like ASM and ADM models [START_REF] Henze | Activated sludge models ASM1[END_REF][START_REF] Batstone | The IWA Anaerobic Digestion Model No 1 (ADM1)[END_REF]. In these models are represented different microbial activities with proper growth and decay rates, with additional limitation or inhibition terms as previously described. However, more recently, researchers included other dimensions to these models, in particular thermodynamics considerations. Indeed, some inhibitions and limitations are originated from thermodynamics, hidden in empirical parameters, often estimated through the model. Thus, thermodynamic consistent models were developed to better represent dynamic behaviour of anaerobic MMCs by considering thermodynamic limitations and improve the Monod representation.

Thermodynamic consistency of biological reactions mainly consists in considering the free energy change of the reactions (ΔrG), reflecting its feasibility in the given environmental conditions. The versatile behaviours of MMC, but also at the metabolic level of some microorganisms such as acetogens, is directly linked to the maximal energy released by the reaction (ΔrG). ΔrG depends on substrates and product concentrations, including protons and pH, and temperature:

𝛥𝑟𝐺 = 𝛥𝑟𝐺°+ 𝑅𝑇 × ln ( ∏ 𝑝 𝑎 𝑝 𝜈 𝑝 ∏ 𝑠 𝑎 𝑠 𝜈 𝑠 ) (𝑘𝐽. 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 -1 ) (E)
ΔrG° is the Gibbs free energy change of the reaction in standard conditions (25 °C, 1 bar, 1 M), calculated from the standard enthalpy of formation of the reactants R is the ideal gas constant p, the products of the reaction considered s, the substrates of the reaction considered 𝜈, the stoichiometric coefficient of the reactant in the reaction considered a is the activity of soluble compounds.

Cells require a minimal energy harvesting from the catalytic reactions to enable their functioning.

This minimal energy is called conserved energy ΔGC. ΔGC depends on the ATP yield of the catabolic route. [START_REF] Jin | The thermodynamics and kinetics of microbial metabolism[END_REF], hence proposed the calculation of a thermodynamic factor, not only considering the ΔrG, but also the conserved energy in the cell to represent the thermodynamic feasibility of a biological reaction:

𝐹 𝑇 = { 1 -exp (- ∆𝐺 𝐴 -∆𝐺 𝐶 𝜒𝑅𝑇 ) , 𝛥𝐺 𝐴 ≥ ∆𝐺 𝐶 0, ∆𝐺 𝐴 ≤ ∆𝐺 𝐶 Dimensionless (F)
ΔGA is the negative of ΔrG of the global reaction of the metabolic path considered ∆𝐺 𝐶 = 𝑌 𝐴𝑇𝑃 × ∆𝐺 𝑃 is the conserved energy by the cell YATP is the ATP yield of the metabolic path ΔGP is the ΔG of the reaction of phosphorylation of an ADP molecule into an ATP molecule commonly between 40 and 50 kJ/reaction for anaerobic microorganisms [START_REF] Jin | The thermodynamics and kinetics of microbial metabolism[END_REF] χ is the average stoichiometric number of a metabolic path FT is comprised between 0 and 1, and can be integrated into growth rates equation for thermodynamic consistency of kinetic models [START_REF] Grimalt-Alemany | Modeling of syngas biomethanation and catabolic route control in mesophilic and thermophilic mixed microbial consortia[END_REF]. FT = 0 describes thermodynamic unfeasibility of the reactions, while FT = 1 describes kinetic control of the reactions, meaning that ΔrG is low enough for the cell to harvest enough energy for functioning.

Intermediary FT describes a thermodynamic limitation of the reaction due to energetic limitation.

Other models have been developed with even further thermodynamic considerations to describe anaerobic systems, no longer considering multiple microbial communities, but a single metabolic network, containing all metabolic paths known in a given system [START_REF] Rodríguez | Energy-based models for environmental biotechnology[END_REF]. Then, the metabolic routes integrated in the model are driven by energetics and thermodynamics rather than kinetic features of microorganisms. These models assume that a natural selection occurs in favour of the reaction from which the cells harvest the maximal energy. These studies allowed for example to better predict product profile during glucose anaerobic fermentation, by defining variable growth yields, or growth rates, according to available energy in the system (Rodríguez et al., 2006a). This model also integrates an intracellular compartment and product transport mechanisms in the energetic balances Same authors also proposed to describe butyrate and acetate yields as function of H2 partial pressure and pH, and hence better reflect the MMC behaviour and products profile according to these parameters, with a variable stoichiometry (Rodríguez et al., 2006b). In another model, it is proposed to represent growth in two steps, the first one being the reversible activation of the cell by accumulating energy to reach an energetically transitory state, and the second step being the irreversible division of the cell (Desmond-Le [START_REF] Quéméner | A thermodynamic theory of microbial growth[END_REF]. Hence, the growth rate is defined as dependent of this activation energy contained in a harvesting volume around the cell. These thermodynamic models are interesting for anaerobic MMCs representation, because by definition they integrate and represent microbial growth and competitions, on an energetic basis. They also consider thermodynamic product and pH inhibitions.

3 Produce acetate from CO2 with MMCs is mainly about managing the competition between homoacetogens and hydrogenotrophic methanogens.

Homoacetogens are good candidates for the reduction of CO2 to chemicals, as they produce acetate, the first intermediate for liquid products synthesis. They are one of the microorganisms carrying out the Acetyl-CoA reductive pathway (or Wood Ljungdahl Pathway, WLP), a highly efficient route fixing two CO2, inherited from the earliest stages of life on earth. However, their discovery dates from the 1930s, since when new homoacetogens keep being identified, isolated, and characterized. Interestingly, homoacetogenesis is not a phylogenetic trait, because HAC are found in different phyla. HAC can use a wide range of electron donors and acceptors, such as nitrate, but also organic reduced compounds such as ethanol (Figure 3). 1). Hence, it is important to know the different interactions between these populations, which mainly are competitions for the same substrate as they are all able to reduce CO2, and syntrophic interactions for example between acetate producers and consumers. If the medium doesn't contain electron acceptors other than CO2 (no Fe 3+ , NO 3-, SO4 2-or S 0 or organic compounds), then the communities in competition are hydrogenotrophic methanogens (HM) and homoacetogens (HAC), because both use H2 to reduce CO2 with similar metabolic path: the acetyl-CoA pathway. In these conditions, sulphate reducing bacteria (SRB)

should not be able to grow. However, it is always necessary to supply the medium with a sulphur source, which could help SRB to maintain themselves in the MMC. Acetate consuming reactions such as syntrophic acetate oxidation (SAO) and acetoclastic methanogenesis (AM) might also appear as long as acetate is accumulated in the medium.

To inhibit methanogenesis, different strategies may work. It is possible to apply heat treatment to the microbial consortium with the aim of eliminating communities that are not able to sporulate, which is the case of methanogens. Generally, the application of temperatures from 70 to 90 ° C during 15 to 30 min is required [START_REF] Grimalt-Alemany | Enrichment of syngas-converting mixed microbial consortia for ethanol production and thermodynamicsbased design of enrichment strategies[END_REF][START_REF] Omar | Simultaneous biogas upgrading and biochemicals production using anaerobic bacterial mixed cultures[END_REF]. A revitalization work must then be done to exploit the MMC. This strategy has the advantage of efficiently eliminating methanogenic populations in most cases, even if some authors still observe the recovery of methane production after treatment [START_REF] Liu | Engineering Microbial Consortia for Bioconversion of Multisubstrate Biomass Streams to Biofuels[END_REF]. Some authors like [START_REF] Omar | Simultaneous biogas upgrading and biochemicals production using anaerobic bacterial mixed cultures[END_REF], were even able to observe a methane over CO2 yield of 100% after heat treatments at 70 or 90 ° C for 30 min. This methane production recovery is likely due to contamination of the process, which remains a risk which could be avoided by controlling the competition with process parameters. In addition, this technique can also rule out non-sporulating hydrogenotrophic bacteria which may be of interest for the desired activity. In particular, A. woodii-like acetogens are non-spore-forming bacteria [START_REF] Schuchmann | Autotrophy at the thermodynamic limit of life: a model for energy conservation in acetogenic bacteria[END_REF].

Another strategy, widely used at laboratory-scale studies, is the addition of chemical inhibitors of methanogenesis. The most commonly used is 2-bromoethanesulfonate (BES), but there are others such as mercaptoethanesulfonate (MES) or lumazine [START_REF] Liu | Chemical inhibitors of methanogenesis and putative applications[END_REF]. MES and BES mimic methyl-CoM and thus block the enzyme of the last stage of methanogenesis (Figure 4). These inhibitors therefore make it possible to inhibit any type of methanogenesis. BES is used at different concentrations depending on the studies, from 10 to 50 mM and even 100 mM [START_REF] Wang | Enhancement of acetate productivity in a thermophilic (55 °C) hollow-fiber membrane biofilm reactor with mixed culture syngas (H2/CO2) fermentation[END_REF][START_REF] Luo | A novel concept for syngas biomethanation by two-stage process: Focusing on the selective conversion of syngas to acetate[END_REF][START_REF] Omar | Simultaneous biogas upgrading and biochemicals production using anaerobic bacterial mixed cultures[END_REF][START_REF] Shen | Conversion of syngas (CO and H2) to biochemicals by mixed culture fermentation in mesophilic and thermophilic hollow-fiber membrane biofilm reactors[END_REF]. It is interesting to note that the concentrations chosen do not seem to depend on the time of the experiment nor on the temperature, and are rarely justified or discussed. However, during long cultivation times it is necessary to regularly add BES because its efficiency decreases over time, and it can be degraded in the system [START_REF] Luo | A novel concept for syngas biomethanation by two-stage process: Focusing on the selective conversion of syngas to acetate[END_REF]Zhang et al., 2013b;[START_REF] Steinbusch | Biological formation of caproate and caprylate from acetate: fuel and chemical production from low grade biomass[END_REF]. Chemical inhibitors are convenient for specific lab experiment, though they are not an economically viable solution to scale up processes [START_REF] Agler | Waste to bioproduct conversion with undefined mixed cultures: the carboxylate platform[END_REF].

It is proposed in this work to undertake MMC engineering to overcome the methanogens and selectively produce chemicals (i.e. acetate). In the next sections, the case of using MMCs to reduce CO2 into chemicals in anaerobic conditions will be specifically treated. In this context, handle the competition of homoacetogens with methanogens is the main challenge. For this reason, both communities will be reviewed, regarding their natural occurrence and habitat, metabolism and kinetic features. Thermodynamic features will also be addressed, considering the low energy generation of anaerobic reactions.

Natural habitats and requirements of homoacetogens and hydrogenotrophic methanogens

Homoacetogens (HAC) and hydrogenotrophic methanogens (HM) are found in numerous natural environments, mostly anaerobic, such as animals gut microbiota, sediments, hydrothermal sources etc. [START_REF] Jan | The metagenomic approach of chemosynthesis in deep oceanic hydrothermal systems : the case of bacterial symbiosis associated with shrimp Rimicaris exoculata (Theses)[END_REF][START_REF] Karekar | Homo-Acetogens: Their Metabolism and Competitive Relationship with Hydrogenotrophic Methanogens[END_REF]. In natural environments, only 10 % of acetate is produced in autotrophy, and homoacetogenesis is rarely observed. Indeed, HM are the main autotrophic organisms in anaerobic environment. Yet, isolation and characterization of heterotrophic acetogens often lead to the conclusion that these microorganisms are able to grow in autotrophy [START_REF] Karekar | Homo-Acetogens: Their Metabolism and Competitive Relationship with Hydrogenotrophic Methanogens[END_REF]. Acetogens microorganisms have developed along evolution the capacity to consume a wide range of substrates. This strategy is commonly observed in nature, especially when carbon sources concentrations are low. Furthermore, anaerobic reactions deliver low energy, and microorganisms developed numerous catabolic routes to exploit a maximum of energy from their environment [START_REF] Egli | How to live at very low substrate concentration[END_REF]. Hence, they are also able to use numerous of electron donors and acceptors. Conversely, methanogenesis is one of the most exergonic anaerobic reactions which results in higher metabolic rates and lower substrates thresholds [START_REF] Cord-Ruwisch | The capacity of hydrogenotrophic anaerobic bacteria to compete for traces of hydrogen depends on the redox potential of the terminal electron acceptor[END_REF][START_REF] Kotsyurbenko | Competition between homoacetogenic bacteria and methanogenic archaea for hydrogen at low temperature[END_REF]. This explains why HM very often have the advantage in nature over HAC, that turn to heterotrophic growth. However, there are specific conditions that benefit to HAC over HM, such as suboptimal pH and temperatures, and high H2 concentrations [START_REF] Karekar | Homo-Acetogens: Their Metabolism and Competitive Relationship with Hydrogenotrophic Methanogens[END_REF][START_REF] Conrad | Hydrogen turnover by psychrotrophic homoacetogenic and mesophilic methanogenic bacteria in anoxic paddy soil and lake sediment[END_REF][START_REF] Jarrell | Nutritional requirements of the methanogenic archaebacteria[END_REF].

Kinetic features and metabolism of homoacetogens and hydrogenotrophic methanogens

The Acetyl-CoA reductive pathway

The acetyl-CoA reducing pathway, also known as the Wood-Ljungdahl pathway (WLP), is used by methanogens, but also homoacetogenic bacteria and sulphate reducing bacteria and archaea.

Acetyl-Coenzyme A is a thioester, which is the activated form of acetate in the metabolism. This molecule is highly energetic and has a central role in metabolism. Many catabolic pathways converge on acetyl-CoA, which then initiates anabolic mechanisms such as the production of lipids, or the production of energy by phosphorylation at the substrate level. WLP allows autotrophic microorganisms to fix carbon from C1 compounds and also provides the energy needed for cell growth and development.

The WLP is a linear path composed of two branches. The methyl branch, synthesises a methyl group (CH3) after reduction of a CO2. The carbonyl branch, provides the carbonyl group (C=O) after CO2 reduction to CO. The methyl and carbonyl groups thus formed condense together to synthesize acetyl-CoA. Acetyl-CoA is further transformed into cell component in anabolism pathways. The difference between WLP in methanogens and in homoacetogens is mostly about the methyl branch mechanism and enzymes. Also, ATP formation is different: methanogens deviate the methyl group produced in the methyl branch, for a last reduction step and release of methane and ATP (Figure 4); while homoacetogens use the dephosphorylation of Acetyl-CoA for the synthesis of an ATP which releases acetate. Some microorganisms encoding the WLP can use other substrates: methylotrophs have the ability to directly incorporate methyl C1 compounds (methanol, methanethiol, methylamine) for the formation of the methyl group; carboxydotrophs have the ability to incorporate CO [START_REF] Prakash | Elucidating the Process of Activation of Methyl-Coenzyme M Reductase[END_REF][START_REF] Schuchmann | Autotrophy at the thermodynamic limit of life: a model for energy conservation in acetogenic bacteria[END_REF][START_REF] Berg | Autotrophic carbon fixation in archaea[END_REF][START_REF] Ragsdale | Acetogenesis and the Wood-Ljungdahl pathway of CO2 fixation[END_REF]. 

Methanogenesis

Methanogens are strict anaerobes, and belong to the archaea phylum Euryarcheota, and the orders Methanococcales, Methanobacteriales, Methanomicrobiales, Methanopyrales, Methanocellales, Methanomassiliicocales and Methanosarcinales. They are found in environments where their substrates (H2, CO2, CO, acetate, methyl compounds, NH4 + , H2S) are available. Hence, they are often associated to anaerobic organic matter degradation, in animals' intestinal tracts and sediments for instance. They are also found in geothermal springs such as hydrothermal vents [START_REF] Bellini | Biological Aspects, Advancements and Techno-Economical Evaluation of Biological Methanation for the Recycling and Valorization of CO2[END_REF][START_REF] Karekar | Homo-Acetogens: Their Metabolism and Competitive Relationship with Hydrogenotrophic Methanogens[END_REF][START_REF] Jan | The metagenomic approach of chemosynthesis in deep oceanic hydrothermal systems : the case of bacterial symbiosis associated with shrimp Rimicaris exoculata (Theses)[END_REF]. Two types of methanogenic communities are prevalent: hydrogenotrophic and acetoclastic.

Hydrogenotrophic methanogens use H2 and CO2 as sole energy and carbon sources, which reverts to a chemolithoautotrophic metabolism. All but Methanomassiliicoccales orders cited are capable of hydrogenotrophic methanogenesis. On the other hand, acetoclastic methanogens use acetate as energy and carbon source defined as a chemoorganoheterotrophic metabolism.

The genera able to use acetate for a methanogenic metabolism are identified as Methanosarcina and Methanothrix. However, acetoclastic methanogens can be flexible, as some species such as

Methanosarcina barkeri have been found to use either H2 or acetate according to their respective availability [START_REF] Lambie | The complete genome sequence of the rumen methanogen Methanosarcina barkeri CM1[END_REF]. Methylotrophs and carboxydotrophs are able to use either methyl compounds or carbon monoxide respectively.

Acetoclastic methanogenesis consists in firstly producing acetyl-CoA from acetate on the expense of ATP (activation), and secondly hydrolysing the activated acetate (acetyl-CoA) to produce CO2 and a methyl group for methane formation. In Methanosarcina, acetate activation is undertaken with acetate kinase and phosphotransacetylase, whilst in Methanothrix activation is performed by COdh/Acs complex (carbon monoxidedehydrogenase-acetyl-CoA-synthase complex) [START_REF] Jetten | Methanogenesis from acetate: a comparison of the acetate metabolism in Methanothrix soehngenii and Methanosarcina spp[END_REF]. Moreover, COdh is highly oxygen-sensitive due to the presence of a metallic core composed of nickel, and Fe-S clusters (ferredoxins) [START_REF] Ragsdale | Acetogenesis and the Wood-Ljungdahl pathway of CO2 fixation[END_REF][START_REF] Jeoung | Carbon Dioxide Activation at the Ni,Fe-Cluster of Anaerobic Carbon Monoxide Dehydrogenase[END_REF]. This enables to carry out low energy electron exchanges, which was impossible with the conventional NAD(P)H/NAD(P) + couple (E0' = -320 mV).

Indeed, the redox potentials of the CO2/HCOO -and H2/H + couples are -432 and -414 mV respectively [START_REF] Thauer | Energy conservation in chemotrophic anaerobic bacteria[END_REF].

Homoacetogenesis

Several homoacetogenic models have been described, with enzymatic and bioenergetic differences: Acetobacterium woodii, Clostridium ljungdahlii and Moorella thermoacetica (formerly known as Clostridium thermoaceticum). In A. woodii, the first CO2 reduction reaction is catalyzed by a hydrogen-dependent CO2 reductase complex (HDCR) directly involving an H2 molecule for reduction. In the other two models, on the other hand, this reaction is carried out by a formate dehydrogenase (Fdh) using reduced cofactors, either with oxidation of a ferredoxin and H2, or with oxidation of a ferredoxin and NADPH [START_REF] Schuchmann | Autotrophy at the thermodynamic limit of life: a model for energy conservation in acetogenic bacteria[END_REF]. The different models also do not have the same energy conservation mechanisms.

Whereas in A. woodii and C. ljungdahlii it is a ferredoxin-NAD + oxidoreductase (Rnf) complex which allows the translocation of H + or Na + through the plasma membrane, in M. thermoacetica it is a hydrogenase complex with conservation of energy (Ech) which allows this transfer.

ATPase then makes it possible to produce ATP with the transferred ions. Bioenergetic studies generally assume that three transferred ions are necessary for the production of an ATP molecule [START_REF] Grimalt-Alemany | Enrichment of Mesophilic and Thermophilic Mixed Microbial Consortia for Syngas Biomethanation: The Role of Kinetic and Thermodynamic Competition[END_REF]. However, this could vary depending on the microorganisms and enzymes involved. These enzymatic particularities according to the microorganisms generate bioenergetic differences and modify the overall balance of the reaction in terms of ATP yield in particular. Thus, there is generation of 0.3 and 0.5 moles of ATP per mole of acetate produced in the models A. woodii and M. thermoacetica respectively.

In the C. ljungdahlii model, on the other hand, the ATP balance is not certain because different genes coding for three different Fdh have been sequenced, the reducing equivalents used by these Fdh are different: H2 or Fd or NADPH/Fd.

For anabolism, i.e. if the pathway stops at acetyl-CoA to synthesize cell components, the pathway has a negative bioenergetic balance of -0.7 ATP [START_REF] Bertsch | Biomethanation processes: new insights on the effect of a high H2 partial pressure on microbial communities[END_REF]. C. ljungdahlii, C. autoethanogenum and C. ragsdalei have 99 % similar 16S rRNA. Their optimal pH for growth is 5-5.5 and they are all able to synthesize ethanol from syngas or H2/CO2.

Acetate reduction to ethanol is carried out in the cytoplasm by the enzyme aldehyde:ferredoxin oxidoreductase (Aor). C. autoethanogenum is used as a pure culture at industrial scale for ethanol production [START_REF] Simpson | Microbial fermentation of gaseous substrates to produce alcohols. WO2007117157A[END_REF], and some studies are dedicated to the understanding of its bioenergetic features and how energy is conserved in the cells [START_REF] Liew | Insights into CO2 Fixation Pathway of Clostridium autoethanogenum by Targeted Mutagenesis[END_REF]Valgepea et al., 2018;[START_REF] Heffernan | Enhancing CO2-Valorization Using Clostridium autoethanogenum for Sustainable Fuel and Chemicals Production[END_REF]. Table 2 summarizes potential biological reactions occurring in reactors fed with H2/CO2, with their ATP yields and Gibbs free energy of reactions. The use of H2/CO2 by the cells induces strong energetic limitations compared to the use glucose or CO for example. Indeed, H2 provides less electrons, making difficult to maintain a sufficient pool of reduced cofactors [START_REF] Baleeiro | Syngas-aided anaerobic fermentation for medium-chain carboxylate and alcohol production: the case for microbial communities[END_REF]. The most studied product in gas fermentation is ethanol, indeed this molecule is the only one to be produced at industrial scale from gaseous substrates to date. The production of ethanol is possible from H2, as long as it goes through acetate and ATP production, so that it is reduced by Aor (Figure 4). In fact, direct production from H2/CO2 leads to a negative ATP balance (Table 2). Most acetogens have an Aor, except

A. woodii-like HAC, and the production of ethanol with A. woodii has not been reported. To overcome energetic limitation, it is possible to use co-substrates such as glucose [START_REF] Park | Synergistic substrate cofeeding stimulates reductive metabolism[END_REF] or CO [START_REF] Heffernan | Enhancing CO2-Valorization Using Clostridium autoethanogenum for Sustainable Fuel and Chemicals Production[END_REF]. Hence, biomass concentration and productivities increase. This kind of co-fermentation can be implemented in biorefineries for example, using organic wastes co-products or syngas as co-substrates for example. 

Kinetic features of hydrogenotrophic methanogens and homoacetogens.

A review of kinetic parameters of common cultured HAC and HM was carried out during this work (Table 3 andTable 4). The major part of these kinetic parameters has been determined in batch reactors, and with gaseous substrates containing CO. Indeed, few studies have been carried out on H2/CO2. Also, mass transfer limitation is not analysed in most of these studies.

However, it should be mentioned if the cultures were mass transfer limited or not, as if they were, it is not possible to determine maximal performances of microorganisms.

A first observation on that data collected is that there is a high variability among the results found. This could be explained by different things. Apparent KH2 is dependent on gas to liquid mass transfer of the system used, especially when it is estimated from the residual concentrations in the gas phase. Hence, high KH2 values obtained by some authors can be explained be mass transfer limitations, and not necessarily the actual concentration thresholds that the microorganisms can handle when for instance consuming H2 directly produced in the liquid phase by hydrogenogens [START_REF] Pavlostathis | Kinetics of anaerobic treatment: A critical review[END_REF]. Culture media used in each of these studies is also slightly different, because there is not a single normalized culture medium for MMC growing on gaseous substrates. As culture media composition can have an effect on microorganisms' performances, their characterization can only be applicable to the same conditions, which makes it difficult to predict the behaviour of a microorganism, and even more a MMC under new culture conditions 3 andTable 4. Nevertheless, some tendencies are observed from this collection of parameters. Figure 5 represents the maximal specific growth rates (µmax) of HAC and HM identified from various published results under different conditions of pH, temperature, substrates and reactors.

Figure 5: Maximal specific growth rates identified in the literature for Hydrogenotrophic methanogens and homoacetogens at different temperatures. Additional information concerning growth conditions of each study is available in Table

Corresponding YX/H2, KH2 (when measured or estimated), and microorganisms involved, are detailed in Table 3 andTable 4. First observation is that µmax of HAC under thermophilic conditions have rarely been characterized, so are µmax of HM under psychrophilic temperature.

Indeed, only few thermophilic HAC have been isolated such as Moorella thermoacetica (whose ancient name was Clostridium thermoaceticum).

Furthermore, HM have much higher µmax under thermophilic temperatures than under mesophilic temperatures, and under mesophilic conditions HM have similar µmax than HAC.

Consistently, Grimalt-Alemany et al. (2019) showed that in a MMC grown at 55 °C, HM outcompeted HAC, and syngas (CO/H2/CO2, 20:65:15) was directly converted into methane.

In the other hand, some controversial results under H2/CO2 from Fu et al. (2019), showed that HAC followed by AM was the prevailing path at 60 °C while direct HM prevailed at 30 °C, and that HAC without subsequent AM prevailed at 15 °C. This difference can be explained by the different nature of the substrates, as in the first case the gas contained CO, which leads to variable toxicity effects on microbial communities, and also different energetic features of the metabolism as discussed previously [START_REF] Nagarajan | Characterizing acetogenic metabolism using a genome-scale metabolic reconstruction of Clostridium ljungdahlii[END_REF]. Indeed, another study carried out with H2/CO2 showed similar results as Fu et al. [START_REF] Conrad | Hydrogen turnover by psychrotrophic homoacetogenic and mesophilic methanogenic bacteria in anoxic paddy soil and lake sediment[END_REF]: the authors observed that in MMC enrichments at 17 °C, HAC outcompeted HM, while at 30 °C HM outcompeted HAC.

The authors also identified a critical temperature determining the outcome of the competition around 20 -25 °C. This inversion is based on the minimal H2 threshold that the microorganisms can handle according to temperature, which is directly linked to the half-saturation constant KH2 that become lower for HAC under psychrophilic temperatures. KH2 fixes the H2 threshold, which is linked to free energy change of the reaction. Indeed, there is a H2 concentration below which the ΔrG become positive, and this is also linked to the electron acceptor used [START_REF] Cord-Ruwisch | The capacity of hydrogenotrophic anaerobic bacteria to compete for traces of hydrogen depends on the redox potential of the terminal electron acceptor[END_REF]: the higher Gibbs free energy change of reaction (ΔrG), the lower H2 threshold. This explains that SRB have lower H2 thresholds than HM and HAC, because sulphate reduction is more energetic than CO2 reduction [START_REF] Weijma | Competition for H2 between sulfate reducers, methanogens and homoacetogens in a gaslift reactor[END_REF]. In the case of HM and HAC, the electron acceptor is the same (CO2), but the ΔrG of reactions is in favour of HM because CH4 is more reduced than acetate. Also, acetate accumulated in the liquid, contributing to increase ΔrG along the reaction, while CH4 is stripped to the gas phase.

Kotsyubenko et al. (2001) studied specifically the competition between different HMs and

HACs isolated from low-temperature environments at 4 °C to 30 °C. They identified that H2 thresholds were lower for HM except for temperature below 10 °C, and that this threshold, as well as the µmax of all the strains increased with temperature. However, the increase of the µmax of HM was more pronounced, suggesting that increasing temperature will benefit more to HM.

According to these studies and the parameters collected, temperature appears as an important environmental parameter influencing the outcome of the competition between HM and HAC, and that lowering temperature could be a first prerequisite for promoting HAC. Furthermore, the composition of the gas used (i.e. syngas or H2/CO2) is also important and can change the conditions of the competition because of bioenergetic and toxicity specificities. Among all these studies, only few considered CO2. This is probably due to the fact that the cultures were conducted in batch mode, meaning that H2 is always the limiting substrate during the first stage of the experiments, when the parameters are calculated. However, CO2 can be limiting in other conditions, due for example to a high H2/CO2 ratio, or in continuous processes because of CO2 loss in the liquid. Hence, kinetic parameters such as KCO2 could be needed to represent growth of MMC under certain conditions, but have not been well defined yet. 

State of the art of gaseous substrates conversion to acetate with

MMCs.

Gas conversion to value-added chemicals such as acetate is a rising research topic. There have been many studies in pure cultures, from lab scale experiment, to commercialization [START_REF] Liew | Insights into CO2 Fixation Pathway of Clostridium autoethanogenum by Targeted Mutagenesis[END_REF]. Studies with MMCs are infrequent, and most of them are carried out with syngas containing CO. Extracting continuously the products allow to reach higher productivities, because products inhibition is overcome [START_REF] Wang | Enhancement of acetate productivity in a thermophilic (55 °C) hollow-fiber membrane biofilm reactor with mixed culture syngas (H2/CO2) fermentation[END_REF]. However, product concentration in the liquid is lower, inducing to find a compromise between concentration and productivities depending on downstream processes. Operation pH is generally below 7, most of the time 6.

Indeed, it has been shown that acetate productivities decreases with pH decrease, while ethanol and butyrate productivities increases simultaneously [START_REF] Ganigué | Low Fermentation pH Is a Trigger to Alcohol Production, but a Killer to Chain Elongation[END_REF][START_REF] Ganigué | Conversion of sewage sludge to commodity chemicals via syngas fermentation[END_REF]. Finally, MMCs are mainly enriched with microbial communities of the genus Clostridium under mesophilic conditions, and Thermoanaerobacterium under thermophilic conditions.

As discussed before, methanogenesis competition is handled with BES or heat treatments in these studies, and there were no attempts yet to engineer the MMCs with process parameters to avoid methanogenesis under H2/CO2 and naturally promote HAC. 

PhD scope

This thesis project has the objective of studying the microbial competition between HM and HAC, with the ambition of selectively producing acetate from H2/CO2 through consortium engineering strategy. A first challenge was to evaluate the feasibility of such process. From the literature review, different scientific needs were highlighted. First, a great variability in kinetic parameters reported for HM and HAC was observed. This demonstrates that HM and HAC are diverse metabolic groups. This is an advantage considering functional redundancy potential of MMCs regarding CO2 reduction, as some HAC and HM can be selected under a wide range of operating conditions. However, this disparity in the kinetic parameters values is also due to the difficulty of experimentally measuring them [START_REF] Pavlostathis | Kinetics of anaerobic treatment: A critical review[END_REF]. They are also highly reactor-and conditions-dependent, making difficult their use for the prediction and the understanding of the microorganism's behaviour under other conditions and with other types of reactors.

What have been learned though from the literature, is that in nature methanogens could not be isolated from psychrophilic environments [START_REF] Jarrell | Nutritional requirements of the methanogenic archaebacteria[END_REF], while HAC could.

Hence, temperature could play an important role in the selection of HAC when decreased.

Another redundant observation is that high H2 partial pressures generally enhance acetate production in natural environments but also in anaerobic bioreactors [START_REF] Karekar | Homo-Acetogens: Their Metabolism and Competitive Relationship with Hydrogenotrophic Methanogens[END_REF][START_REF] Agneessens | In-situ biogas upgrading with pulse H2 additions: The relevance of methanogen adaption and inorganic carbon level[END_REF]. Additionally, pH has a strong effect on product profile in MMCs. In particular, pH decrease along acetate production promotes carboxylates reduction into alcohols and chain elongation [START_REF] Ganigué | Conversion of sewage sludge to commodity chemicals via syngas fermentation[END_REF]. Thereby, these key parameters identified in the literature were the starting points of the investigations carried out in this thesis work.

One of the objectives of this work was to identify points of attention, generally applicable, in order to better apprehend the outcome of the competition in different growing conditions. This should bring some insights to implement H2/CO2 biological conversion into acetate, but also to specialize MMCs biocatalysts for this specific function, with the challenge of not resorting to chemical inhibitors or heat treatments. The scope of this work is also to provide knowledge about homoacetogens behaviour in MMCs, they are found in other systems such as biological methanation, dark fermentation and anaerobic digestion reactors, and still remain poorly studied and understood in MMCs. Some applications require to promote HAC, while others need to avoid the reactions. In both cases, a thorough knowledge of this microbial community is essential for the development of anaerobic MMC biotechnologies [START_REF] Basile | Revealing metabolic mechanisms of interaction in the anaerobic digestion microbiome by flux balance analysis[END_REF].

In order to meet these objectives, different approaches of modeling and experimental works have been undertaken, and complement each other's. In chapter 3, the acetate production from H2/CO2 was analysed with data from a thermophilic biological methanation reactor. Data were analysed to identify what promoted VFA production in this system, and refine the statements formulated from the literature. A modeling work joined this analysis, based on kinetic parameters reviewed from the literature. The model was developed with AQUASIM, to represent growth of HM and HAC. This preliminary work allowed to make some assumptions regarding the microbe's behaviours, and to hypothesize the outcome of the competition according to different operating conditions such as temperature, reactor culture modes, and substrate limitation state. Physical-chemical aspects such as pH, acid-base dissociation and gas to liquid mass transfer were considered in the analysis and in the model, as well as growth kinetics and thermodynamics.

Then, experimental campaigns were designed and conducted to confront the modeling predictions to real conditions. This work aimed at exploring and demonstrating the feasibility of using consortium engineering methods for acetate production from H2/CO2 and HM elimination. First, the competition was studied in batch mode in chapter 4. The effect of the temperature between 25 °C and 35 °C, and of the mass transfer limitation, were specifically studied and are discussed regarding the previous statements formulated in chapter 3 about the outcome of the microbial competition. This work in batch experiments also aimed at providing a cultivation method, based on successive batches, to specialize MMCs with HACs.

Finally, in chapter 5, an experimental campaign in continuous stirred tank reactors (CSTRs) is presented. Going through continuous reactors was chosen to bring a new selection pressure: the dilution rates. From this regard, it is an interesting tool to study microbial competitions as dilution rate fixes the minimal specific growth rate required for the microorganisms to maintain themselves in the reactor. Hence, it is also a tool for microbial selection in MMCs. In this chapter, the effect of pH, temperature and dilution rate (D) are studied regarding the microbial competition, especially whether or not HM remained active. Some optimisation of the culture medium is also included in this part of the work.

These results obtained through modeling, and different experimental systems (chapters 4 and 5) provide diverse and complementary information about the behaviour of HM and HAC in anaerobic MMCs. The confrontation and the discussion of the different results contribute to bring insights for CO2 reduction bioprocesses development.

Dynamic model on AQUASIM

A kinetic model has been developed on Aquasim 2.1g [START_REF] Reichert | AQUASIM -A TOOL FOR SIMULATION AND DATA ANALYSIS OF AQUATIC SYSTEMS[END_REF] in order to study the microbial competition within the consortium, according to kinetics and thermodynamics features. The model is based on ADM1 existing processes, and have been adapted for the project. The model includes dynamic microbial growth in accordance with Monod equation; dynamic physical-chemical processes of weak acid dissociation, acid-base equilibria, and gas to liquid mass transfer (Figure 6). In the model, microbes metabolize the dissolved gas.

Homoacetogens produce Acetate and proton, instantaneously equilibrated according to pH. To simplify the model, only a gas and a liquid compartment are represented. Even if all the biological reactions discussed are supposed to occur in the cytoplasm, no intracellular compartment is represented in this model. 

Gas phase

No reactions occur in the gas compartment, and it is described as a homogeneous mixture of perfect-gases. Four state variables are represented in the gas phase: H2, CO2 CH4 and N2.

Liquid phase

The liquid phase is described as an ideal aqueous solution. Ionic strength I (G) of the mineral medium has been calculated as 0.026 M, which is lower than conventional physiological range (0.05 -0.25 M) [START_REF] Amend | Energetics of overall metabolic reactions of thermophilic and hyperthermophilic Archaea and Bacteria[END_REF].

𝐼 = 1 2 ∑ 𝑚 𝑖 𝑧 𝑖 2 (G) m:

molality of the component i z: charge of the component i

For this reason, ionic strength is considered as 0 so quantities used was not corrected according to ionic strength into the model. Additionally, in the framework of the simulation of batch experiments in serum bottles, low concentrations of acetate and biomass was reached, so solutes are considered as infinitely diluted. However, when higher concentrations of acetate and biomass are reached, this hypothesis should be reconsidered, and the physicochemical quantities have to be corrected according to ionic strength and dissolved organics concentrations.

Gas solubility in aqueous solution

Gas solubility in pure water at a given temperature depends proportionally on the partial pressure of the compound in the gas phase. The proportionality factor is called Henry's law constant. In real environments, Henry's law constant also depends on temperature, ionic strength and dissolved organic compounds. For the reason expressed in previous section 1.2., Henry's law constants will be corrected according to temperature only. There are different manners to express the Henry's law constant, with different units. Especially, two main types of Henry's law constant can be found: Henry's law solubility constants (H) describe the ratio between aqueous quantity over gaseous quantity (aq/g) of the compound considered at equilibrium; reversely, Henry's law volatility constants (KH) refer to the ratio of gaseous quantity over aqueous quantity (g/aq) of the compound at equilibrium. Different variants in the two previously described types exist with different units as well as dimensionless constants. A terminology and description of these different Henry's law constants has been well established by R. [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF], as well as a compilation of the constant values and will be used in the following sections. Depending on how the equilibrium of the two phases is described, the use of one or another variant of Henry's law constant is needed to ensure unit consistency.

Gas to liquid mass transfer rate definition

Only H2, CO2 and CH4 mass transfer are described in the model, as N2 is not involved in the reactions of interest. In the model, the gas to liquid mass transfer rate is described as follow according to AQUASIM manual:

𝐼 𝑖 = 𝑞 𝑒𝑥,𝑖 × (𝑓 𝑖 × 𝐶 𝑖,𝑎𝑞 -𝐶 𝑖,𝑔 ) in mol.L -1 d -1 (H)
With Ci,aq and Ci,g the soluble aqueous and gaseous concentrations of compound i, qex,i the exchange coefficient and fi the conversion factor allowing the description of phase transition.

In the case of Ii being the gas to liquid mass transfer rate (Tr,i) of compound i, qex,I is the volumetric transfer coefficient kLai in d -1 and fi is a dimensionless Henry's law volatility constant (𝐾 𝐻𝑖 𝑐𝑐 ) expressed as the ratio of concentrations in the gas over the liquid at equilibrium state. Finally, the mass transfer rate is described as follow:

𝑇 𝑟𝑖 = 𝐾 𝐿 𝑎 𝑖 × (𝐾 𝐻𝑖 𝑐𝑐 × 𝐶 𝑖,𝑎𝑞 -𝐶 𝑖,𝑔 ) (I)
As temperature strongly affects gas solubility, a correction of the Henry's law constant according to temperature is included in the model as follow [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF]:

𝐾 𝐻𝑖 𝑐𝑐 = 1 𝐻 𝑖 𝑐𝑝 (𝑇)×𝑅𝑇 (J) 𝐻 𝑖 𝑐𝑝 (𝑇) = 𝐻 𝑖 𝑐𝑝 (𝑇 𝜃 ) × exp ( -∆ 𝑠𝑜𝑙 𝐻 𝑅 × ( 1 𝑇 - 1 𝑇 𝜃 )) (K)
where:

𝐻 𝑖 𝑐𝑝 (𝑇 𝜃 ), M.atm -1 -∆ 𝑠𝑜𝑙 𝐻 𝑅 , K H2 0.00078020250 500 CO2
0.03343725000 2400 CH4 0.00141855000 1600 And T θ = 298.15 K

Biological reactions

The model includes two growth processes describing methanogenic archaea (XHM) and homoacetogenic bacteria (XHAC) biomasses production rates (Table 6), and biomass composition is considered as C5H7NO2. Hydrogen is considered as the limiting substrate in any case due firstly to its low solubility and secondly because CO2 is supplied in excess compared to H2 according to the stoichiometric ratio of the reactions. Thus, only Monod term for H2 is included in growth rates and CO2 limitation is neglected.

Decay rates

The model includes two decay processes describing methanogenic archaea and homoacetogenic bacteria biomass decomposition into composite materials XC as it is described in ADM1 (Table 6), with kdec set to 0.02 for HAC and HM. Note that in the framework of this project, the heterotrophic growth on composite material is considered as negligible and was not included.

Chapter 

Acetic acid dissociation and acid-base equilibria

Acid-base equilibria are considered and integrated to the model. This enables the calculation of pH, and the simulation of different forms of soluble CO2. Dissociation constant of each acidbase couple are defined according to temperature, except for acetate which is fixed. For each equilibrium, two processes are created for the forward and reverse reactions. For each HA/A - equilibrium:

𝐻𝐴 + 𝐻 2 𝑂 ↔ 𝐴 -+ 𝐻 3 𝑂 + 𝐾 𝑎 = 𝐶 𝐴 -×𝐶 𝐻 3 𝑂 + 𝐶 𝐻𝐴 (L) 𝑟 𝑓 = 𝐾 𝑒𝑞 × 𝐶 𝐴 -× 𝐶 𝐻 3 𝑂 + (M) 𝑟 𝑟 = 𝐾 𝑒𝑞 × 𝐾 𝑎 × 𝐶 𝐻𝐴 (N)
f stands for forward reaction and r reverse reaction. Keq was arbitrary fixed to 10 12 for increasing the kinetics of the reaction and simulate an instantaneous equilibrium. Fictive anions and cations were implemented into the model to ensure electroneutrality.

Electroneutrality is verified by:

𝑏𝑎𝑙𝑎𝑛𝑐𝑒_𝑐ℎ𝑎𝑟𝑔𝑒 = (𝑁𝐻 4 + ) + (𝐻 3 𝑂 + ) + (𝑐𝑎𝑡 + ) -(𝐴𝑐 -) -(𝐻𝐶𝑂 3 -) -2 × (𝐶𝑂 3 2-) -(𝑂𝐻 -) -(𝑎𝑛 -) = 0
pH can be calculated as follow: AM stands for acetoclastic methanogens as described in ADM1, and SAO for syntrophic acetate oxidation. These two biological reactions might be considered in the system as long as acetate is produced. Growths of these microbes are not included into the model. However, the calculations of Gibbs free energy (ΔrG) and thermodynamic factor (FT) as described by [START_REF] Jin | The thermodynamics and kinetics of microbial metabolism[END_REF] are included for all the reactions to evaluate their feasibility and the eventual thermodynamic limitations of HM and HAC.

𝑝𝐻 = -log[𝐶 𝐻 3 𝑂 + ] (O) Processes ↓ State Variables (mol.L -1 ) Rates (mol.L -1 d -1 ) ↓ CacH Cac CIC_co2 CIC_hco3 CIC_co3 CNH4+ CNH3 CH COH f_acH_ac -1 1 1 𝐾 𝑒𝑞 × 𝐾𝑎 𝑎𝑐𝐻 × 𝐶 𝑎𝑐𝐻 r_ac_acH 1 -1 -1 𝐾 𝑒𝑞 × 𝐶 𝑎𝑐 -× 𝐶 𝐻 + f_CO2_HCO3 -1 1 1 𝐾 𝑒𝑞 × 𝐾𝑎 𝐶𝑂 2 × 𝐶 𝐶𝑂 2 r_HCO3_CO2 1 -1 -1 𝐾 𝑒𝑞 × 𝐶 𝐻𝐶𝑂 3 -× 𝐶 𝐻 + f_HCO3_CO3 -1 1 1 𝐾 𝑒𝑞 × 𝐾𝑎 𝐻𝐶𝑂 3 -× 𝐶 𝐻𝐶𝑂 3 - r_CO3_HCO3 1 -1 -1 𝐾 𝑒𝑞 × 𝐶 𝐶𝑂 3 2-× 𝐶 𝐻 + f_NH4_NH3 -1 1 1 𝐾 𝑒𝑞 × 𝐾𝑎 𝑁𝐻 3 × 𝐶 𝑁𝐻 4 + r_NH3_NH4 1 -1 -1 𝐾 𝑒𝑞 × 𝐶 𝑁𝐻 3 × 𝐶 𝐻 + f_H_H2O_OH 1 1 𝐾 𝑒𝑞 × 𝐾 𝑤 r_OH_H2O_H -1 -1 𝐾 𝑒𝑞 × 𝐶 𝑂𝐻 -× 𝐶 𝐻 + Balance_an balance_charge -balance_charge 𝐾 𝑒𝑞 × 𝐶 𝑎𝑛 - Balance_cat -balance_charge balance_charge 𝐾 𝑒𝑞 × 𝐶 𝑐𝑎𝑡 +

Dynamic calculation of the Gibbs free energy of reaction (ΔrG)

ΔrGs are calculated dynamically into the model, to evaluate the feasibility of four reactions of interest (HM, HAC, AM, SAO) along the process according to the following equation:

𝛥𝑟𝐺 = 𝛥𝑟𝐺°+ 𝑅𝑇 × ln ( ∏ (𝑃 𝑔 ×𝐻 𝑔 ) 𝜈 ×𝐶 𝑙 𝜈 𝑝 ∏ (𝑃 𝑔 ×𝐻 𝑔 ) 𝜈 ×𝐶 𝑙 𝜈 𝑟 ) (P)
ΔrG° is calculated from the ΔfG° of the substrates and products from (Table 9), R is 0.0083144598 kJ.mol -1 .K -1 , P are the partial pressures of gaseous reactants, H are the solubility Henry's law constant of gaseous reactants, C are the concentration of solutes reactants.

Activities in the standard equation (E) were replaced by soluble concentrations, assuming the liquid phase is an ideal aqueous solution [START_REF] Jin | The thermodynamics and kinetics of microbial metabolism[END_REF]. The dissociated form of weak acids such as acetate are considered in the equation of ΔrG, as well as proton to integrate pH dependence of ΔrG in the calculation. 

Dynamic calculation of the thermodynamic factor (FT)

FT was calculated from equation (F), with values summarized in Table 10. 2 Experimental set up

HM

Pilot-scale methanation process

Experiments were carried out prior to the PhD project in a 20 L bubble column reactor of height and internal diameter of 1.200 m and 0.145 m respectively. The liquid phase ran in batch mode, whereas gas were continuously sparged from the bottom to the top of the column through porous fritted with a porosity between 100 and 160 µm. Headspace was recirculated at 120 NL.L -1 .d -1 . H2:CO2 ratio is 4:1, according to reaction stoichiometry [START_REF] Tlili | H2 drives metabolic rearrangements in gas-fermenting Clostridium autoethanogenum[END_REF].

The culture medium was composed of NH4Cl 1 g.L -1 ; KH2PO4 0.5 g.L -1 ; MgCl2, 6H2O 0.1 g.L -1 ; CaCl2, 2H2O 0.05 g.L -1 ; Na2SO4 0.1 g.L -1 ; NaHCO3 0.13 g.L -1 ; Na2S, 9H2O 2 g.L -1 .

Phosphate buffer is also used (K2HPO4 2.05 g.L -1 ; KH2PO4 0.59 g.L -1 ).

The inoculum came from household wastes, duck manure and bovine manure industrial AD plants. They were mixed, centrifuged, and suspended in fresh medium. and CO2 partial pressures of 0.66 ± 0.03 and 0.33 ± 0.03 respectively. The pH was measured externally at 6.30 ± 0.05 after inoculation with raw activated inoculum (T0), and 6.05 ± 0.03 after inoculation with enriched cultures (from T1 to T3). Once gas consumption is observed, liquid and gas composition are analysed (see analytical methods section). Four successive batches were operated (T0-T3), selecting at each step the most active mixed culture to inoculate the next triplicate of batches. The vials were prepared the same way at the beginning of each batch. To assess the enriched microbial activities, tests were carried out in 120 mL serum vials with 30 mL of liquid volume. Vials were filled with 24 mL of fresh medium, sealed with rubber stoppers and screw plugs and flushed 10 min with N2 before the addition of 6 mL of enriched culture T3 (20 % v/v). Triplicates of three different conditions were carried out. The first condition was H2/CO2, 30 mL of CO2 and 60 mL of H2 were injected in the vial. The second condition was H2/CO2 + BES, 15 mM of BES were added to the culture broth, 30 mL of CO2 and 60 mL of H2 were injected in the vials. The third condition was N2/Acetate, 20 mM of acetate were added to the culture broth, without H2/CO2 injection. The vials were incubated at the temperature at which the inoculum (T3) had been grown. The mass transfer coefficient (kLa) of the reactor was determined in water at 35 °C according to reoxidation method [START_REF] Roustan | Transferts gaz-liquide dans les procédés de traitement des eaux et des effluents gazeux -Michel Roustan[END_REF]. The water was flushed with nitrogen until the dissolved oxygen was close to zero. Then, the system was opened in order to diffuse air in the same conditions as H2/CO2 during the experiments. Three successive measurements were carried out.

Successive batches enrichments

Methanogenic, homoacetogenic, and acetotrophic activity tests

Continuous

The dissolved oxygen dynamics and the linearization curves are presented in Figure 9.

ln ( Finally, the mass transfer coefficient for O2 was 74 ± 1 h -1 and O2 was solubility of 6.92 ± 0.02 g.L -1 . The correction for H2, CO2 and CH4 are calculated with gas diffusivity as follow [START_REF] Roustan | Transferts gaz-liquide dans les procédés de traitement des eaux et des effluents gazeux -Michel Roustan[END_REF]:

(𝐶 * -𝐶 𝑡0 ) (𝐶 * -𝐶 𝑡𝑥 ) ) = 𝑘 𝐿 𝑎 × (𝑡𝑥 -𝑡0) (Q)
𝑘 𝐿 𝑎 𝑖 = 𝑘 𝐿 𝑎 𝑂2 × √ 𝐷 𝑖 𝐷 𝑂2 (R)
With DO2 = 2.1 x 10 -5 cm 2 .s -1 , DH2 = 4.5 x 10 -5 cm 2 .s -1 , DCO2 = 1.9 x 10 -5 cm 2 .s -1 and DCH4 = 1.5

x 10 -5 cm 2 .s - 

Gas phase volume measurement

Dead volume of the reactor was measured in the conditions of the CSTR assays. The reactor was filled with 2 L of fresh medium inoculated with 10 % (v/v) of sludge. Temperature was set to 35 °C, reactor was closed and the gas leaks were controlled so the reactor could maintain an overpressure of 0.2 bars during 1h. Successive known volumes of N2 were injected with a 60 mL syringe in the reactor. Pressure increase as a function of the volume injected was plotted to evaluate the gas phase volume (Figure 11) as follow: Finally, the gas phase volume was 1.24 ± 0.01 L in the conditions of the assays.

𝑉 𝑔𝑎𝑠 = 𝑃 𝑎𝑡𝑚 × 1 ∆𝑃 ∆𝑉 ( 

Gas mass flow controllers

Gas feeding was ensured with gas mass flow controllers (EL-FLOW SELECT F-201CV, Bronkhorst, France) connected to H2 and CO2 gas cylinders. H2 and CO2 flows were set to 0.06 L20°C.min -1 and 0.03 L20°C.min -1 respectively. These mass flow controllers were originally used with air and were calibrated for H2 and CO2. Their range were 2 NL.min -1 . The gas flowed continuously, and the output flow was measured with a gas meter (Ritter Drum-type TG 0.5).

GC continuous analysis

The gas phase was continuously circulated in a closed loop at 4.4 mL.min -1 and cross a gas chromatograph (Trace 1300, Thermo Scientific) equipped with a column Rxi-1ms (Restek) of 30 m and 0.32 mm of internal diameter. A loop for H2 detection in N2 as carrier gas and PFPD detection, and another loop for CO2 and CH4 in He as carrier gas and TCD detection were implemented. Gas was analysed every 10 min.

Liquid phase monitoring

Continuous operations

The mineral medium bottle was store in a fridge at 4 °C and anaerobic conditions all along its consumption. The feeding flow was set according to the HRT needed. The feeding flow was ensured with a peristaltic pump working intermittently because of the low flows applied.

Harvesting of the culture broth was carried out with a sampling cannula placed on the surface of the liquid to maintain a constant volume. The harvesting flow was set higher than the feeding flow, and occurred at the same intermittent time as feeding phases. The feeding and harvesting bottles were weighed every day to monitor the actual liquid flow and consider the harvesting of the volume equivalent to the base addition to regulate pH. Liquid sampling was carried out during the feeding/harvesting times, once or twice a day.

Microbial mixed culture origin and physical-chemical composition

The MMC used is a mixture of three sludges from anaerobic digestors. One treats cattle slurry on a dairy farm, another treats duck slurry and the last treats organic food wastes. The first two were sieved at 0.5 mm in order to eliminate as many solid particles as possible and to keep only the liquid phase and suspended microorganisms. The last was sieved at 50 mm due to its high viscosity. 8 L of each were mixed and placed at 4 °C.

pH of total fraction 8.2 pH of soluble fraction 8.3 Total COD g.L -1 34.1 Soluble COD g.L -1 3.8 TSS g.L -1 26.9 VSS g.L -1 18.5 NH4 + g.L -1 2.85 ± 0.15

AGV g.L -1
Acétate 0,36 Propionate 0,02 Iso-butyrate 0,04

Corresponding to 0.43 gCOD.L -1 of soluble COD A CSTR has been set up for the enrichment of the MMC with HAC, and the production of acetate in a single process (Figure 12). The reactor used was a 2L stirred tank reactor (uniVessel Glass, Sartorius) placed under a ventilated hood. The tank was equipped with two impellers, sparger at the bottom, and filled with 1.5 L of culture broth. The stirring speed was set at 600 rpm, and the temperature at 25 °C with a heating jacket. The process was set and monitored using a Biostat B controller (Sartorius Stedim Biotech). For safety reasons, H2 inflow was controlled using a mass flow meter (El-Flow Select, Bronkhorsts) while CO2 inflow was ensured through the controller. The output gas flow rate was calculated from a gas counter (Ritter MGC-1 V3.4) and a timer once a day. The feeding solution was composed of the mineral medium described in section 2.3. and connected to nitrogen pocket to ensure anaerobic conditions. Feeding rate was continuous and set with a peristatic pump. Harvesting was ensured using a level sensor activating a high-speed peristatic pump of the controller. The reactor was equipped with a pH/ORP probe (Mettler Toledo InPro 325 X i), an optical oxygen sensor (Hamilton VisiFerm DO 225 ECS) and a temperature sensor. pH was regulated with 1M solutions of NaOH and HCl with PID method with the controller. pH was measured externally in order to calibrate the probe when necessary (once a week).

CSTR at 25 °C in DTU

2.5 Growth media 2.5.1 Growth medium for the successive batches, the activity tests and the

CSTR at 25 °C (DTU)

The growth medium was prepared from the four following solutions: salts (NH4Cl, 50 g.L -1 ;

NaCl 10 g.L -1 ; MgCl2.6H2O, 10 g.L -1 ; CaCl2.2H2O, 5 g.L -1 ), Na2SO4 50 g.L -1 , Vitamins (biotin, 2 mg.L -1 ; folic acid, 2 mg.L -1 ; pyridoxine-HCl, 10 mg.L -1 ; riboflavin-HCl, 5 mg.L -1 ; thiamine-HCl, 5 mg.L -1 ; cyanocobalamine, 0.1 mg.L -1 ; nicotinic acid, 5 mg.L -1 ; p-aminobenzoic acid, 5 mg.L -1 ; lipoic acid, 5 mg.L -1 ; D-pantothenic acid hemicalcium salt, 5 mg.L -1 ), Trace metals (Nitrilotriacetic acid, 2000 mg.L -1 ; Fe(SO4)2(NH4)2.6H2O 800 mg.L -1 ; H3BO3, 10 mg.L -1 ;

ZnSO4.7H2O, 200 mg.L -1 ; CuCl2, 20 mg.L -1 ; MnSO4, 1000 mg.L -1 ; Na2MoO4.2H2O, 20 mg.L - 1 ; AlCl3, 10 mg.L -1 ; CoCl2•6H2O, 200 mg.L -1 ; NiCl2, 20 mg.L -1 ; Na2SeO4•5H2O, 18 mg.L -1 ; Na2WO4•2H2O, 22 mg.L -1 ). Potassium dihydrogen phosphate (KH2PO4 1M) and dipotassium hydrogen phosphate (K2HPO4 1M) were used as buffering solutions. The medium was prepared by adding 20 mL.L -1 of salts solutions, 1 mL.L -1 of Na2SO4 solution, 10 mL.L -1 of vitamins solutions, 10 mL.L -1 of trace metals solution, 86 mL.L -1 of KH2PO4 and 14 mL.L -1 of K2HPO4.

The pH of the medium under N2 atmosphere was 5.98 ± 0.05.

Growth medium for the CSTR at 35 °C (TBI)

A minimal medium was used initially and composed of four different stock solutions. Solution A: NH4Cl (20 g.L -1 ); solution B: MgCl2.6H2O (2 g.L -1 ), CaCl2.2H2O (1 g.L -1 ); solution C: FeCl2.4H2O (200 mg.L -1) ; H3BO3 (10 mg.L -1 ); ZnCl2.7H2O (10 mg.L -1 ); CuCl2.2H2O (8 mg.L - 1 ); MnCl2.4H2O (20 mg.L -1 ); H24Mo7N6O24, (7 mg.L -1 ); CoCl2•6H2O (60 mg.L -1 ); NiCl2 (20 mg.L -1 ); solution D: Na2S (4 g.L -1 ). The Four solution were mixed together in the appropriate volume of water to prevent precipitates between the different solutions: 50 mL.L -1 of solutions A and B, 20 mL.L -1 of solution C. This first mixture was flushed 10 min with nitrogen in the feeding bottle closed, then 25 mL.L -1 of solution D were injected in the bottle with a syringe to ensure anaerobic addition of sulphide and prevent its oxidation and volatilization. Finally, a nitrogen pocket was connected to the bottle to compensate the loss of volume along the experiment and prevent O2 inlet. FID detection was carried out at 240 °C.

2.6

Ionic chromatography

Anions (F -, Cl -, NO2 -, Br -, NO3 -, SO4 2-, PO4 3-) and cations (Li + , Na + , NH4 + , K + , Mg 2+ , Ca 2+ ) concentrations were determined with an ionic chromatograph (Dionex ICS 2000, Thermo Scientific). Cation column was IonPac CS16 (2x250mm), eluent was methanesulfonic acid 30 mM at 0.36 mL.min -1 and 40 °C. Anions column was IonPac™ AS19 (2x250mm), eluent was KOH 20 mM, at 0.25 mL.min -1 and 30 °C.

VSS and TSS measurements

In order to know the quantity of dry matter in the reactor, a known volume (30-50 mL) of culture was centrifuged for 15 minutes at 13200 rpm. The pellet was taken up in a few mL of distilled water and then placed in an aluminium dish of known mass (md) at 105°C for 24 hours.

At the end of 24 hours, the dish is weighed (m105), placed for 2 hours at 500°C then weighed again (m500). It is then possible to calculate the total suspended solid (TSS), the mineral suspended solid (MSS) as well as the volatile suspended solids (VSS):

TSS = (m105 -mc)/V (T) MSS = (m500 -mc)/V (U) VSS = TSS -MSS (V)

Analytical methods in DTU, for successive batches, activity tests, and CSTR at 25 °C monitoring

Gas composition in H2, CO2, CH4, N2, O2 was analysed using a gas chromatograph (GC 8610C, SRI Instruments, USA) while liquid was analysed for volatile fatty acids and alcohols concentrations determination (formic acid, acetic acid, butyric acid, valeric acid, hexanoic acid, isobutyric acid, isovaleric acid, ethanol, butanol) using a High-Performance Liquid Chromatograph (HPLC Shimadzu, USA). Detailed methods have been described in previous paper [START_REF] Grimalt-Alemany | Enrichment of Mesophilic and Thermophilic Mixed Microbial Consortia for Syngas Biomethanation: The Role of Kinetic and Thermodynamic Competition[END_REF]. Microbial biomass was monitored with OD measurements at 600 nm using a spectrophotometer (DR2800, Hach Lange). Correlations between OD600 and dry weigh (DW), and between OD600 and volatile weight (VW) after 24h at 100 °C and 2h at 500 °C respectively, have been done with 50 mL samples of a CSTR culture inoculated with the same MMC at 25 °C under H2/CO2.

Microbial analysis

Methods in TBI for CSTR at 35 °C cultures

Two sample tubes of 2 mL were regularly stored at -20 °C for later DNA extraction and sequencing.

Total DNA extraction kit (MPbio, Fast DNA spin kit for soil) according to manufacturer instructions. Extracted DNA were submitted to the GetBiopuces Platform (TBI, INSA Toulouse). Amplification of V4 and V5 regions of 16 rRNA was carried out with 515F-Y 5'

GTGYCAGCMGCCGCGGTAA and 926R 5' CCGYCAATTYMTTTRAGTTT primers [START_REF] Walters | Improved Bacterial 16S rRNA Gene (V4 and V4-5) and Fungal Internal Transcribed Spacer Marker Gene Primers for Microbial Community Surveys[END_REF]. Library preparation was done with Ion Torrent S5 instrument. Data were processed with DADA2 pipeline, taxa assignment was done under rANOMALY package with the algorithm IDTAXA and database SILVA 138 16S and GTDB bac120_arc122 [START_REF] Theil | rANOMALY: AmplicoN wOrkflow for Microbial community AnaLYsis[END_REF]. Data visualization was processed with rANOMALY package. rRNA was performed with 515F-Y 5'-GTGYCAGCMGCCGCGGTAA and 926R 5'

Methods in

CCGYCAATTYMTTTRAGTTT primers [START_REF] Walters | Improved Bacterial 16S rRNA Gene (V4 and V4-5) and Fungal Internal Transcribed Spacer Marker Gene Primers for Microbial Community Surveys[END_REF]. Library preparation was done according to Illumina NGS workflow with Illumina Miseq instrument [START_REF] Vigliar | Challenges and opportunities of next-generation sequencing: a cytopathologist's perspective[END_REF].

Data were processed with Qiime2 [START_REF] Hall | 16S rRNA Gene Analysis with QIIME2[END_REF] and Sklearn pipelines, and the taxa assignment was performed with database SILVA132. Data visualization was processed with rANOMALY package.

CHAPTER 3: Microbial competition between homoacetogens and hydrogenotrophic methanogens, a case study through biological methanation and modeling.

Associated manuscripts:

Rafrafi, Y., Laguillaumie 

Introduction

A pilot scale bubble column reactor was experimented for biological ex situ methanation at 55 °C prior to the PhD project. In this process, the liquid phase was conducted in pseudo-batch mode, meaning that only few volumes of liquid were sometimes extracted for volume regulation because methanation reaction produced water (Figure 13), or added for nutrient supply. These extractions and supplementations were necessary considering the duration of the operations that lasted over 400 d. However, the term pseudo-batch mode is used here, as the retention time was more than 100 d -1 during the two first periods presented in this chapter. Conversely, the gas phase was conducted in continuous mode, with a recirculation loop to improve the gas conversion yields. The gas inflow was composed of H2/CO2. The flow and the H2/CO2 ratio were modified during the process to test both the capacity, the adaptability and the stability of the methanation process (Figure 14 and Figure 16). VFA accumulations were observed during Chapter 3 92 this campaign (Figure 15), so the data were analysed in the framework of the PhD project. In this chapter, the two first periods of operation are discussed, regarding methane and VFA production, in order to understand the reason why VFA accumulated [START_REF] Laguillaumie | Stability of ex situ biological methanation of H2/CO2 with a mixed microbial culture in a pilot scale bubble column reactor[END_REF]. VFA, and in particular acetate accumulation, was previously pointed as instability indicators in anaerobic digestion processes [START_REF] Jacobi | Use of near infrared spectroscopy in monitoring of volatile fatty acids in anaerobic digestion[END_REF]. More recently, it was also frequently observed in methanation processes, especially in in situ ones, and associated with H2 additions in the reactors [START_REF] Bertsch | Biomethanation processes: new insights on the effect of a high H2 partial pressure on microbial communities[END_REF][START_REF] Agneessens | Parameters affecting acetate concentrations during in-situ biological hydrogen methanation[END_REF][START_REF] Agneessens | In-situ biogas upgrading with pulse H2 additions: The relevance of methanogen adaption and inorganic carbon level[END_REF]. The analysis of process parameters is often undertaken, and is useful to understand the key parameters that affect these accumulations and instabilities of the processes. However, a deeper insight in the understanding of the microbial competitions within the MMCs is rarely addressed, although some studies brought some key findings about the effect of the temperature on the kinetic parameters of the different microbial communities (Fu et al., 2019;[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] Weijma | Competition for H2 between sulfate reducers, methanogens and homoacetogens in a gaslift reactor[END_REF].

Here, the objective was to analyse the data to confirm the key parameters previously pointed out, but also to study the microbial competition from a microbial kinetic point of view, within a modeling work, to enable to identify other parameters that could affect the competition between homoacetogens (HAC) and hydrogenotrophic methanogens (HM).

Results and discussion

Figure 14 represents the methane flow rates measured as a function of the H2 and CO2 inflows.

The ranges of H2 and CO2 inflow rates varied from 1 to 8 NL.L -1 .d -1 and from 0.13 to 1.9 NL.L - 1 .d -1 respectively, during both periods 1 and 2. During period 1, after 10 d of start-up period, the methane production increased proportionally with gas inflow rates (A), represented in green, with a yield of 0.22 NLCH4.NLH2 -1 and 1.02 NLCH4.NLCO2 -1 which is close to the stoichiometric yields of 0.25 and 1 respectively. When gas inflow was increased, represented in blue, CH4 production increased proportionally. This indicates that the system was able to handle the flow rates variations while keeping methane selectivity and maximal substrate conversion rates. This also indicates that the maximal transfer capacity of the system was not reached in the range of inflows tested, and the system was limited by the gas supply. Conversely, during period 2,

Figure 14: Methane production as a function of H2 (up) or CO2 (down) inflow during period 1 (left) and period 2 (right) of the ex situ methanation experiment (Laguillaumie et al., 2022).
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the increase of inflow rates to the same range of values than during period 1, twice led to instability in the methane production, represented by red squares and triangles, between 127-140 d and again between 176-193 d (B).

Figure 15 represents VFA concentrations during periods 1 and 2. The two gas load increase phases during period 2 are represented by vertical lines. During these two phases of period 2, VFA, and in particular acetate accumulated in the liquid phase, while no accumulations were observed during period 1 at same gas inflows. Figure 16 represents H2/CO2 inlet ratio, and PH2 measured in the reactor. During gas increase phases, again delimited by vertical lines, PH2 reached 0.6-0.7 bars, indicating high amounts of substrate were not consumed, which is in accordance with methane production decrease observed. After sulphide supplementation directly injected in the reactor on days 136 and 192, maximal methane production was recovered and VFA concentrations decreased. PERIOD 2

Figure 15: VFA concentration in the reactor during periods 1 and 2. Acetate (blue circles), propionate (black triangles), butyrate (yellow circles), isobutyrate (orange circles), methylbutyrate and isovalerate (green circles). Red vertical lines delimit the two phases during which methane production was not proportional to H2/CO2 inflow. Red arrows represent sulphide (Na2S) injection in the reactor (Laguillaumie et al., 2022).

Figure 16: H2/CO2 ratio of the gas inflow (dark diamonds), and PH2 in bars (blue circles) of the gas inflow during periods 1 and 2 of the biological methanation process.

These results allowed to highlight the dynamic behaviour of the MMC in a biological methanation reactor. In particular, instability periods of the process were observed, and attributed to a sulphide limitation. After supplementing the culture broth with sulphide, process stability was recovered, demonstrating the reversibility of the system. Acetate accumulation was attributed to HAC, which turned to be favourable after H2 availability increased in the system due to methanogens limitation. HAC dependence to H2 partial pressure was previously demonstrated [START_REF] Agneessens | Parameters affecting acetate concentrations during in-situ biological hydrogen methanation[END_REF][START_REF] Fuentes | Knowing the enemy: homoacetogens in hydrogen production reactors[END_REF][START_REF] Karekar | Homo-Acetogens: Their Metabolism and Competitive Relationship with Hydrogenotrophic Methanogens[END_REF], and it was observed and confirmed in this study.

Still, acetate productivities remained low, and represented only 1 % of the available COD, with high amounts of H2 remaining unconverted. Hence, HAC were not able to handle all the H2 available and dominate over HM. In the context of this experiment, actions were undertaken to recover methanogenesis and stop the VFA production, which makes difficult the interpretation of the competition as a steady state was not reached. However, this dynamic observation highlighted that HAC are opportunists becoming active as soon as the conditions are favourable, i.e. H2 availability increases. This is linked to thermodynamic feasibility of the reactions. Indeed, HAC as most anaerobic reactions, operates close to thermodynamic equilibrium. Acetogenic bacteria hence developed a very flexible metabolism, capable of consuming a wide range of substrates, and survive in very diverse environments, which explains acetogens are quite ubiquitous in nature. Acetogenic bacteria versatility has been documented, in natural environments they mostly grow heterotrophically, and switch to autotrophy in H2 concentrated environments [START_REF] Drake | Old Acetogens, New Light[END_REF][START_REF] Karekar | Homo-Acetogens: Their Metabolism and Competitive Relationship with Hydrogenotrophic Methanogens[END_REF]. In other terms, they are capable of following thermodynamic feasibility of reactions to harvest energy in diverse environments. In the biological methanation reactor, they likely maintained themselves on lysis products, contributing to the robustness of the process over long periods. As they grew on lysis products, their growth rates and concentrations remained low. Hence, they were difficult to identify through 16S rRNA sequencing [START_REF] Laguillaumie | Stability of ex situ biological methanation of H2/CO2 with a mixed microbial culture in a pilot scale bubble column reactor[END_REF].

Modeling gas fermentation and the competition between hydrogenotrophic methanogens and homoacetogens

A modeling work has been carried out to simulate different culture modes of gas fermentation with suspended MMC. First, the biological methanation system is simulated, with a closed liquid phase, and an opened gas phase (Figure 17). This had for objective to explain and understand the acetate accumulations observed in the reactor. Then, two other configurations have been simulated, with the liquid and the gas phases being closed (batch) or opened (continuous) (Figure 20). These process configurations are described and discussed, regarding the microbial competition between HM and HAC, and from a process point of view to evaluate what configuration best suits for a given application. Kinetic and thermodynamic analysis are also addressed.

Modeling of the biological methanation reactor: Batch mode of the liquid phase, continuous mode of the gas phase (closed on liquid and opened on gas).

Figure 17: Biological methanation configuration tested within the model, with the liquid phase being closed, and the gas oopen. MTL: mass transfer limitation.

In this section, the biological methanation reactor studied and presented in the previous sections was implemented in the model with the objective of simulating the instability observed in methanogenic activity. This will bring understanding about the MMC behaviour, the transient VFA accumulations, and will allow to hypothesize some process management of biological methanation. The biological methanation reactor was simulated with a liquid volume of 20 L, and a gas volume of 3 L. The liquid phase is closed, and the gas is opened with an inflow of 100 L.d -1 , corresponding to an intermediate value of the inflows range tested during periods 1 and 2 (Figure 14). Temperature is set to 55 °C and pH fixed to 7. Kinetic parameters are chosen in accordance with the effect of temperature on HM and HAC found in literature (Table 13).

In the previous section, it was shown that the methanation reactor was limited by the gas supply, and not by the maximal transfer capacity of the reactor. Indeed, if this would be the case, residual concentrations of both H2 and CO2 would be found in the outlet gas. However, during period 1, H2 and CO2 conversion yields were 89 % and 100 % respectively, indicating that CO2 supply was limiting the system. kLa(O2) of the reactor at 55 °C was measured around 720 d -1 .

Hence, for the simulations, kLa were set to 1000, 700 and 600 d -1 for H2, CO2 and CH4 respectively, in respect with Higbie penetration theory [START_REF] Roustan | Transferts gaz-liquide dans les procédés de traitement des eaux et des effluents gazeux -Michel Roustan[END_REF]. First simulations were carried out with HM as sole microorganisms to study biological methanation features. Then, sensitivity to KH2 in the range identified in literature (10 -4 -10 -6 mol.L -1 ) was tested. KH2 was not a sensitive parameter in the range tested (not shown), and KH2 was set to 10 -6 mol.L -1 .

During the first period of biological methanation described, H2/CO2 ratio of the gas supplied variated from 4 to 5.8. CO2 limitation was thus expected. However, H2 or CO2 limitation have different effects on the system, and this has been analysed with the model. Indeed, H2/CO2 ratio appeared to be a sensitive parameter depending on the growth yield of HM. However, to our best knowledge, only few studies discussed its effect on the process [START_REF] Wahid | Effects of H2:CO2 ratio and H2 supply fluctuation on methane content and microbial community composition during in-situ biological biogas upgrading[END_REF]. The molar ratio for Sabatier reaction is 4, and this ratio is often used in biological methanation processes. But this ratio doesn't consider the microorganisms growth yield. Indeed, the stoichiometry established here (Chapter 2, section 1.5.1), considering a growth yield of 0.045 gCODX.gCODH2 -1 , leads to an actual H2/CO2 molar ratio of 3.83. Simulations at 3.6, 3.83 and 4 were carried out to evaluate the advantages or drawbacks of working at the exact molar ratio required for HM growth, or under H2 or CO2 limitation. Results are presented in Figure 18. The exact molar ratio of 3.83 allows a high purity of the methane produced, due to a minimisation of residual H2 and CO2. It thus increases the process efficiency in terms of gas valorisation. However, a ratio of 4 or 3.6 leads to a dilution of the produced methane due to the excess of one of the substrates. This has to be considered when implementing a biological methanation process, because if the H2/CO2 ratio is not in accordance with the stoichiometry of the biological reaction, the CH4 concentration in the output gas is potentially limited independently of any other optimization lever. With a ratio of 4, H2 is limiting during transitory state because of its lower solubility, but CO2 is finally limiting during stationary state due to a lack of carbon in the system to supply growth. Conversely, a ratio of 3.6 leads to a residual H2 concentration in the gas output. This seems trivial, but in practice, there are obstacles to correctly define the optimal H2/CO2 ratio. First, it is shown here that a difference of 0.17 on the input ratio (between 3.83 and 4) represents a variation in H2 and CO2 concentrations of only 0.7 % in the inlet gas, but leads up to 16 % of H2 in the output gas, which significantly affects the methane purity and its direct downstream utilization. For example in France, although there is a desire to increase the authorized threshold, only 6 % of H2 are accepted in the biogas to be injected in the natural gas grid currently (GRT gaz, 2019). Another obstacle is linked to biology, because the stoichiometric ratio is directly linked to microorganism's growth yield. Hence, a good knowledge of microorganisms in presence is crucial, and this could be difficult, especially working with MMCs. Also, side reactions, even with low rates, have to be understood and considered. Typically, heterotrophic growth on lysis products described in the biological methanation reactors will affect the H2/CO2 ratio as these reactions produce H2 and/or CO2.

In term of process management, H2/CO2 ratio could be of great importance, not only for the reasons previously discussed, but also because being in excess of H2 or of CO2 can lead to very different behaviours and process features. For example, it could be interesting to be in excess of CO2 and limited by H2 supply to maintain a constant PCO2 in the reactor that will naturally regulate the pH of the process and ensure its stability. This is likely what explains the conclusions of [START_REF] Wahid | Effects of H2:CO2 ratio and H2 supply fluctuation on methane content and microbial community composition during in-situ biological biogas upgrading[END_REF]. Indeed, the authors demonstrated that a molar H2/CO2 ratio of 4 led to better process stability in their in situ methanation process, while at a ratio above 4 the pH increased, and residual H2 in the reactor also led to VFA accumulations.

Conclusion on biological methanation reactor modeling

Data from 200 d of operation in a biological methanation reactor have been analysed in regard of transient instability periods. During these specific periods, VFA, among which acetate, accumulated in the liquid phase running in pseudo-batch mode. These instability periods were attributed to a nutrient deficiency limiting growth of HM, leading to an increase of PH2 in the reactor, consequently this allowed HAC to grow. Nutrient limitation was attributed to sulphide, as the methanogenic activity recovered twice after sulphide supplementation in the reactor. This provided a new point of attention regarding the competition between HM and HAC, as HAC were apparently less sensitive to sulphide limitation. There can be different reasons for this difference. First, sulphide, or other reduced sulphur sources, are essential for HM [START_REF] Jarrell | Nutritional requirements of the methanogenic archaebacteria[END_REF][START_REF] Mcinerney | Basic Principles of Bioconversions in Anaerobic Digestion and Methanogenesis[END_REF]. Additionally, sulphide is a reducing agent and contributes to maintain low oxidoreduction potential (ORP) in the reactor. HAC requirements in sulphur could be lower, and of different forms. Also, it is likely that considering the very diverse environments where HACs are found, they could be less sensitive to higher ORP than HMs.

However, acetate accumulation was difficult to characterize in the methanation reactor, due to low kinetics compared to HM. Hence, growth of HAC was not quantifiable, and HAC could not be clearly identified with the 16S rRNA microbial analysis. Simulation of HAC at this stage was not possible, but the methanation reactor was simulated in ideal conditions. The importance of H2/CO2 ratio was pointed out to optimize the quality of methane produced.

In view of these observations, the thesis project aimed at understand the dynamic behaviour between HAC and HM in a MMC growing on H2/CO2, with the objective of promoting HAC and implement acetogenic bioreactors fed with H2/CO2 by controlling the microbial competition. The review of kinetic parameters of both communities presented in chapter 1 was used in the model. A theoretical work was carried out to formulate the features of gas fermentation under H2/CO2 regarding the competition between HAC and HM in a MMC. In the next section, different reactor configurations are explored with the model, to identify key parameters in the process control to promote HAC over HM. 

SAO

C2H4O2 + 2H2O → 4H2 + 2CO2

ΔrG°' = + 82 kJ.reaction -1 In this section, the possibility of promoting HAC rather than HM is explored with the model in different culture modes. The mechanisms of the competition from a kinetic and also a thermodynamic point of view is analysed. In the simulations presented, HAC growth is introduced. FT and ΔrG are calculated in dynamic during the simulations, but not integrated in the kinetic equations at this stage of the study. The objective of this work is to identify how to favour HAC rather than HM, from environmental conditions potentially advantaging HAC.

1CO The following hypothesis are formulated: HM and HAC are suspended biomasses; the culture broth is homogeneous regarding soluble concentrations. According to literature (Figure 5), working under thermophilic conditions should favour HM growth considering their high specific growth rates above 45 °C. To promote HAC, it is more interesting to operate in a range of temperature from 20 to 35 °C. Then, in the simulations, the upper growth rates of both population in this range of temperature were chosen, so the growth was maximized.

Additionally, HM also have lower KH2 which makes them difficult to outcompete when substrate limitation occurs (i.e. mass transfer limitation, or gas supply limitation). For these reasons, kinetic parameters of both communities were collected in the literature, and ranges of specific growth rates, half-saturation constants, and growth yields were established (Table 14) for the simulations, from studies operating between 20 and 35 °C. According to Table 14, the major parameter to consider for orienting the competition should be the specific growth rate, as in certain conditions HAC have higher ones. It is also possible that in certain conditions HAC have lower KH2 than HM, especially at temperatures below 20 °C [START_REF] Conrad | Hydrogen turnover by psychrotrophic homoacetogenic and mesophilic methanogenic bacteria in anoxic paddy soil and lake sediment[END_REF].

However, only few kinetic parameters were reported below 20 °C, so this case will not be integrated in this study. Hence, even when HAC have higher µmax, substrate limitation should be handled as well to allow HAC to access to the substrate.

These parameters were tested with the model in two different configurations. The first type is called a batch mode, with the liquid and the gas phases being closed. In the second configuration, the liquid and the gas are opened (Figure 20). 

Batch mode: closed liquid and gas phases

In batch mode, a bottle of 2L with 0.5 L of liquid was simulated. HM and HAC initial biomass concentrations were set to 0.001 gCOD.L -1 and kLa of all gases to 10 d -1 . Figure 21 shows the results with maximisation of both growths according to Table 14, to understand and describe the features of the competition with one population having a better µmax (HAC), and the other having a better KH2 (HM). 

BATCH

D

The biomasses profile (Figure 21A) can be divided into two phases. During the first phase, soluble H2 concentration is much higher than H2 thresholds of HM and HAC. Both communities grow at their µmax, which is the parameter that governs the competition (r-competition). So in this configuration, HAC dominate, but HM can also grow and remain in the reactor, leading to a cohabitation of both microbial communities. During the second phase delimited by vertical dot lines, soluble H2 is limiting (rH2 = TH2). Microorganisms enter in a phase of competition for trace amounts of H2, in which HM take the advantage due to their better affinity to the substrate (Kcompetition). With these kinetic parameters, a kLa increase from 10 to 50 d -1 allows to produce twice more HAC than HM. However, further increase of the kLa doesn't promote anymore HAC. This is explained by the fact that increasing kLa delays the time when mass transfer limitation is reached. Hence, above a certain kLa value, the final H2 consumption rate remains below the maximal mass transfer rate for the entire experiment, and the competition remains governed by µmax.

Figure 21C and D show the calculations of ΔrG and FT of HM, HAC, AM and SAO along the simulation. It is interesting to note that the mass transfer limitation is closely related to thermodynamic limitation for HAC. Indeed, when the system enters in mass transfer limitation (vertical lines), the ΔrG(HAC) reaches -14 kJ/reaction, which is close to the value of ΔrGc found in literature for this community (-14.85 kJ.reaction -1 ) (Grimalt-Alemany et al., 2020).

Additionally, from 0.7 d, it shows that HM are also thermodynamically limited until the end.

Hence, the limitation term of Monod, defined with KH2 is closely related to thermodynamic constraints. This demonstrates that empirical parameters such as KH2, could be replaced by thermodynamic limitation terms. This also show that when substrate is not limiting, the system is mostly governed by kinetics, provided that products concentrations are not above the thermodynamic threshold. When the system is mass transfer limited, then the main limitation is thermodynamic. Although SAO and AM growths were not activated in the model, FT calculations show that AM reaction is feasible all along the batch. A slight thermodynamic of AM during the batch is due to PCO2 first, and then PCH4 at the end of the batch. SAO reaction is not feasible until acetate is produced and PH2 et PCO2 fall below 0.08 bar.

Kinetic parameters on H2 substrate seem accurate, as the simulations could be thermodynamically consistent by only considering H2 Monod limitation term. However, kinetic parameters for other substrates have not been well measured and described in literature. Considering the difficulty to measure Ks, the use of thermodynamic limitation terms could be interesting to describe anaerobic systems under other types of limitations, such as CO2 limitation. Indeed, FT not only consider substrate availability, but also product concentrations inhibition, temperature, and pH. Therefore, FT should be more suitable to describe systems in dynamic state, or in new environmental conditions for which kinetic parameters are not available.

According to these simulations, it should be possible to favour HAC in batch mode, as long as the mass transfer rate (TH2) is higher than H2 consumption rates (rH2). Hence, in batch mode, a key process parameter is the ratio between rH2 and TH2. In order to decrease this ratio, two main options are the increase of the kLa of the reactor, and the decrease of the initial biomass concentration by diluting the MMC. Of course, a compromise must be found between the biomass dilution, and the amount of enriched MMC needed by the end of the experiment. The initial concentration of HM is also important and should be minimized, for example be choosing a MMC coming from anaerobic environment where methanogenic activity is low, like in psychrophilic environments.

Considering this, batch mode appears as an interesting cultivation strategy for MMC specialization and enrichment, to provide inoculum. However, it seems not advisable for acetate production processes, as the substrate limitation will be an unavoidable obstacle.

In batch mode, biomass accumulates and its concentration increases. This implies that rH2 reaches mass transfer limitation sooner or later, as long as substrate is available. This explains why liquid closed mode is preferred for biological methanation, with a continuous gas supply. This way, higher biomass concentrations are reached, which increases methane production rate.

Additionally, in the case of methanation, methane is continuously extracted in the gas phase, which makes it possible to operate over long periods without product accumulation issues.

In the case of acetate production though, the product accumulates in the liquid, which makes continuous mode on the liquid phase more interesting for this application to avoid product concentration inhibition effects. Considering lab constraints to implement continuous reactors, it can still be envisaged to carry out successive batches, diluting the biomasses at each new inoculation step and therefore maintaining low rates and preventing mass transfer limitation. This could be an interesting way to specialize and enrich a MMC with batch cultures. Figure 22 shows a simulation of such process, based on the same parameters used in the previous simulations in batch mode. The inoculation of successive batches with 15 % of the previous one was simulated, with transfer during the first phase of the gas fermentation (before substrate limitation is reached).

This way, HM are maintained at pseudo-constant and low concentration, while HAC concentration increases along successive batches. This strategy could be a method of producing a specialized MMC, and operate with higher kLa would allow to reach higher HAC concentrations by the end of the experiment. 

Continuous mode: open liquid and gas phases

Switch to a continuous management of the liquid phase should be more interesting for acetate production from H2/CO2. First, it allows to regulate the acetate concentration and its inhibitory effect of HAC. Also, continuous mode brings a new constraint, the dilution rate D, that imposes a minimal specific growth rate for the microorganisms to maintain themselves in the reactor.

Hence, as it is assumed that under low temperature conditions HAC have higher specific growth rates than HM, this could be advantageous for HAC. Indeed, if environmental conditions a properly chosen, it should be a critical D value above which HM are washed out the process, while HAC remain alone.

In continuous mode, kLa doesn't influence the outcome of the competition, but only determines the maximal capacity of the system. Once mass transfer limitation is reached, the dissolved concentrations of H2 and CO2 will be low, and the competition will be governed by KH2. Indeed, the continuous supply of substrate should necessarily drive the system to reach mass transfer limitation, provided that there is no other limitation or inhibition in the liquid phase. Finally, implementing continuous process with gaseous substrates leads to a loss of some of the not limiting substrates in the liquid outlet (Figure 20). This phenomenon is emphasized for CO2 if it is not the limiting substrate, as it has a high solubility (Figure 23B). The loss of CO2 will depend on D, but also on pH that regulates the amount of bicarbonates in the liquid, and temperature as gas solubilities decrease with increasing temperatures. The H2/CO2 ratio is also of great importance in continuous processes.

The model was used to simulate continuous mode, by opening the liquid compartment of the batch mode model. As the µmax of HAC and HM were set to 8 and 5 d -1 respectively, setting D over 5 d - 1 led to HM wash out. Hence, D has been set to 3 d -1 to observe the dynamic behaviour of the competition, again according two phases before and after reaching mass transfer limitation, and with a H2/CO2 ratio of 2 or 4 (Figure 23). FT was integrated in the growth rates to ensure thermodynamic consistency of the dynamics, especially under CO2 limitation. First, conversely to the stoichiometric H2/CO2 ratio of HM, the one of HAC doesn't depend on the microorganism's growth yields and remains at 2 in any case. This simplifies the application of an optimal ratio, as it only depends on process parameters D, pH and T, regarding non-limiting substrate loss in the outlet, as discussed before. Figure 23A shows that with and excess of CO2 (H2/CO2 67:33), or in other terms, under H2 mass transfer limitation, the competition is in favour of HM at steady state as they have lower KH2. However, before mass transfer limitation is reached, HAC grow faster, according to the same mechanism as described in batch mode, as they have higher specific growth rates. This explains why in numerous biological methanation studies, acetate accumulation is observed at the beginning of the operations before steady state. Here, D is below HM and HAC specific growth rates, so HM outcompete HAC once mass transfer limitation is reached. However, with the same D, but under CO2 mass transfer limitation (H2/CO2 80:20), the competition is no more governed by KH2 but by KCO2. Due to a lack of data on KCO2 of both communities, same KCO2 of 8.10 -6 mol.L -1 was arbitrary attributed to each population. Hence, HAC outcompete HM due to their higher specific growth rate in this case. Although these simulations cannot be overinterpreted due to the uncertainty of KCO2, it shows that continuous mode can be interesting to overcome H2 mass transfer limitation, and operate under other type of limitation that could promote HAC rather than HM. Furthermore, as FT was integrated in the growth rates, the simulations are thermodynamically consistent. These results show that the outcome of the competition could be different whether if the system is H2 or CO2 limited. These results also demonstrate that operate with the molar ratio of substrate determined with the stochiometric equation without considering the biomass production is not relevant. Indeed, in these simulations, a ratio of 4 (80:20) promoted HAC, while a ratio of 2 (67:33) promoted HM. Yet, the molar ratio of the respective chemical equations are 2 and 4. 
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These two different profiles according to H2/CO2 ratio, also led to different thermodynamic profiles (Figure 23C and D). Especially, under H2 mass transfer limitation (H2/CO2 67:33), HM is thermodynamically feasible all along the process, and even if HAC becomes feasible from 5 d, the competition is under kinetic control, and the effect of KS prevails. However, what is interesting is that under CO2 mass transfer limitation (H2/CO2 80:20), ΔrG of HAC is of -13 kJ.reaction -1 , meaning that the reaction is under strong thermodynamic limitation. The model even predicts that it is unfeasible (FT = 0), considering the energy conserved (ΔGc) set for the FT calculation to -14.85 kJ.reaction -1 . However, there is uncertainties on the ΔGc of the reactions, due to ATP yields and ΔrG of ADP phosphorylation variations depending on the strains [START_REF] Bengelsdorf | Chapter Four -Bacterial Anaerobic Synthesis Gas (Syngas) and CO2+H2 Fermentation[END_REF][START_REF] Jin | The thermodynamics and kinetics of microbial metabolism[END_REF].

These simulations demonstrate that kinetic models are incomplete if not considering thermodynamic constraints, as previously stated (Grimalt-Alemany et al., 2020), especially under conditions in which kinetic parameters has not been accurately defined. Here, the thermodynamic limitation of HAC is due to the concentration of acetate (0.06 M), and a very low PCO2 in the case of CO2 limitation. The fact that HAC requires two-fold more CO2 than HM enhances even more the thermodynamic limitation of HAC compared to HM.

Conclusion

This first work aimed to establish a theoretical analysis of the competition between HM and HAC. The competition has been observed and analysed in a thermophilic ex situ biological methanation reactor to highlight the key parameters and operational conditions that promoted acetate accumulations in this reactor. However, the acetate production rate was low, the reactor was optimized for HM. However, HM deficiency could be identified as the main HAC promoting factor, as when sulphide was supplemented in the reactor, HM activity recovered and acetate production ceased. This confirmed that the main challenge for acetate production from CO2 is the inactivation of methanogenic activity. From the literature, some specific environmental conditions were pointed out to favour HAC. Among them, the decrease of the reactor temperature, and the increase of PH2 were recurrent. Hence, the model was used in batch and continuous mode, with kinetic parameters identified for HM and HAC between 20 and

°C.

With the parameters considered, the overcome of substrate limitation appeared as the key challenge to promote HAC in batch mode. According to the simulations, implementing successive batches allow to specialize and enrich the MMC with HAC along the transfers.

Continuous reactors also appeared as interesting tools for MMC specialization for HAC. But conversely to batch mode, in continuous mode the HM can be completely eliminated at steady state, provided that HAC have higher specific growth rate than HM, for example under low temperatures.

This work also highlighted that depending on the H2/CO2 ratio, H2 or CO2 can be limiting.

However, in literature, it is often assumed that H2 is limiting. Kinetic parameters are well described regarding H2 limitation, and the model in batch mode showed that only considering kinetic parameters, the simulation was consistent with thermodynamics. However, the applicability of these parameters in continuous mode, and under CO2 limitation is questionable, as few of them have been determined in these conditions. Therefore, a thermodynamic analysis of the reaction's feasibility is an interesting way of evaluating the feasibility of the reactions and the consistency of kinetic simulations. It also helps for the understanding of the MMC behaviour. The calculation of FT allows to bring some precision to describe the community's dynamics, and is robust tool as pH, temperature, substrates and products concentrations are considered. Considering the difficulty to measure KS for example, but also µmax due to mass transfer limitation, these simulations suggest that thermodynamic calculations could be used to describe the dynamics of MMC.

When gas inflows applied exceed the maximal mass transfer capacity of the system, in continuous mode, gas partial pressures remain stable at significant values, while the liquid phase is actually mass transfer limited. Working in such conditions should help to stabilise the system when the objective is to study it and not optimize a production process. In the latter case, it seems more advisable to apply gas loads very close to mass transfer capacities, so the gas is not wasted.

Also, this particularity of the system should allow to estimate the maximal mass transfer capacity of the system in real conditions. Indeed, kLa is generally measured in water, and for O2 in air. Hence, the conditions are significantly different than the operating conditions, and the numerical corrections of kLa values bring uncertainties. Additionally, the biomass concentration could have an effect on gas diffusivity and solubility which is generally not considered.

After studying acetate accumulations in a biological methanation reactor, a theoretical modeling work was based on kinetic parameters from the literature. This introductive chapter allowed to give the principles of the competition according to different culture modes.

Furthermore, it has been demonstrated that in theory, there should be some conditions and culture modes that promote HAC over HM under H2/CO2. However, this has to be confronted to real conditions. Therefore, experimental studies were conducted during the thesis project, and they are presented in chapters 4 and 5. In chapter 4, successive batches were implemented, the effects of temperature between 25 and 35 °C, and of mass transfer limitation were analysed.

Then, the microbial competition was studied in continuous reactors. Different pH and dilution rates were applied to test the system and analyse the behaviour of the microbial communities in different conditions. These results aim to complement each other to provide information on the competition between HM and HAC, and identify the main parameters to drive the process toward the production of acetate.

CHAPTER 4: Microbial competition control between hydrogenotrophic methanogens and homoacetogens for selective production of acetate under H 2 /CO 2 in successive batches

Associated manuscript:
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Dumas C. Controlling the microbial competition between hydrogenotrophic methanogens and homoacetogens using mass transfer and thermodynamic constraints. Journal of Cleaner
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Introduction

HAC is a promising route for biotechnology development of C1 compounds (CO, CO2, methanol etc.) recovery into value added molecules. Studying the competition between HM and HAC could result in a method for inoculum development that presents advantages compared to the addition of inhibitors or heat treatments. As highlighted in chapter 3, maintaining low H2 consumption rates compared to mass transfer rate of the reactor is crucial in the outcome of the competition between HM and HAC in batch mode. Indeed, mass transfer limitation will lead to a K-competition, benefiting to HM in most cases. The exception could be psychrophilic conditions, under which HAC could have better H2 fixating capacities.

In this chapter, an experimental work aiming at confront the previous statements to real conditions is presented. In batch mode, there should be a way of promoting HAC in a MMC by implementing successive batches, provided that in the conditions of the tests, HAC have higher growth rates than HM. According to literature review, HAC and HM have similar specific growth rates in the range of 20 -40 °C, but the disparity of the data found makes it difficult to predict the outcome of the competition. Hence, a first objective in this chapter is to evaluate if it is possible to promote HAC in a MMC by lowering the temperature.

The modeling work presented in chapter 3 showed that in batch mode a successive batches approach is interesting to maintain low H2 consumption rates compared to H2 mass transfer rates, contributing to enhance acetate production. However, batch mode should not allow to eliminate HM, as they are also able to fix the substrate. In these conditions, a cohabitation of HM and HAC is expected, and the cultivation management should be properly operated so the Figure 24 shows the electron balances between acetate and methane produced over H2 consumed along the different SBs carried out. Some of these balances are not satisfying, and this is attributed to measures uncertainty. Also, for the first batch of each SB set (T0), complex materials were present, originated from the inoculum used. Hence other metabolisms could be active in this batch, but were not considered in the balances, bringing some errors.

Results and discussion

Functional activities selected in SBs

However, significant differences can be observed between the different SBs. First, acetate was never detected in the liquid phase of SBs conducted at 35 °C. In the other hand, at 25 °C, acetate could be detected, and the balance even moved toward acetate as sole product when mass 

Acetotrophic activity

Figure 25 shows the results of activity tests carried out on the MMC enriched at 35 °C. Only the MMC obtained after mass transfer limited SBs' was tested, due to a lack of time. The results show that even if acetate was not detected during the SB period, HAC as well as HM were active in the activity tests. Hydrogenotrophic tests show that HAC and HM could grow, with methane begin the main product. At 35 °C, HM specific growth rate was likely higher than that of HAC, and also higher than at 25 °C. Additionally, H2 solubility is lower at 35 °C than at 25 °C, so the mass transfer limitation was reached earlier, benefiting to HM. Activity tests were also carried out on the two MMCs obtained at 25 °C. According to Figure 26A, in MMC enriched at 25 °C under mass transfer limitation, HAC was active in the homoacetogenic tests, but couldn't grow in hydrogenotrophic tests in which HM outcompeted them. This indicates that HAC were still in the MMC even if acetate production was not detected anymore at the end of these SBs. However, with HM being active, acetate production is not observed. Conversely, in the MMC enriched in SBs at 25 °C, overcoming the mass transfer limitation, it was methane production that was not detected anymore at the end of the SBs. But in this case, activity tests revealed that methanogenesis function was lost in the MMC obtained. Indeed, only acetate production was detected in the hydrogenotrophic test.

These results demonstrate that methanogenic function could be irreversibly eliminated from the MMC by implementing a specific cultivation method. This method consisted in lowering temperature to 25 °C, and avoid mass transfer limitation by transferring from a batch to another as soon as some substrate consumption was observed. In fact, the short time of each batch must have been another constraint for HM. Indeed, at 25 °C, longer lag phases were observed for HM than for HAC during the SBs phase. Hence, this might have contributed to progressively loose them along the SBs, which explains why the activity was lost while the simulations predicted a cohabitation. The longer lag phase of HM than that of HAC can be due to a higher oxygen sensitivity during the batch transfers.

Acetate concentration and total pressure (not shown) remained constant in all acetotrophic activity tests, indicating that the MMCs were not able to consume acetate in these conditions. The results of these activity tests show that AM and SAO were likely washed out from the MMCs along the SBs, and could not be reactivated afterwards when placed under favourable conditions. Am have generally lower specific growth rates than HM (Batstone et al., 2002, p. 1), so if HM were washed out, it is consistent that AM were too. Regarding SAO, the thermodynamic analysis of the theoretical batch culture presented in chapter 3 showed that this reaction was not favourable until acetate is produced, and H2/CO2 partial pressures are low. In the case of the SBs transferred rapidly to overcome mass transfer limitation, substrate partial pressures were still significant in the gas phase, so SAO could not be active. A discussion about thermodynamic analysis of the SBs is presented in section 2.3. Methanobacterium was selected in all enrichments except in this same MMC. However, Methanobrevibacter was found in all samples, with the highest abundance of 12 % in the enriched MMC at 25 °C under mass transfer limitation. This suggests that Methanobrevibacter was more adapted to 25 °C than Methanobacterium, and that temperature also affects the competition between different HMs. Finally, Desulfovibrio was found in all the samples, with particularly high abundance of 33 % in the SB at 25 °C without mass transfer limitation. The latter are sulphate reducing bacteria (SRB) capable of growing in chemolithoautotrophy on CO2, but also in heterotrophy on acetate, using the WLP or the reductive glycine pathway. Sulphate is the electron acceptor of the metabolism, and the electrons can come from different monomers such as sugars, amino acids, short chain fatty acids (including acetate), ethanol, and hydrogen. Consistently, they can be found in acetogenic and hydrogenic systems when sulphate is available [START_REF] Sánchez-Andrea | The reductive glycine pathway allows autotrophic growth of Desulfovibrio desulfuricans[END_REF][START_REF] Weijma | Competition for H2 between sulfate reducers, methanogens and homoacetogens in a gaslift reactor[END_REF][START_REF] Cord-Ruwisch | The capacity of hydrogenotrophic anaerobic bacteria to compete for traces of hydrogen depends on the redox potential of the terminal electron acceptor[END_REF][START_REF] Wood | The acetyl-CoA pathway of autotrophic growth[END_REF][START_REF] Badziong | Acetate and carbon dioxide assimilation by Desulfovibrio vulgaris (Marburg), growing on hydrogen and sulfate as sole energy source[END_REF]. Since the mineral medium contained sulphates, these bacteria remained in competition with HAC at 25 °C when mass transfer limitation was overcome, demonstrating that conversely to HM, they had competitive specific growth rates with HAC in these conditions. SRB are capable of using H2 to reduce sulphate of the mineral growth medium as an anaerobic respiration, they can also oxidize acetate as an anaerobic fermentation, according to the following stoichiometries:

Microbial composition of the MMCs provided after SBs enrichments

4H2 + SO4 2-+ H + → HS -+ 4H2O SRB C2H4O2 + SO4 2-→ 2HCO3 -+ HS -SAO-SRB H2S + H2O ↔ HS -+ H3O + pka = 7.04
The initial concentration of sulphate in the medium was 0.35 mM corresponding to a maximum of H2 consumed by SRB of 1.4 mM, or 0.022 gCODH2.L -1 . As the reactions produce reduced sulphur in the forms of HS -, this can explain that HM were enriched in most of the SBs despite the omission of sulphide addition in the mineral medium. In order to go further in the understanding of the competition between HM and HAC, ΔrG from the experimental data during the SBs were calculated (Figure 28). At 35 °C, the calculations show that the ΔrG of HM and HAC were negative enough for the reaction to proceed, and close. This indicates that at 35 °C the competition must be governed by kinetics. Hence, HM likely have better kinetic properties at 35 °C than at 25 °C, explaining that they outcompeted HAC in the SBs at 35 °C. However, HAC activity was detected in the activity tests of the corresponding MMCs, indicating that HAC were able to maintain themselves in the SBs, probably consuming traces of H2.

Thermodynamic analysis of the SBs

At 25 °C, ΔrG of HM and HAC were different, the one of HAC being higher. This indicates that lowering the temperature does not benefit to HAC from a thermodynamic point of view. However, the effect of the cultivation method at 25 °C is visible. Indeed, in the not mass transfer limited SBs, ΔrG of HAC have been maintained low enough for the reaction to proceed, while in the first strategy with mass transfer limitation reached, and longer batch times, the thermodynamic limitation of HAC is reached at the end of each batch, and this contributed to progressively promote HM along this set of SBs.

These results show that mass transfer limitation is closely related to thermodynamic limitations.

Hence, under mass transfer limitation, the competition is governed by thermodynamics, which promoted HM both at 25 °C and 35 °C. However, when mass transfer limitation is overcome, then the competition is governed by kinetics, and HAC could outcompete HM at 25 °C showing that lowering temperature had an effect on the relative kinetic performances of HM and HAC, in favour of HAC. SAO was never favourable according to thermodynamics, while an acetate consumption was observed at the end of batches at 25 °C. It is likely that this consumption was due to AM activity, as the reaction was thermodynamically feasible especially at 25 °C when both acetate and methane were observed.

HAC and HM kinetic features

In the MMC enriched under mass transfer limitation at 25°C, HM dominated (Figure 27), however, activity tests revealed that HAC could grow when HM was inhibited. Hence, the hydrogenotrophic activity test was used to characterize HM, and the homoacetogenic test to characterize HAC. Growth yields were calculated along the tests.

Figure 29: Growth yields calculated during the activity tests of MMC enriched in SBs at 25 °C under mass transfer limitation. In blue the data of the homoacetogenic tests in which only HAC was detected. In red the data from the hydrogenotrophic tests in which only HM was detected. A: growth yields as a function of time (HAC: n=3; HM: n=2). B: Growth yields as a function of PH2.

According to Figure 29A, HAC had higher growth yields than HM. For both HM and HAC, the growth yield was not constant along the activity tests and decreased. This indicates that the production of biomass represented a higher part of H2 fixed during the first stage of the batch. This is consistent with the profile of acetate production during this test (Figure 26A), as at 3.7 d H2 consumption was detected, while acetate production was not detected yet. According to Figure 27B, it is possible that HM and HAC growth yields are PH2 dependent, and increase with PH2. This 
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would imply a variable stoichiometry, assuming that under H2 limiting conditions, microorganism's produce acetate, but the energy they harvest from it is not necessarily used for growth but also for maintenance. In the contrary, when the PH2 is higher, they are capable of higher growth yields. Though, the fact that acetate is later produced is not consistent with the fact that acetate production is linked to catabolism, meaning that it should be necessary for the cell to support growth. An explanation could be that the energetic capacities of HAC are very diverse, and some mechanisms, still not completely understood, improve energetic efficiency of the metabolism, such as electron bifurcating enzymatic systems (Figure 4). This could explain that stoichiometry used here were not applicable in every conditions, especially under energetic limitations [START_REF] Regueira | Electron bifurcation mechanism and homoacetogenesis explain products yields in mixed culture anaerobic fermentations[END_REF].

Interestingly, it was possible to identify a minimal PH2 below which HAC could not grow anymore. In the case of HM, this PH2 threshold was not quantifiable. However, for HAC, an average residual PH2 of 0.021 ± 0.004 bar was identified in the vials, corresponding to a residual H2 concentration of 1.65.E-05 mol.L -1 in the liquid phase at 25 °C. This confirms that HAC had higher H2 threshold than HM, so lowering temperature to 25 °C was not enough to reverse the substrate affinity order of both communities. This PH2 threshold must be linked to thermodynamics of the reactions, especially the conserved energy ΔGc. The calculated ΔrG of HAC at the end of the homoacetogenic tests was of 2.8 kJ.reaction -1 . This value is lower than the ΔGc of 15 kJ.reaction -1 found in literature. Methanogenic and homoacetogenic tests of this MMC have been simulated in the model (Figure 30 and Figure 31).

Both simulations led to a km estimation of 12 gCODH2.gCODX -1 .d -1 , suggesting that the activity tests were mass transfer limited. Hence, it is only possible to say that both HM and HAC had km above this value. Hence, this set of data were not suitable for the characterization of maximal specific performances of the HM and HAC. Nevertheless, the kinetic model representation of the methanogenic test was satisfying (Figure 30). On the other hand, the representation of the homoacetogenic test with the kinetic model didn't describe the PH2 threshold observed at the end of the batch (Figure 31). The addition of the FT in the HAC growth rate led to the inhibition of the reaction earlier than in experimental conditions.

Hence, the ΔGc of HAC was set to 2.8 kJ.reaction, which was the value calculated in section 2.1.

This time, the acetate production profile could be better represented. However, the gas profile was still not correctly represented at the end of the batch, and this must be due to the sensitivity of the gas phase composition to slight changes in H2/CO2 ratio, growth yields, pH and temperature as discussed in chapter 3. Here, the temperature and pH were relatively constant during the batches, so the difficulty of representing the data is more likely due to the growth yield definition. Implementing a variable stoichiometry depending on PH2 should be envisaged in the future works. Finally, Table 15 is a summary of the main kinetic parameters of HAC and HM calculated from the hydrogenotrophic and the homoacetogenic activity tests in this study, gathered with previously obtained results with similar approach at 37 °C and 55 °C on syngas [START_REF] Grimalt-Alemany | Enrichment of Mesophilic and Thermophilic Mixed Microbial Consortia for Syngas Biomethanation: The Role of Kinetic and Thermodynamic Competition[END_REF]. For each condition of this study, volumetric H2 consumption rates were similar for HM and HAC, suggesting that the tests were mass transfer limited, and this has been confirmed with the simulations of Figure 30 and Figure 31. Hence, maximal specific kinetic parameters such as µmax could not be estimated from these data.

Higher HM growth yields were reported at 37 °C on syngas than at 35 °C on H2/CO2 in this study.

This confirms that growth on syngas allows better growth performances of microorganisms, and this is due to CO being a better electron donor than H2. However, this tendency is not observed for HACs, as all the growth yields measured at mesophilic conditions are of the same magnitude in both studies. Hence, it is possible that HAC have evolved with better energetic conservation mechanisms than HM to handle energetic limitations. This would be consistent with the fact that HM doesn't suffer from energetic limitations as the reaction thermodynamics are much better than that of HAC. Considering maximal specific uptake rates though, values obtained here at 35 °C are higher than the one obtained at 37 °C on syngas. However, this is attributed to a better mass transfer capacity of the activity tests in this study because stirring rate was higher.

Enriched HMs genera were not the same under syngas or H2/CO2, thus it is possible that Methanobacterium could not handle CO at the concentrations tested, and that Methanospirillum was preferentially selected on syngas. Regarding HACs, Acetobacterium was selected in all the conditions except the one at 35 °C with transfer during stationary phase. In this MMC, HM were highly dominating, and only traces of Clostridium sensu stricto 12 was detected.

Conclusion and outlook

In this chapter, the microbial competition between HM and HAC was investigated in real conditions in order to confront the statements from the modeling work presented in chapter 3.

Indeed, the simulations showed that it should be possible to find conditions of temperature and substrate availability that promote HAC growth and maintain HM at low concentration in the MMC. SBs were implemented, at 25 °C and 35 °C, and with two different cultivation strategies.

The first one waiting for mass transfer limitation after multiple gas injections and consumption phases, and the second not waiting for mass transfer limitation by transferring faster as soon as activity was detected after a single gas injection phase.

The experimental results were successful. First, the effect of temperature was observed, as acetate was never detected in the SBs at 35 °C. Then, at 25 °C and avoiding mass transfer limitation, homoacetogenesis remained as the sole metabolic function identified in the activity tests. Hence, this cultivation method even allowed to eliminate HM in the MMC. This was due to too low kinetic parameters values of HM, and their potentially higher oxygen sensitivity during the transfers, leading to their loss along the SBs set. In perspective of this study, it will be interesting to evaluate the reproducibility of this cultivation method with different starting anaerobic MMCs to prove its robustness and applicability to provide HAC specialized MMCs.

The system was further analysed, first in terms of microbial communities analysis and kinetics.

The temperature effect between 25 °C and 35 °C was also observed on the microbial selection, as well as the gas nature when compared to enrichments on syngas. Methanobacterium HM outcompeted HAC at 35 °C, while Acetobacterium HAC coexisted with Methanobacterium and Methanobrevibacter HMs at 25 °C. A diversity in the HMs selected was observed, while HAC was mostly belonging to Acetobacterium genus in all enriched MMCs. Furthermore, growth yields of HM decrease with the increase of temperature in the range of 25 -60 °C, and are higher on syngas than on H2/CO2. Conversely, HAC growth yields were similar in all of these conditions, highlighting the better metabolic efficiency strategies developed by HAC to face energetic limitations. Regarding growth yields, a variability of its value was observed along the activity tests, and this was enhanced in the case of HAC. In future works, a variable stoichiometry could be considered for the representation of such systems, as it has been previously proposed in organic wastes valorization models [START_REF] Regueira | Electron bifurcation mechanism and homoacetogenesis explain products yields in mixed culture anaerobic fermentations[END_REF]. The development of more detailed models in terms of bioenergetic could be required and help for the understanding of the mechanisms ruling HAC growth.

AM and SAO were not observed in the activity tests. At 35 °C, this was mostly because of thermodynamic limitation of the reaction, and because acetate was not produced along the SBs enrichments. However, at 25 °C, AM was feasible but still not detected. According to literature, AM have lower specific growth rates than HM, explaining that they were not capable of maintaining themselves in the SBs, especially because their substrate, acetate, was produced along the batches, and so decreasing their potential time for growth. However, the SRB Desulfovibrio was detected at significant relative abundance in the MMC, because of the addition of sulphate instead of sulphide in the mineral medium. The promotion of SRB provided reduced sulphur in significant amounts as sulphate is the electron acceptor of these bacteria. Hence, HM were not sulphur limited during the tests. The consideration of SRB in the framework of the microbial competition will of interest for further optimizations of the MMC specialization cultivation method developed here.

Regarding thermodynamics of the system, HM were never thermodynamically inhibited in the conditions tested. Additionally, mass transfer limitation was closely related to thermodynamic limitation, confirming that under mass transfer limitation, the competition is governed by thermodynamic and HM outcompete HAC. Hence, the kinetic model was satisfying for the simulation of HM growth, while HAC growth representation required the integration of FT.

However, a different ΔGc of 2.8 kJ.reaction -1 than the one found in literature (15 kJ.reaction -1 )

was estimated to correctly describe the acetate production profile. However, this value has to be better determined in future studies. Indeed, the gas phase behaviour was not correctly described, especially at the end of the batch, probably because of the fix stoichiometry used, and the sensitivity of the gas composition to H2/CO2 ratio. This makes difficult the interpretation of the exactitude of the ΔGc estimated.

It has been demonstrated in this chapter that SBs are successful cultivation methods for the enrichment of MMC with HAC under H2/CO2. Lowering the temperature and overcoming mass transfer limitation were the key parameters for successfully enrich MMCs with HAC. Activity tests and microbial analysis allowed to identify the metabolic functions enriched and the dominant taxa associated. Thermodynamic and modeling tools were used to better describe and understand the system.

In chapter 5, continuous cultures of MMCs were implemented, to evaluate the potential of such reactor management for the selection of HAC. Considering the results obtained in chapter 4, HAC selection in continuous mode should be possible at 25 °C, as HAC had higher specific growth rates than HM in successive batches at this temperature. However, the thermodynamic limitation,

i.e mass transfer limitation, will have to be overcome.

CHAPTER 5: Competition between homoacetogens and hydrogenotrophic methanogens in a continuous process, opened on the gas and the liquid phases.

Effect of pH, dilution rate and nutrient limitations.

Introduction

In this chapter, the competition between HAC and HM is studied in continuous stirred tank reactors (CSTRs), with open liquid and open anaerobic gas phase. The two phases are managed independently, with their proper retention time in the system. The biomass is suspended and the liquid phase is considered perfectly mixed. Continuous processes can be used for different objectives. First, they enable to study a biological system with different features than in batch mode, they also can be used for microbial selection, and finally they also are production processes.

A critical discussion regarding these different aspects in the case of H2/CO2 fermentation for the production of acetate with MMC will be addressed.

As discussed in chapter 3, continuous processes should be interesting for MMC specialization with HAC, under conditions for which they have higher specific growth rates. In addition to the substrate limitation, and the eventual thermodynamic limitations, opening the liquid phase imposes the microorganisms' growth rates. Hence, there is a minimal specific growth rate required for the microorganisms to be able to maintain themselves in the reactor. At steady state, the system should be substrate limited, either by the gas inflow, or by the mass transfer rate, provided that there is no other limitation or inhibition in the system. However, thermodynamic limitations may occur, especially for HAC because ΔrG is closer to thermodynamic equilibrium, and the product of the reaction accumulates in the liquid phase. Continuous mode allows the regulation of the product concentration, and could be advantageous to overcome thermodynamic limitations compared to batch processes.

In chapter 4, the study of the competition in batch mode highlighted the effect of the temperature on the specific growth rates of HM and HAC. Indeed, at 35 °C, HM had higher specific growth rate, as well as lower KH2, making them outcompeting HAC whatever the mass transfer limitation state. However, decreasing the temperature to 25 °C resulted in HAC having higher growth rates than HM and could outcompete methanogens, except under mass transfer limitation, suggesting that HM still had lower KH2 than HAC at 25 °C. The SBs carried out have similarities with continuous processes. Indeed, there is a semi-continuous substrate supply, and also a retention time (batch time) applied to the MMC after each transfer from a batch to the next one.

To go further, it is proposed in this last chapter to investigate the competition in continuous reactors, opened on the gas and on the liquid. Hence, a first objective is to verify the results obtained in batch mode. Especially: at 35 °C, HM should outcompete HAC and remain alone at steady-state, and it should be no D allowing to keep HAC and wash out HM. At 25 °C though, HAC should outcompete HM and remain at steady-state, provided that D is properly chosen between the maximal specific growth rate of HM and the one of HAC. The effect of pH is also addressed, by conducting CSTRs at neutral pH or pH 5. Working at pH 5 could be advantageous in terms of operations, because it is close to acetate pka. However, the productivities could be lower due to inhibition effects and thermodynamic limitations. Also, the reduction of acetate into ethanol should be promoted at pH 5.

Different experimental campaigns are presented. First, at 35 °C in the system developed in TBI (Chapter 2, section 2.3.1). Although these results were not expected, high acetate concentrations were reached in the reactor at 35 °C, so different assays have been carried out at this temperature.

The pH was regulated at 5 or 6.5-7, and dilution rates between 0.2 and 1 d -1 were tested depending on the assays. High gas inflows were applied to ensure maximal mass transfer capacities of the system, and stabilize gas partial pressures all along the experiments. The high mass transfer capacity (kLa = 74 h -1 ) compared to batch experiment allowed to increase the period before mass transfer limitation is reached. This should increase the biomass concentration in the reactors, and facilitate the calculations. However, different obstacles were encountered. First, the gas balances were complicated due to the high gas inflow compared to the gas consumption rates. Secondly, changing from batch to continuous mode led to nutrient limitations that may have changed the competition rules. Nutrient investigations were conducted to identify the requirements for the system.

Finally, a test at 25 °C was conducted, in a different reactor (Chapter 2, section 2.3.2), with lower gas inflows in order to better quantify gas consumption rates. pH and dilution rate were changed in dynamic during this test to evaluate the reaction of the system to these changes, and the effect on the different biological activities. In this process, the culture medium was supplemented with nutrients identified as essentials. Also, sulphate was added as sulphur source in this assay, to evaluate the effect of sulphide omission in continuous processes, and see if SRB were selected or not.

Results and discussion

CSTR at 35 °C

Development of the continuous study system

A bioreactor was developed at TBI to specifically study the microbial competition in continuous mode, with gas and liquid phases opened. Hence, a 2 L glass tank was used and instrumented (Figure 10). Different conditions were considered important for the development of the system to be able to study the microbial competition. First, maintaining high and constant gas partial pressures over a long period of time to ensure high and stable substrate availability. This required to ensure a high gas/liquid mass transfer coefficient (kLa = 74 h -1 ), and apply high gas inflows so the gas partial pressures were stable along the experiment. A first assay (CSTR1) was carried out to evaluate if the system was suitable to the study of the microbial competition in continuous mode, and if the mass transfer limitation was reached late enough to be able to study the system with or without mass transfer limitation. CSTR1 was carried out at pH 7 with a targeted HRT of 7 d. During this assay, high acetate concentrations were reached in the liquid, and methane was detected at significant concentrations in the gas phase (Figure 32C). Figure 32B shows methane and acetate produced in cumulated gCOD over time between 12 and 17 d. Due to the numerous optimizations and instrumentations carried out during this assay, it was only possible to measure all the data needed for mass balances during this short period. Acetate production was of an average of 4.6 gCOD.d -1 , and methane was produced. In order to promote HAC by applying high gas availability, and to stabilise the gas phase composition and partial pressures, high gas inflow was set. But this led to uncertainties in the measurements of the gases consumed and produced, as it is much lower than the overall gas flow. Between 12.4 and 13.4 d, acetate and methane production represented 73 % of the COD balance. Even considering 5 -10 % of biomass yield, this balance is not satisfying and suggests that all the gas related calculations were not accurate.

It is also possible that other products accumulated in the liquid, but were not analysed in this study.

However, acetate concentrations in the liquid, and methane concentration in the gas were considered accurate. Hence, it is possible to quantify acetate production, and qualitatively know if methane was produced or not. During this first assay, that mainly aimed to the development of the system, simultaneous production of acetate and methane was observed during 35 d, suggesting cohabitation of HM and HAC, that remained stable from 15 to 35 d. This result significates that the bioreactor developed was a suitable study system of the microbial competition between HAC and HM in continuous mode. The microbial analysis confirmed that at the end of CSTR1, the MMC have been enriched with 21 % of Acetobacterium wieringae (HAC) and 18 % of Methanobacterium formicicum (HM) (Figure 33). This information, together with the gas composition profile, suggest that mass transfer limitation was not reached, Chapter 5 150 allowing to avoid the K-competition for low substrate concentrations. The system stabilised at a pseudo-steady state during which acetate concentration was 16.2 ± 2.3 g.L -1 between 12 and 34 d and CH4 amount of around 4.7 ± 0.9 % in the gas phase from 15 to 28 d. During this assay, a cohabitation between HM and HAC occurred, and the system remained relatively stable for more than 20 d. The limitations of the process during this pseudo-steady state will be investigated, so further analysis and discussions will be addressed in this chapter.

Discussion about pH regulation and dilution rate variation

During the first assay, the actual HRT varied between 4.6 and 7.1 depending on the amount of NaOH added. NaOH addition was mainly correlated to acetate production in the system. To stabilise the pH all along the experiment, NaOH addition compensated the protons release due to acetic acid production and dissociation. Depending on the pH, the dissociation was more or less important. The lower the pH, the less dissociation and the need for NaOH addition. As the drain of the reactor was done with a surface canula in order to maintain a constant liquid volume, the liquid outflow variated. As a consequence, the dilution rate of the liquid phase increased with the acetate increasing concentration, and oscillated around an average value during the pseudo-steady state (Figure 32A).

Acetic acid production rate:

𝑟 𝐴𝑐𝐻 = (1 -𝑌𝑋 𝐻𝐴𝐶 𝐻 2
) × 𝑘 𝑚 𝐻𝐴𝐶 × 𝐶 𝐻2 𝐶 𝐻2 + 𝐾 𝐻2 𝐻𝐴𝐶 × 𝑋 𝐻𝐴𝐶 (× 𝐹 𝑇 ) (𝑚𝑜𝑙 𝐴𝑐𝐻 . 𝐿 -1 . 𝑑 -1 )

Proton release:

𝑟 𝐻 + 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = 𝐾𝑎 𝐴𝑐𝐻 × 𝐶 𝐴𝑐𝐻 × 𝑉 𝑙𝑖𝑞 (𝑚𝑜𝑙 𝐻 + . 𝑑 -1 )
NaOH inflow:

𝑄 𝑁𝑎𝑂𝐻 = 𝑟 𝐻 + 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝐶 𝑁𝑎𝑂𝐻 (𝐿 𝑁𝑎𝑂𝐻 . 𝑑 -1 )
Finally:

𝐷 = (𝑄 𝑖𝑛 𝑙𝑖𝑞 + 𝑄 𝑁𝑎𝑂𝐻 ) 𝑉 𝑙𝑖𝑞 (𝑑 -1 )
Where Qin_liq is the nutrient solution inflow.

To avoid too many changes in the D variation, it is possible to use a concentrated alkaline solution, for example. However, the accuracy of the addition system must be considered so the minimal volume of base added (a drop), doesn't cause pH fluctuations. Another possibility is to concentrate the nutrient solution and decrease the liquid inflow. However, this particularity of the system is not necessarily a drawback.

From the point of view of the microbial competition, the D increase with acetate concentration could be interesting to promote HAC. Indeed, HAC will fix the D to a high value according to their acetate productivities. Additionally, the increase of the dilution rate will also decrease the acetate concentration in the reactor, limiting the thermodynamic limitation and toxicity inhibition effects on HAC, increasing even more their productivities. A compromise between acetate productivity, NaOH concentration, and acetate concentration in the liquid outflow must be found, to allow high acetate productivity, but also provide a sufficiently high concentration of acetate for the downstream process. In this study, the pH was regulated because it was one of the main parameters studied. The objective was to evaluate the effect of pH value on productivities and microorganism selection in MMCs. However, in order to develop a production process in future works, pH regulation will have to be discussed and specifically studied regarding the productivities, but also the process management strategies and costs. It is possible that a pH regulation would not be necessary, or that it could be regulated very close to the acetic acid pka (for example between 5 -5.5) to ensure satisfying productivities.

In the next sections, new assays are described. Each of them has been carried out with different pH regulation and D set points. pH 7 led to the cohabitation of HM and HAC. Additionally, pH 8 led to complicated process management due to high amount of NaOH addition (unsuccessful assay, not shown). For these reasons, assays at pH of 6.5 and 5 have been tested, with D ranging from 0.2 to 1 d -1 . A phosphate buffer (0.1 M) was added to the medium for the test at pH 6.5 to limit alkaline solution addition and D variation.

Effect of pH and dilution rate on the continuous process of H2/CO2 conversion with MMC

An experimental campaign was started to evaluate the effect of pH and D, in different assay. A first analysis axis is the competition between HM and HAC at the beginning of the assay, in transitory and pseudo-steady states. Then a second axis of analysis is the viability of the process and its stabilisation, with the understanding of the pseudo-steady-states reached. Microbial composition of the MMC over time will be discussed according to the functional activity observed in the reactor. 

Competition between HM and HAC in continuous mode, effect of pH and D

Table 16 is a summary of the results obtained in the four CSTRs operated, regarding the microbial competition. CSTR1 is the first assay discussed in the previous section. Then, three other CSTRs (CSTR2 to CSTR4) have been tested, with different pH and D.

Acetate was produced in all CSTRs, until the end of each experiment. However, methane production was only observed in CSTR1 until the end, and CSTR4 until 25 d. These two tests correspond to the lowest D tested, around 0.2 d -1 . During CSTR3 and CSTR4 at pH 5, acetate productivity was similar, of 0.02 molC.L -1 .d -1 . However, at neutral pH, during CSTR1 and CSTR2, acetate productivities were much higher: 0.139 and 0.296 molC.L -1 .d -1 respectively. The higher productivity in CSTR2 is likely due to the exclusive acetate production, while in CSTR1 methane was produced. Indeed, at 0.2 d -1 methane was produced until the end, while at 0.38 d -1 methane was never detected. At pH 5 though, the critical D might be lower, very close to the tested value of 0.2 d -1 , as HM and methane production was observed at the beginning of the experiment, but did not maintain themselves in the reactor after 25 d. This pH effect could be due to high maintenance cost at low pH, especially for HMs, but also to a difference in microorganisms selected according to pH [START_REF] Valgepea | Maintenance of ATP Homeostasis Triggers Metabolic Shifts in Gas-Fermenting Acetogens[END_REF].

Comparing CSTR1 and CSTR4, in addition to the great difference in acetate productivity, a strong effect of pH on microbial communities enriched was observed, both for HM and HAC. At Acetobacterium wieringae was the majority species detected, while at pH 5 it was a cohabitation of Clostridium autoethanogenum and Clostridium sensu stricto 12. Additionally, the D also had an effect on the HAC selection. Indeed, at pH 5 C. autoethanogenum was selected only at low D, indicating that this species is likely not able to grow at D of 1 d -1 . But as the acetate productivities in CSTR3 and CSTR4 were similar, it can be concluded that a functional redundancy exists within HAC, and that the MMC composition is dynamically adapting to process parameters and constraints. 

Investigations and understanding of the limitations of the system

Mass transfer limitation reached at neutral pH

During all CSTR assays, gas partial pressures were maintained at 0.67 bar and 0.33 bar for H2 and CO2 respectively. However, this doesn't mean that the system was never mass transfer limited, but that the gas inflows applied were sufficiently high to make invisible the mass transfer rate and stabilise the gas partial pressures in the gas phase. This was one of the particularities wanted for the study of the system, to ensure stable operations and keep thermodynamic favourable conditions for HAC.

Considering the kLa measured in this reactor (74 h -1 ), the maximal H2 mass transfer rate at PH2 of 0.6 bar should reach 1.2 molH2.L -1 .d -1 , corresponding to a maximal acetate productivity of 0.3 molAc.L -1 .d -1 . This value was only reached during the stabilised period of CSTR2 between 3 and 6 d, indicating that CSTR2 reached mass transfer limitation after 3 d. 

① ② ③

On Figure 37, the cumulated acetate and biomass production during CSTR2 is represented. Three different phases can be observed. During the first one, substrate was in excess. The HAC grew at µmax, with a significant biomass production observed during this period. Then, during phase 2, mass transfer limitation was reached, leading to a linear production of acetate governed by the H2 mass transfer rate. During this phase, no net biomass production could be observed. The substrate limitation might have forced the microorganisms to stop their growth, and only produce energy for their maintenance, in the form of ATP, through acetate production. Finally, during phase 3 after 6.3 days, the acetate production stopped brutally. However, methanogenic activity was not observed either, meaning that HAC didn't stop because of HM outcompeted them, which was the expected result after mass transfer limitation, as demonstrated with the modeling work in chapter 1.

During CSTR 3 and 4 at pH 5, mass transfer limitation was not reached. But again, three phases could be observed, a first one of growth and high acetate production rates, a second short phase of stabilisation, and a third phase of activity drop (Figure 38). However, during CSTR4, activity was not null during phase 3, but stabilised at a low value from 30 d. These periods of stabilisation, but not mass transfer limited, are defined as pseudo-steady states. Further investigations of what was limiting during these periods are described in next sections 

The system is limited by thermodynamics at pH 5

The model was used to simulate the assay CSTR4, with respect of the dilution rate variations, the pH regulation to 5, the kLa measured in the reactor, and the gas inflows applied during the experiments. Parameters km (specific uptake rate) and Xi (initial biomass concentration) were estimated with fitting to phase 1. This way, phase 1 was correctly represented. The simulation stabilised at a FT value of 0.26, indicating a strong thermodynamic limitation, and explaining why mass transfer limitation was not reached during this assay (Figure 39). The thermodynamic limitation is linked to acetate accumulation in the liquid phase, inducing an indirect product inhibition caused by an increase of the ΔrG of HAC. Hence, the integration of the thermodynamic factor FT allowed to describe the beginning of the test, and shows that the mass transfer limitation would not have been reached in any case, as the thermodynamics of HAC reaction was limiting before, stabilising the acetate concentration to 8 gCOD.L -1 . This result demonstrates the importance of considering thermodynamics of the reactions to represent anaerobic systems, especially at low pH when VFA are produced. Furthermore, the use of the FT is more accurate 

① ② ③

and robust than empiric VFA inhibition terms, as it considers the pH, the substrates and products concentration, and can be used in dynamic systems, while inhibition constant have to be determined in the specific operating conditions to be used correctly.

The FT calculation showed that HM reaction was thermodynamically feasible, yet, only few methane concentrations were observed until 15 d, and then HM activity disappeared. This confirms that methane production was avoided by the process parameters used, in particular pH and D. In these conditions, HAC selected might have higher growth rates than methanogens.

Additionally, acetate was likely not consumed by acetate consumers, as SAO was not feasible according to the FT calculation, and that no AM were detected with the microbial analysis.

Experimentally, acetate concentration was not maintained to 8 gCOD.L -1 as predicted with the model (Figure 39), but decreased and stabilised around 2.5 gCOD.L -1 . This behaviour is needs to be further investigated. In next section, investigations of nutrient limitations are presented. They have been done on CSTR4, to explain phases 3 observed in the different assays. Finally, to described phase 3, nutrient limitation was suspected. Indeed, after few days of stabilization at a maximal acetate concentration value, the activity dropped systematically. The mineral medium used in the CSTRs at 35 °C was the same as the one used for the reactor of biological methanation described in chapter 1, at the exception of phosphate buffer addition for the assay at pH 6.5. However, it is possible that HAC have different nutrient needs than HM, it is also possible that opening the liquid leads to the loss of some essential nutrients (present in the inoculum), while they could be recycled in the methanation reactor as the liquid was closed.

Hence, culture medium supplementation tests were operated during CSTR4 which was extended to 120 d. With the model, the simulation of an essential component z for HAC growth, only present in the inoculum, was simulated. The growth yield of this component was arbitrary set to 0.0001 molX/molz, and the initial concentration was fitted to the acetate concentration drop (Table 18).

For CSTR2 and CSTR4, the initial concentration estimations were close, with a ratio zi/YX/z of 16 and 18 respectively. However, for CSTR3, this ratio was only 4, four times lower. This would suggest either that z was four times less available for the microorganisms during this test, or that the microorganisms selected needed four times more of z than in the other tests.

However, there should be no reasons why z would be four times less available, as pH was the same as CSTR4. Additionally, this test was carried out between the two others, excluding the possibility of a variation in the inoculum composition. Hence, this is more likely attributed to the different microorganisms enriched, that had different needs of this essential nutrient. In order to identify the limiting nutrient, different medium supplementations were done to observe the reaction of the system and if acetate productivity increased. These investigations were done from 40 to 120 d of CSTR4. [START_REF] Madigan | Brock Biologie des micro-organismes[END_REF][START_REF] Riviere | LES APPLICATIONS INDUSTRIELLES DE LA MICROBIOLOGIE[END_REF]. Growth factors such as vitamins are also often added to culture media. These are organic compounds necessary in very small quantities but essential for growth like trace elements. These are vitamins, amino acids, purines, pyrimidines. Most of these molecules are synthesized by microorganisms. But some are said to be essential because they are not synthesized. In particular, B group vitamins as summarized in From this regard, the nutrients limitations have been investigated. First, a verification of the non-limitation of the ions analysed in the lab along the different assays was carried out. Ionic chromatography analysis confirmed that the system was not limited by ammonium, sodium, and potassium (Table 19). Additionally, a free reduced iron measurement was carried out on day 42 of the assay at pH 5 and D of 0.2 d -1 , when acetate concentration was limited. The measurement confirmed that 1.5 mg.L -1 of Fe 2+ was available in the medium, excluding iron limitation, or precipitation, as the media used in the fields generally contains around 0.6 -1.1 mg.L -1 of Fe 2+ [START_REF] Grimalt-Alemany | Enrichment of syngas-converting mixed microbial consortia for ethanol production and thermodynamicsbased design of enrichment strategies[END_REF][START_REF] Groher | General medium for the autotrophic cultivation of acetogens[END_REF][START_REF] Gao | Development of low cost medium for ethanol production from syngas by Clostridium ragsdalei[END_REF].

Nutrient limitation of components that were not analysed such as sulphur, other trace elements and vitamins were then investigated. First, additional phosphate, Na2S and Trace elements solutions injections in the reactor were done daily from 40 to 60 days. Then, nine vitamins were added to the composition of the mineral medium from 68 d to the end. Finally, aluminium, selenium and tungsten were also added to the mineral medium from 101 d to the end.

Figure 40 shows that the pulses of phosphate, sulphide and trace elements didn't help to recover the acetate concentration predicted with the FT limited model. This indicated that the elements already present in the mineral medium were not limiting. However, a significant enrichment of the MMC with Desulfitobacterium sp. was observed (Figure 41). Some species of the latter use hydrogen as electron donor with lower thresholds than HM and HAC. They also use sulphate as electron acceptor and are often found in syntrophic association with sulphate reducing bacteria (Spring and Rosenzweig, 2006;[START_REF] Villemur | The Desulfitobacterium genus[END_REF]. Here, it is more likely that the sulphides, supplied in excess during this period, chemically oxidised to sulphates with oxygen traces that could enter the continuous system. These sulphates can therefore participate to maintaining Desulfitobacterium sp. in the reactor.

Then, a significant increase of acetate and biomass concentrations was observed after vitamins addition to the mineral medium (Figure 40). The MMC composition switched from 72.5 % of Desulfitobacterium sp. to up to 60 % of Clostridium autoethanogenum within 6 days (Figure 41). C. autoethanogenum is a known species for the conversion of CO to ethanol, and it is used at industrial scale in pure culture. However, it is also capable of growth on H2/CO2 [START_REF] Liew | Insights into CO2 Fixation Pathway of Clostridium autoethanogenum by Targeted Mutagenesis[END_REF][START_REF] Simpson | Microbial fermentation of gaseous substrates to produce alcohols. WO2007117157A[END_REF]. Table 22 shows the results obtained during CSTR4 after vitamins addition, and a result of the literature in similar conditions but with a pure culture of C. autoethanogenum and D of 0.5 d -1 .

Acetate specific productivity when considering only C. autoethanogenum portion within the VSS, was of the same order of magnitude than previous results obtained in pure culture.

Vitamins addition hence allowed to reach a common performance in these conditions. Further investigations will be useful to identify if all the nine vitamins added are essential, or if only some target ones are crucial. Culture media optimization for these applications will be of interest to implement such processes at larger scales, and ensure sustainability of the production.

After 80 d, the acetate concentration oscillated from values below the thermodynamic threshold of 8 gCOD.L -1 , to values up to 14 gCOD.L -1 . This behaviour could be explained by perturbations in the dilution rate during this period. Also, it could be a toxicity effect of high acetate concentrations, and the need of few days next to recover the activity, leading to oscillations and not stabilization of the acetate concentration. The addition of Al, Se and W from 101 d didn't allow to reduce this effect.

Discussion about the composition of the inoculum for the different CSTR implemented

Samples for microbial analysis were taken from the inoculum stored at 4 °C which was used for the inoculation of CSTR2 and CSTR4. Then, the reactors were also sampled after the acclimation period with closed liquid (t0). Here, the purpose is to verify that the composition of the inoculum used was similar for each test performed, and then to evaluate the effect of the acclimation periods, during which only pH was different from an assay to another. Figure 42 shows that during the campaign period, the inoculum stored at 4 °C had a stable and similar composition between the second and the last assays, with a majority of the orders Bacteroidales and Cloacimonadales. The microbial composition was quite similar after the acclimation periods of CSTR1 and CSTR2 at neutral pH. However, at pH 5 (CSTR3 and CSTR4), the composition slightly changed with the increasing abundance of the order Clostridiales, and in a lesser extent the orders Enterobacterales and Peptostreptococcales.

These results significate that during the acclimation period in closed liquid mode, only the pH affected the microbial composition of the consortium, but the contact with the substrate H2/CO2

as well as the temperature didn't have a visible effect. However, as the reactor was closed on the liquid, these results doesn't indicate if the microbial communities detected were active or not, and it is likely that the contact with H2/CO2 only activated the adapted microorganisms.

Hence, when opening the liquid phase, the non-activated communities were washed out.

Additionally, as the digested sludges mixed to constitute the inoculum were collected from mesophilic AD plants, the storage at 4°C allowed to conserve the microbial composition, and once injected in the reactor at 35 °C, the composition didn't change.

Although the composition of the consortium should be less determinant than the process parameters in the orientation of the activity and the selection, here it is demonstrated that the results of the consortium engineering strategies used in CSTRs can only be due to the process parameters tested: pH and dilution rate.

CSTR at 25 °C

Finally, as at 35 °C it was possible to maintain HAC and eliminate HM in certain conditions of pH and dilution rate, a last CSTR assay was carried out at 25 °C to investigate the effect of temperature in continuous mode, but also the dilution rate and the pH in dynamic, by changing the parameter during the same assay. The objective is to confirm previous observations, calculate mass balances and process performances, and compare the results obtained with the batch assays presented in chapter 2, and the other CSTRs at 35 °C.

This test was carried out in a different system with lower gas inflows, and changing the parameters during the assay to evaluate the dynamic responses of the system. The parameters that changed were the dilution rate from 0.33 to 0.5 d -1 at 30 d, the gas inflow rate doubled at 39 d and the pH from 6 to 5.5 at 48 d. The culture medium was supplemented with vitamins, and sulphide was replaced by sulphate. The latter choice was motivated by two reasons: first it implies that the ORP can be higher, and it is possible that HAC have better tolerance to higher ORP than HM [START_REF] Grimalt-Alemany | ORP control for boosting ethanol productivity in gas fermentation systems and dynamics of redox cofactor NADH/NAD+ under oxidative stress[END_REF]. Additionally, sulphide is essential for HM, not supplying it in the mineral medium could be a way to weaken them, provided that sulphate is not chemically or biologically reduced to sulphide, inducing a syntrophic interaction between SRB and HM. 

Results and discussion

Acetate was the majority product all along the CSTR experiment at 25 °C, accounting for 60 % of the total COD balance after 70 d. However, methane started to be produced after 20 d, and accounted for 17 % of the total COD balance. 12.5 gCOD of biomass were produced, corresponding to a growth yield of 5.2 % (gCODX.gCODH2 -1 ). Finally, side products accounted for around 10 % of the COD balance. Within these side products, an accumulation of ethanol was observed between 15 and 28 d (Figure 44). After 28 d, the ethanol concentration decreased brutally, simultaneously to the accumulation of butyrate and caproate. This behaviour indicates that biological chain elongation occurred in the reactor, consuming ethanol, and equivalent quantity of acetate to produce butyrate; and then ethanol with equivalent quantity of butyrate to produce caproate through reverse β-oxidation cycles [START_REF] Agler | Chain elongation with reactor microbiomes: upgrading dilute ethanol to medium-chain carboxylates[END_REF].

At 30 d, the dilution rate was increased from 0.50 to 0.75 d -1 . This did not have an effect of acetate productivity that was maintained at 3.7 gCOD.d -1 from 14 to 37 d, and methane production continued to increase slightly, indicating that a dilution rate of 0.75 d -1 in these conditions was not enough to get rid of methanogens. Concentrations of butyrate and caproate were stabilized to 3 and 2 mM respectively, indicating that chain elongating bacteria were limited during this period, either by the ethanol production, or the dilution rate, as the more elongated product, the longer time is needed for the reaction to be achieved.

At 38 d, the gas outflow was very low, indicating that the system was limited by the gas supply.

H2 and CO2 concentrations in the gas phase decreased, while CH4 concentration increased (Figure 45). To avoid substrate limitation, gas supply was doubled to overcome the mass transfer limitation and promote acetate production. Figure 44 and Figure 43 show that acetate production increased to 4.9 gCOD.d -1 by this time, so did methane production (Figure 46) and chain elongation.

Finally, pH was decreased from 6 to 5.5 at 47 d, leading to a decrease of acetate production to 1.9 gCOD.d -1 , and butyrate and caproate concentrations decreased to 2 mM. Methane production also decreased, but still remained at 0.2 mL.min -1 .

The increase of D didn't have an effect on acetate and methane productivities, until 0.75 d -1 .

This value is higher than the Dcrit zones identified around 0.3 d -1 at 35 °C. This could be due to a temperature effect, but also to the mineral medium that was more complete for this assay.

However, the increase of D contributed to stabilise chain elongation at low rates of butyrate and caproate production. When the gas inflow was doubled, H2 consumption rate increased twice, indicating that the system was not mass transfer limited, but limited by the gas inflow. pH decrease from 6 to 5.5 had a significant effect on acetate and methane productivities. However, Figure 46 show that methane production decreases while H2 and CO2 increases until the end of the assay. Hence, HM seem to have suffered more from the decrease of pH than HAC that could still produce acetate, but at a lower rate. During this phase, HAC growth must have been limited by thermodynamics which explains lower productivity then before the pH change.

Figure 47 shows the composition of the MMC along the assay at 25 °C. Clostridium sensu stricto 12, a group containing HAC, was successfully selected in the CSTR at 25 °C. It is possible that HAC as well as chain elongating bacteria species were selected in this groups, however, the sequencing didn't allow this level of precision. However, the relative abundance of Clostridium sensu stricto 12 decreased between 41 d, 62 d, and 68 d (83, 70 and 63 % respectively), which is attributed to the pH change from 6 to 5.5. Methanobrevibacter was the HM genus selected, and remained in the MMC until the end of the experiment, but at low relative abundance (2, 8 and 11 % at 41, 62 and 68 d respectively), which is consistent with the CH4 yield of 17 % during the experiment (Figure 43). Ruminoclostridium 9 and Oscillibacter were also detected in significant proportion. These are commonly found in chain elongation systems at pH 5, either from acetate and ethanol, or from syngas directly [START_REF] Joshi | The occurrence and ecology of microbial chain elongation of carboxylates in soils[END_REF].

Oscillibacter is generally associated to known chain elongators such as C. kluyveri, and its role in the system remains ununderstood. Their relative abundance increased after the pH change.

But this is most likely due to a wash out of HM and HAC than to an increase of chain elongation, as the concentrations of elongated products decreased after the pH changed (Figure 44). 

Conclusion

In this last chapter, a continuous reactor was developed specifically for the study of the microbial competition between HM and HAC. The results obtained during CSTR1 were satisfying, and allowed to validate the system for the study. Then, the effects of pH between 5 and 7 and D between 0.2 and 1 d -1 were studied with four CSTRs at 35 °C. The parameters were kept constant for each CSTR, with the exception of D variations because of pH regulation.

Methane production was observed at pH 7 and 5. However at pH 5, and equivalent D of 0.2 d - 1 , HM were not maintained after 25 d. At pH 5, the productivities of both HM and HAC were lower than at pH 7, by 15 times for HAC. The simulations of the CSTRs demonstrated that this was mainly due to thermodynamic limitation, as the integration of FT was satisfying to describe the experimental acetate production profile. Therefore, the increase of pH allows to reach higher concentrations, and this has been previously observed in continuous hollow fibre membrane reactor for the production of acetate from H2/CO2 [START_REF] Wang | Enhancement of acetate productivity in a thermophilic (55 °C) hollow-fiber membrane biofilm reactor with mixed culture syngas (H2/CO2) fermentation[END_REF]. The authors observed that the decrease of acetate concentration when increasing D, increased their acetate productivities. However, this has to be relativized considering the downstream processes and applications, as it may require a minimal concentration. The effect of pH was also observed on the microbial selection. At neutral pH, the genus Acetobacterium was mainly enriched, and this was also the case in the SBs at pH 6 in chapter 2. At pH 5 though, Clostridium sp. were preferentially enriched, with Clostridium sensu stricto 12 being found in all the assays at 35 °C and pH 5, and in the one at 25 °C and pH 6. After the addition of vitamins in CSTR4, the MMC was enriched of up to 75 % of C. autoethanogenum, and acetate maximal concentration was recovered. These results of microbial diversity demonstrate the functional redundancy that MMCs contain depending on the environmental conditions applied.

The effect of D was also studied regarding the microbial competition between HM and HAC.

HM had lower specific growth rates than HAC in this study, probably due to the range of temperature chosen between 25 and 35 °C. Therefore, a Dcrit zone for HM wash out was determined around 0.3 d -1 at neutral pH, and around 0.2 at pH 5. The Dcrit of HAC though was not reached in this study, indicating that it was higher than 1 d -1 . However, thermodynamic limitation of HAC as mentioned before, and nutrient deficiency were identified during this campaign of continuous reactors. Indeed, the mineral medium used was the one of biological methanation described in chapter 1. In CSTR2 at neutral pH and D of 0.4 d -1 , acetate production stopped immediately after 6 d, and methane concentration in the gas phase slightly increased until 14 d. This confirmed that HM had fewer nutrient requirements than HAC, and they could have regained the advantage again if the assay lasted longer.

General discussion about the microbial competition between homoacetogens and hydrogenotrophic methanogens

General context

This thesis work focused on the production of acetate from gaseous H2/CO2 by engineering anaerobic MMCs. It contributed to the study and the development of interesting catalysts. Ideal catalysts should be easy to produce all around the world, and also inexpensive and nontoxic. From this regard, anaerobic MMC are interesting catalysts because they are found in numerous natural environments. Also, as microorganisms multiply, they are considered autocatalysts and can be maintained to supply catalysts when needed. Due to their microbial diversity, MMCs have high adaptability potential in terms of operational conditions, but also substrates products. Consortium engineering aims at orienting the metabolic function of a MMC. This metabolic function can involve different types of microorganisms that will cooperate for example to degrade complex organic materials (Anaerobic digestion) in a single stage process. On the other hand, MMC engineering also consists to specialize a MMC for a more constraint reaction involving one type of population. However, the advantage compared to pure cultures, is that there could be different populations selected, all capable of the target function, but in different conditions. This is called functional redundancy and contributes to make MMC adaptable and robust catalysts.

Thesis objectives and methodology

In this thesis, the possibility to produce acetate from H2/CO2 with MMC was investigated. The main challenge is the competition between the microorganisms of interest, HAC, and HM.

Chemical inhibitors or heat treatments can be used, but here it was proposed to evaluate the possibility of eliminating them by engineering of the consortium. Hence, this thesis project aimed at evaluate in what extent acetate could be produced naturally, by controlling the process parameters. To do so, the mechanisms ruling the system have to be thoroughly understood. In particular, microbial kinetics, thermodynamics of the reactions, and physical-chemical processes such as acid-base equilibria and pH, and gas to liquid mass transfer. However, there is a great variability, and uncertainty about microbial kinetics, making difficult to predict the outcome of the competition in specific culture conditions. From this regard, this work had for objective to highlight key points of attention in the control of the microbial competition between HAC and HM, to specifically promote HAC. The work focused on process parameters as levers to orient the MMC toward acetate production. Among these parameters, temperature, gas to liquid mass transfer rate and pH were investigated. The effect of the cultivation mode on microbial interactions was also addressed, in SBs or CSTRs. The knowledge of biological methanation helped to understand HM features, and VFA accumulation in a thermophilic methanation reactor was studied to formulate first hypothesis. A model was developed and used with a microbial kinetic parameters review. Lowering the temperature in a range of 20-35 °C of the reactors, and maintain high gas partial pressures appeared as determinant for acetate production. Considering the variability of these parameters, physical-chemical and thermodynamic aspects were integrated in the model, in order to bring more accuracy in the system description. This first work allowed to identify the substrate limitation as the main factor governing the competition between HM and HAC.

Overcoming substrate limitation is key for HAC selection

HM have better H2 fixation features, so the competition must be mange to circumvent this particularity and avoid substrate limitation. The simulations showed that batch mode was suitable for HM selection due to substrate depletion along the experiment. However, if mass transfer limitation was overcome, both HM and HAC grow. The strategy to promote HAC is then to choose environmental conditions where they can outcompete HM base on their specific growth rate. Then, the possibility of implementing SBs, by transferring at specific times before mass transfer limitation is reached, contributes to the selection of HAC. Going through continuous gas supply is even more interesting, and can be used for the microbial selection. However, the consumption rates must be kept below mass transfer rate, so the use of high transfer capacity system is recommended to allow higher biomass concentrations and increase productivities.

Additionally, provided that HAC have higher specific growth rates in certain condition, in particular low temperatures, it is possible to eliminate HM by opening the liquid phase as well and properly choose the dilution rate.

Lowering temperature in a range of 25 -35 °C contributes to promote HAC

One lever to operate in conditions where HAC have better specific growth rates is temperature.

Biological methanation was operated at 55 °C, and low VFA productivities were observed in the reactor. According to these data, and to kinetic parameters from literature, working under thermophilic temperature will lead to the selection of highly performant HM. However, operating below 40 °C will rebalance the competition with HAC. In this work, the HAC selection could be achieved in SBs at 25 °C, transferring as soon as substrate started to be consumed. This way, HM could be eliminated from the MMC, and HAC were enriched. However, at 35 °C HM were selected in SBs and HAC were progressively eliminated by the end of the experiments.

HAC can handle lower retention times than HM in this range of temperatures

Conversely to what was expected with simulations with the model, which represented conventional theory based on r-or K-strategists, the cohabitation of HM and HAC was lost along the SBs. This indicates that the transfer time might have had an effect and allow the elimination of one or another community depending the conditions, and could have a more significant effect on the competition than temperature between 25 and 35 °C. This also means that it is possible to reproduce these conditions in a continuous process, applying a specific retention time of the microorganisms. The average time of the batches for the selection of HAC and the elimination of HM was 5.3 ± 1 d. Hence, continuous reactors with high mass transfer capacities, compared to SBs vials, have been investigated, by maintaining high gas partial pressures to overcome thermodynamic limitation, under 25 -35 °C, and a dilution rate between HM and HAC specific growth rates.

The results obtained in continuous reactors were promising. Indeed, HAC could be selected in all the reactors, at 25 °C, but also at 35 °C, at dilution rates ranging from 0.2 to 1 d -1 (HRT between 1 and 5 days). The results showed that the Dcrit of HM must be around 0.3 d -1 at neutral pH, and 0.2 d -1 at pH 5, corresponding to HRT of 3 and 5 d respectively. This demonstrates that overcoming substrate limitation by supplying gas in semi-continuous, or continuous mode, was more impacting the microbial competition than temperature in this range, as HAC were selected both at 25 °C and 35 °C in CSTRs, which was not the case in the SBs presented in this study.

However, in other types of reactors, with higher mass transfer capacities, the enrichment strategy in SBs remains a relevant reactor design for the selection of HAC in MMCs.

HAC recover faster than HM after exposure to O2

The hydraulic retention time (HRT) of the first CSTR at 35 °C was 5, this allows to confront results from the SBs in a continuous reactor. This first assay (CSTR1) at neutral pH led to a stable cohabitation of HM and HAC, indicating that this HRT was too high to eliminate one or the other community. A part of this controversial result with what was projected from the SBs can be attributed to a pH effect, as SBs were carried out at pH 6 while CSTR1 was regulated at pH 7. But above all, these results support the hypothesis of the longer lag phase of HM than that of HAC during SBs. This contributed to their progressive loss at a batch time of 5.3 ± 1 d. What could explain this longer lag phase is a sensitivity to oxygen during the transfers from a batch to another.

However, going through a continuous process, HM were never in contact with oxygen after inoculation, at the exception of traces amounts that could enter the system. Furthermore, as sulphide was used as reducing agent, HM were likely protected from oxygen toxicity in the CSTRs. Hence, the minimal HRT required by HM was lower. In other terms, the maximal dilution rate (Dcrit) of HM was higher.

pH decrease from 6 -7 to 5 led to thermodynamic limitations and significant drop of acetate productivities pH is a complex physico-chemical, and biological parameter. Indeed, it affects a lot of processes in the system such as thermodynamics of the reactions, cellular physiology, CO2 solubility and so on. In this study, the effect of pH was observed on thermodynamics of the reaction. In particular at pH 5, productivities were up to 15 times lower than at neutral pH in the CSTRs at 35 °C. The stabilisation of the gas partial pressures in the CSTRs, by applying gas inflows above mass transfer capacities of the system, allowed to accurately represent the maximal acetate concentrations obtained in these assays by integrated FT. However, this was not the case at pH 7, where thermodynamic limitation was way above the maximal concentrations of acetate obtained. This indicates that physiological limitations must be limiting the production at neutral pH. Hence, maximal acetate concentration reached was 0.74 molC.L -1 , at pH 6.5 and 35 °C.

In literature, twice this concentration, under H2/CO2 and with MMC treated with BES at 55 °C, could be obtained [START_REF] Wang | Enhancement of acetate productivity in a thermophilic (55 °C) hollow-fiber membrane biofilm reactor with mixed culture syngas (H2/CO2) fermentation[END_REF] (Table 5). These results were obtained in a hollow fibre membrane reactor (HFMBR). Indeed, in this type of reactor, biomass is fixed to the membranes through which the gas is supplied. This biofilm formation can explain that the physiological toxicity concentration is higher, as a gradient of acetate concentration can be established through the biofilm. Additionally, increasing D leads to acetate dilution in the liquid, while biomass retention time is decoupled due to the biofilm formation, contributing to increasing productivities to up to 0.356 molC.L -1 .d -1 with a D of 1 d -1 .

Dynamic change of parameters such as pH in continuous processes contributes to the wash out of HM in the MMC

During the last CSTR assay at 25 °C, and pH 6, the cohabitation of HM and HAC was observed again, and so even until D of 0.75 d -1 . However, pH was decreased from 6 to 5.5 during the operations and had a significant negative effect on methane production. Yet, methane production was observed at pH 5 in the CSTRs at 35 °C. However, in these CSTRs, the parameters were never changed in a same experiment, implicating that the stabilization of the process was done in the conditions of the selection. Consistently with the functional redundancy of MMCs, HM and HAC could be selected this way. However, changing the environmental conditions during a continuous process, especially after the microbial selection, can affect the microbial communities, depending on their sensitivity to parameters changes. As the functional redundancy have been lost

during the selection phase, this have contributed to decrease methanogenic activity in the reactor by using this strategy. This can be done with pH in this case, but it could also be envisaged with other parameters, or nutrients. This way, continuous reactors tend toward production processes for MMCs biotechnology, as they allow the microbial selection, and a continuous production in the same reactor. This work contributed to give some key findings for the implementation of acetate production from H2/CO2 with MMCs.

Reactor development for acetate production

The maintain stable gas partial pressures in this study was ensured by applying high gas inflows in the opened gas phase. This configuration was chosen according to the objective of studying a microbial competition, but is not recommended to implement efficient production processes, because high amounts of gas are wasted. Nevertheless, what could be interesting is to run the gas phase in fed-batch, that is to say closing the outlet. In order to keep stable gas partial pressures, the H2 and CO2 supply should be controlled by the pressure and the composition of the gas phase.

The liquid phase should be kept opened, to regulate acetate concentrations and thermodynamic or physiological pH limitations, and also ensure a continuous production process. However, if methane is produced, it will accumulate in the gas phase. This can be avoided if the fed-batch is started after the microbial selection was established, or by flushing the gas regularly. Although it will decrease the conversion yield into acetate, the methane accumulation is not necessarily an issue. Indeed, it is possible that this contributes to limit methanogenic reaction, by thermodynamic constraints. Once this limitation is reached, methane production will stop and acetate production yield recover to its maximal value. This would be interesting to investigate in perspectives of this work. In order to increase even more the performances of the process, a two stages reactor could also be envisaged, with the first one serving to microbial selection, and the second one optimized for production, for example a HFMBR.

difference in Dcrit according to temperature deserves further investigations, with thermodynamic and physiological analysis. Changing parameters such as pH after microbial selection phase helped to decrease methanogenic activity in the CSTR at 25 °C. Ethanol and chain elongated products such as butyrate and caproate were also detected during this assay. In future studies, promoting chain elongation could be investigated, in order to diversify the product portfolio of the system.

In terms of microbial competition, the wash out of HM led to SRB development in most cases.

These microorganisms have to be considered in the competition as their H2 consumption will affect the acetate production yields. A specific study of the kinetic parameters in appropriate reactors and dedicated experimental set up could be conducted, in order to refine the HAC growth knowledge. The model could be used in order to consider thermodynamics and mass transfer for parameter estimations. The system could also be studied at lower temperature (10 -20 °C) in order to provide information on the communities and evaluate the potential of HAC in this range of temperature.

In terms of production process, this study provided some key findings for their implementation.

It will be interesting in future works to optimize acetate production processes, either in batch mode in a reactor with high mass transfer capacities, or in a hybrid system running in continuous mode on the liquid phase, and in fed-batch on the gas phase. The retention time of acetate and biomass could also be decoupled by the use of fixed biomass reactor, as second stages after microbial selection.

Further investigations on nutrient requirements are also needed. Indeed, a vitamin dependence of C. autoethanogenum has been identified in this work, but doesn't seem to be required in the same quantities in the different assays, and so it might be different dependant on the HAC selected.

Additionally, substitutes to chemical vitamins are needed to limit the costs of the operations. As the limitation occurred after several HRTs in the CSTRs, it indicates that the inoculum provided

  Anaïs, I can't tell how much I love you because you are the best sister anyone could have in the world. My sister process, I know that whatever happens to me I can always count on you. I would like to thank my parents. Dad, mom, you have always believed in me, you have always encouraged me during my thesis, and your love has carried me every single day since I was born. Thanks to you, I became who I am, and I can never thank you enough, I love you. Scientific communications, teaching and interns supervision V., Dumas C. WasteEng2020 (Copenhagen, Denmark) 2021. Oral presentationvisioconference. « Stratégies d'orientation de la valorisation du biogaz vers la production de méthane ou d'acides organiques en culture mixte anaérobie. » -Léa Laguillaumie, Yan Rafrafi, Etienne Paul, Evrard Mengelle, Simon Dubos, et al. Journées Recherche Innovation Biogaz et Méthanisation 2020, Sep 2020, Toulouse, France. ⟨hal-02967413⟩. Poster and flash oral presentation. Teaching: 184h at INSA Toulouse 2021-2022: Chemistry of aqueous solutions (18h) Mass transfer processes (international master degree) (12h) 2020-2021: Chemistry of aqueous solutions (36h) Biological reactors

1

  INTRODUCTION ......................................................................................................................................... 2 RESULTS AND DISCUSSION ...........................................................................................................................

3

  CONCLUSION ............................................................................................................................................

Figure 1 :

 1 Figure1: Market price of different chemicals obtained from the valorisation of organic wastes with mixed microbial cultures, and which could also be produced fromCO2 reduction .................................................... 

Figure 2 :

 2 Figure 2: Characteristics of different types of biocatalysts................................................................................... 

Figure 6 :

 6 Figure 6: Scheme of the main physical-chemical and biological reactions considered in the dynamic model. .....

Figure 7 :

 7 Figure 7: Graphical explanation of the successive batches enrichments carried out in this work. .......................

Figure 8 :

 8 Figure 8: Graphical explanation of the activity tests carried out on the MMCs selected during the SB experiments. .................................................................................................................................................... 

Figure 9 :

 9 Figure 9: Linearization of reoxygenation curves to determine kLa in triplicate in the CSTR developed at TBI. .....

Figure 12 :

 12 Figure 12: Reactor set up for the CSTR test at 25 °C. ............................................................................................

Figure 23 :

 23 Figure 23: Simulation of the microbial competition during H2/CO2 fermentation with continuous liquid and gas phases. A: Hydrogen and biomasses concentrations in the liquid phase. B: CO2, HCO3 -and CO3 2- concentrations in the liquid phase. ................................................................................................................ 

Figure 24 :

 24 Figure 24: Electron balances considering acetate and methane produced over H2 consumed during the four sets of SBs carried out at 25 °C and 35 °C, under mass transfer limitation or not. ...............................................

Figure 25 :

 25 Figure 25: Results of the activity tests carried out with the MMCs enriched in SBs at 35 °C under mass transfer limitation. ...................................................................................................................................................... 

Figure 26 :

 26 Figure 26: Results of the activity tests carried out with the MMCs enriched in SBs at 25 °C A: under mass transfer limitation; B: avoiding mass transfer limitation............................................................................................ 

Figure 28 :

 28 Figure 28: Calculation of the ΔrG during the experimental SBs. .........................................................................

Figure 29 :

 29 Figure 29: Growth yields calculated during the activity tests of MMC enriched in SBs at 25 °C under mass transfer limitation.......................................................................................................................................... 

Figure 1 :

 1 Figure 1: Market price of different chemicals obtained from the valorisation of organic wastes with mixed microbial cultures, and which could also be produced from CO2 reduction(Salehizadeh et al., 2020; Moscoviz et al., 2018). PHA: Polyhydroxyalkanoates.

Figure 2 :

 2 Figure 2: Characteristics of different types of biocatalysts.

Figure 3 :

 3 Figure 3: Electron donors and acceptors that homoacetogens can use, and corresponding released reduced products. Adapted from Drake et al. (2008).

Figure 4 :

 4 Figure 4: Wood-Ljungdahl pathway in methanogenic archaea and homoacetogenic bacteria (Prakash et al., 2014; Schuchmann and Müller, 2014). Fd ferredoxin, Ech ferredoxin-H2 oxidoreductase, Hyd and Hdr electron-bifurcating hydrogenases, Nfn ferredoxin-NAD + oxidoreductase, WGS water gas shift reaction, FMFDH formylmethanofuran dehydrogenase, Fdh formate dehydrogenase, HDCR hydrogen-dependent CO2 reductase, Met methyltransferase, COdh/Acs carbon monoxide dehydrogenase-acetyl-CoA-synthase complex, MF methanofuran, H4MPT tetrahydromethanopterin, Pta phosphotransacetylase, Ack acetate kinase, Aor aldehyde:ferredoxin oxidoreductase, Adhe aldehyde/alcohol dehydrogenase.
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 6 Figure 6: Scheme of the main physical-chemical and biological reactions considered in the dynamic model.

Figure 7 :

 7 Figure 7: Graphical explanation of the successive batches enrichments carried out in this work.

Figure 8 :

 8 Figure 8: Graphical explanation of the activity tests carried out on the MMCs selected during the SB experiments. In green and black the feasible and unfeasible routes according to thermodynamics at initial state of the test respectively. Red crosses represent the inhibitory effect of BES on methanogenesis.
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 9 Figure 9: Linearization of reoxygenation curves to determine kLa in triplicate in the CSTR developed at TBI.

Figure 10 :

 10 Figure 10: Scheme and picture of the continuous gas fermentation process implemented for the conversion of H2/CO2 to acetate in TBI.

  S)With Patm = 1.0227 bar the 9 th of December 2019 in Toulouse ("Toulouse-Blagnac (Haute-Garonne -France) | Relevés météo en temps réel -Infoclimat," n.d.).

Figure 11 :

 11 Figure 11: Pressure increase in the reactor closed as a function of gas volume injected to evaluate the gas phase volume of the reactor.

Figure 12 :

 12 Figure 12: Reactor set up for the CSTR test at 25 °C.

  with a gas chromatograph (430-GC, VARIAN). The carrier gas was N2 at 25 mL.min-1 , in a column of polyethylene glycol (CP-WAX 58 FFAP CB, Agilent) of 15 m and external diameter of 0.53 mm. The calibration is carried out with a synthetic mix of the VFA analysed from 0.05 to 1 g.L -1 . 2-ethylbutyrate in orthophosphoric acid (5 %) was used as internal standard at 1 g.L - 1 . Verification standard at 1 g.L -1 were analysed every day. Injection is carried out at 250 °C, then a temperature program is carried out: 2 min at 90 °C, increase of 20 °C.min -1 until 130 °C, 12 min at 130 °C and finally increase of 50 °C. min -1 until 210 °C. 210 °C is maintained 2 min.

  DTU for successive batches and CSTR at 25 °C cultures Samples for genomic DNA extraction and 16S rRNA sequencing were collected from the activated inoculum, from the successive batch enrichments at the end of the third transfer at 25 and 35 °C, and from the CSTR on day 41, 62 and 68. DNeasy PowerSoil™ DNA Isolation Kit (Qiagen, Denmark) was used for the DNA extraction of the activated inoculum. DNeasy Blood & Tissue™ Kit (Qiagen, Denmark) was used for the DNA extraction of all other samples. DNA extracted were submitted to Macrogen Europe. Amplification of V4 and V5 regions of 16S
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 13 Figure 13: Representation of the biological methanation reactor and biochemical mechanisms studied (Laguillaumie et al., 2022).
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 18 Figure 18: Results of the simulations of biological methanation of H2/CO2, for different H2/CO2 ratio. Growth yield: 0.045 gCODX.gCODH2; µmax: 1.35 d -1 ; Gas inflow: 100 L.d -1 ; kLa: 1000, 700 and 600 d -1 for H2, CO2 and CH4 respectively; Temperature: 55 °C; pH: fixed to 7.
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  Modeling study of the competition between HM and HAC in different process configurations: with closed gas and closed liquid (batch mode), and with opened gas and opened liquid (continuous mode).

Figure 19 :

 19 Figure 19: Main biological reactions considered in the system and discussed in this study.

Figure 20 :

 20 Figure 20: Scheme of the batch and the continuous modes tested with the model. GRT: gas retention time; T: mass transfer rate; D: dilution rate.

Figure 21 :

 21 Figure 21: Simulation of microbial competition during H2/CO2 fermentation in batch mode. A: Hydrogen and biomasses concentrations in the liquid phase; B: Total pressure and partial pressures of the different gases. Liquid volume: 0.5 L; Gas volume: 1.5 L; kLa: 10d -1 ; initial HM and HAC concentrations: 0.001 gCOD.L -1 ; KH2 (mol.L -1 ): 0.000001 for HM and 0.00052 for HAC; km (gCODH2.gCODX -1 .d -1 ): 78.13 and 98.77 for HM and HAC respectively; growth yields (gCODX.gCODH2 -1 ): 0.064 and 0.081 for HM and HAC respectively. C: ΔrG and D: FT were calculated as described in chapter2 section 1.7

Figure 22 :

 22 Figure 22: Simulation of the competition between homoacetogens (HAC) and hydrogenotrophic methanogens (HM) during successive batches under H2/CO2. Hydrogen (black), HM (red) and HAC (blue) concentrations inthe liquid phase are represented. Liquid volume: 0.5 L; Gas volume: 1.5 L; kLa: 10d -1 ; initial biomass concentration: 0.001 gCOD.L -1 for both populations; KH2 (mol.L -1 ) : 0.000001 for HM and 0.00052 for HAC; km (gCODH2.gCODX -1 .d -1 ) 78.13 for HM and 98.77 for HAC.

Figure 23 :

 23 Figure 23: Simulation of the microbial competition during H2/CO2 fermentation with continuous liquid and gas phases. A: Hydrogen and biomasses concentrations in the liquid phase. B: CO2, HCO3 -and CO3 2-concentrations in the liquid phase. kLa: 1680 d-1 ; Liquid volume: 1.5 L; Gas volume: 1 L; Liquid dilution rate: 3 d -1 ; initial biomass concentration: 0.001 gCOD.L -; KH2 (mol.L -1 ) : 0.000001 for HM and 0.00052 for HAC; km (gCOD H2 .gCODX -1 .d -1 ); µmax: 5 for HM and 8 for HAC. Growth yields: 0.064 and 0.081 gCODX.gCODH2 -1 for HM and HAC respectively.

  HM concentration remains low, and HAC concentration increases along the experiment. A second objective is to confront these statements based on modeling to real conditions. Hence, successive batches (SBs) were implemented in serum bottles. The effect of temperature Chapter 4 123 between 25 °C and 35 °C was investigated, as well as the SB cultivation method to control the mass transfer limitation. Indeed, SBs were transferred either during the first stage of fermentation before mass transfer limitation was reached, or during stationary phase after multiple gas injections for reaching mass transfer limitation. Activity tests and microbial analysis were carried out on the MMCs obtained by the end of four SBs to identify active metabolic functions, and dominant microbial taxa. Same culture medium was used for SBs and activity tests, sulphide was omitted in the culture medium, and replaced with sulphate. This had for objective to weaken HM, as it has been observed in the methanation reactor studied in chapter 3.
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 24 Figure 24: Electron balances in e-molproduct.e-molH2 -1 considering acetate and methane produced over H2 consumed during the four sets of SBs carried out at 25 °C and 35 °C, under mass transfer limitation or not[START_REF] Laguillaumie | Controlling the microbial competition between hydrogenotrophic methanogens and homoacetogens using mass transfer and thermodynamic constraints[END_REF].
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 2526 Figure 25: Results of the activity tests carried out with the MMCs enriched in SBs at 35 °C under mass transfer limitation (Laguillaumie et al., 2023).

Figure 27 :

 27 Figure 27: Relative abundance of taxa detected in the MMCs, at genus level, generated with rANOMALY package in R. MTL stands for mass transfer limitation.

Figure 27

 27 Figure27shows the different genera found in the enriched MMCs after the different SBs carried

Figure 28 :

 28 Figure 28: Calculation of the ΔrG during the experimental SBs.

Figure 30 :

 30 Figure 30: Simulation with the AQUASIM model of the methanogenic test on the MMC enriched at 25 °C in mass transfer limited SBs. Dots represent experimental data. Full lines represent the model simulation with km = 12 gCODH2.gCODX -1 .d -1 ; YX/H2 = 0.090 gCODX.gCODH2 -1 ; KH2 = 0.00052; Xi = 0.001 gCOD.L -1 ; kLa = 100, 70, 60 d -1 for H2, CO2 and CH4 respectively; T = 25 °C; pH fixed to 6, as experimental pH was 6 ± 0.1.

Figure 31 :

 31 Figure 31: Simulation with the AQUASIM model of the homoacetogenic test on the MMC enriched at 25 °C in mass transfer limited SBs. Dots represent experimental data. Lines represent the model simulation with km = 12 gCODH2.gCODX -1 .d -1 ; YX/H2 = 0.081 gCODX.gCODH2 -1 ; KH2 = 0.0000011; Xi = 0.001 gCOD.L -1 ; kLa = 100, 70, 60 d -1 for H2, CO2 and CH4 respectively; T = 25 °C; pH fixed to 6, as experimental pH was 6 ± 0.1.

Figure 32 :

 32 Figure 32: Results of CSTR1 at pH 7 and 35 °C, for the development of the reactor. A: Cumulated acetate and VSS productions in gCOD and average dilution rate. Vertical lines delimit a period between 12 and 17 d when all the data from the gas and the liquid phases could be measured. B: cumulated acetate and methane productions, H2 consumption, in gCOD between 12 and 17 d when data from the gas phase were available. C: gas composition, N2, CO2, CH4 and H2 were analysed. D:Gas inflow rate and H2/CO2 ratio of the inlet gas.
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 33 Figure 33: Relative abundance at species level of the MMC in CSTR1 at t0 and after 40 d of operation.
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 3434 Figure 34: Summary of the different conditions of pH and D tested in CSTR at 35 °C and determination of potential critical D zones for HM wash out (dot curves delimitations). Blue and red squares represent cohabitation of HM and HAC observed during the corresponding assay, blue circles represent dominance of HAC in corresponding assays. P: acetate stabilised productivities (molC.L -1 .d -1 )

  pH 7, a cohabitation of HM species Methanobacterium formicicum and Methanobrevibacter arboriphilus was revealed, while at pH 5, the HM Methanobacterium bryantii was the only archaea detected (Figure 27 Figure 35 Figure 36 Figure 41). Considering HAC, at pH 7
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 35 Figure 35: Relative abundance at species level of the MMC in CSTR2 at t0 and after 6 and 14 d of operation.
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 36 Figure 36: Relative abundance at species level of the MMC in CSTR3 at t0 and after 2 and 4 d of operation.
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 37 Figure 37: Cumulated biomass and acetate produced over time, in gCOD, during CSTR2 at 35 °C, pH 6.5 and D = 0.09 -0.38 d -1 . Phase 1: before mass transfer limitation; Phase 2: mass transfer limitation; Phase 3: nutrient limitation.
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 38 Figure 38: Cumulated acetate and VSS produced over time, in gCOD, during the CSTR assays at 35 °C. A ratio of 1.4159 gCODX/gCODVSS was assumed (biomass composition: C5H7NO2).
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 39 Figure 39: A: Acetate concentration in the reactor during CSTR4. Squares are experimental measurements, line is the simulation with the model integrating FT in the growth rates. B: FT dynamic calculations in the model for HM, AC, HAC, and SAO reactions.
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 40 Figure 40: Extension of CSTR4 for limitations investigations, and simulation of an essential nutrient z only supplied in the inoculum and depleted.
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 41 Figure 41: Relative abundance at the species level during CSTR4.

Figure 42 :

 42 Figure 42: Venn diagram of the inoculum composition of CSTR2 and CSTR4. Relative abundance at the order level in the MMC in the inocula of CSTR2 and CSTR4, and t0 after acclimation periods of MMC in CSTR1 to CSTR4.
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 43 Figure 43: Cumulated acetate, methane and biomass produced, and H2 consumed, in gCOD, along the CSTR assay at 25 °C. Vertical lines represent parameters changes during the process.

Figure 44 :

 44 Figure 44: VFAs and alcohols concentrations during the CSTR assay at 25 °C. Acetic acid was the majority product (left axis), while the other products were found at lower concentrations (right axis).
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 45 Figure 45: Gas composition (left axis) and H2/CO2 inflow rates (right axis) during the CSTR assay at 25 °C.

Figure 46 :

 46 Figure 46: H2 and CO2 consumption rates (left axis), and methane production rate (right axis).

Figure 47 :

 47 Figure 47: Relative abundance at the genus level during the CSTR test at 25 °C, at t0 and after 41, 62 and 68 d.
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	H2	NO3 -	Denitrification	N2 H2O
	H2	S 0	Sulfo-reduction	H2S
	H2	SO4 2-S2O3 2-	Sulfate-thiosulfate reduction	H2S H2O
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	S 2-S 0 S2O3 2-	NO3 -	Denitrification, Sulfo-oxidation	N2 SO4 2-

Table 1 : Diversity of autotrophic metabolisms in anaerobic conditions, adapted from Jan (2012).
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Table 2 : Biological reactions occurring in MMCs grown on H2/CO2. ATP yield, ΔrG°' (25 °C, pH 7), enzymes and microorganisms involved in the reactions.(Baleeiro et al., 2019; Diender et al., 2015; Hu et al., 2011). WLP : Wood Ljungdahl pathway; Pta: phosphotransacetylase; Ack: acetate kinase ; Aor: aldehyde:ferredoxin oxidoreductase; Bcd: butyryl-CoA dehydrogenase; COdh/Acs: carbon monoxide dehydrogenase-acetyl-CoA-synthase complex.
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Table 3 : Homoacetogens (HAC) kinetic parameters according to Monod model for microbiological growth and their conditions of obtention.
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	Chapter 1

Table 3 (continued).
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	Hydrogenotrophic methanogens	T	pH	µmax (d -1 )	YX/H2 (gCODX.gCODH2 -1 )	KsH2	Substrate	Product	Culture mode	References
			-	0.02		1.1x10 -6 M		CH4	ADM1 model	(Batstone et al., 2002, p. 1)
			-	2.6		5.6x10 -6 M		CH4	ADM1 model	(Batstone et al., 2002, p. 1)
			-	8		3.1x10 -7 M		CH4	ADM1 model	(Batstone et al., 2002, p. 1)
			-	12				CH4	ADM1 model	(Batstone et al., 2002, p. 1)
	MMC		7	0.07			VFA	CH4	Continuous	(Wang et al., 2009)
	Methanobrevibacter arboriphilus			2.7			H2/CO2	CH4	Batch	(Gujer and Zehnder, 1983)
	Methanobrevibacter smithii			4.07	0.064		H2/CO2	CH4	Batch	(Pavlostathis and Giraldo-Gomez, 1991)
	Methanospirillum hungatei JF-1			0.05	0.030		H2/CO2	CH4	Batch	(Pavlostathis and Giraldo-Gomez, 1991)
	representative values for AD at 35 °C			0.4	0.042		H2/CO2	CH4	Batch	(Pavlostathis and Giraldo-Gomez, 1991)
	Methanobacterium thermoautotrophicum		7	16.56	0.035	CO2 10 % H2 20 %	H2/CO2 80:20	CH4	Batch	(Schönheit et al., 1980)
	modeling		7	5.03		1.56x10 -6 M	H2/CO/CO2 65:20:15	CH4	Batch	(Grimalt-Alemany et al., 2020)
	modeling		7	11.11			H2/CO/CO2 65:20:15	CH4	Batch	(Grimalt-Alemany et al., 2020)
	Enriched MMC		7	0.8	0.064		H2/CO/CO2 65:20:15	CH4	Batch	(Grimalt-Alemany et al., 2020)
	Enriched MMC		7	2.98	0.045		H2/CO/CO2 65:20:15	CH4	Batch	(Grimalt-Alemany et al., 2020)

Table 4 : Hydrogenotrophic methanogens (HM) kinetic parameters according to Monod model for microbiological growth and their conditions of obtention.
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  Table 5 summarises major results from the literature, of the conversion of H2/CO2 or CO/H2/CO2 into acetate and other biochemicals such as ethanol. With MMCs, the main scientific issues addressed are the reactor design, and the screening of optimal

environmental parameters. Most of the studies are carried out in serum bottles for conditions screening purposes. Hollow fibber membrane reactors are often chosen for continuous experiments because they allow biomass fixation in the fibres, enhancing the substrate availability for microorganisms, and biomass retention while extracting continuously the products.

Table 5 : Major literature studies of gaseous substrate conversion into acetate and other liquid products with MMCs. HFMBR: Hollow fibre membrane reactor; HRT: hydraulic retention
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time; C: concentration in g.L -1 ; P: productivity in mmolC.L -1 .d -1 .

1.5.1 Stoichiometric equations of growths:

  𝑋 ℎ𝑚 : 𝜈 𝐻 2 𝐻 2 + 𝜈 𝐶𝑂 2 𝐶𝑂 2 + 𝜈 𝑁𝐻 4 + 𝑁𝐻 4 + → 𝜈 𝑋 𝐶 5 𝐻 7 𝑁𝑂 2 + 𝜈 𝐶𝐻 4 𝐶𝐻 4 + 𝜈 𝐻 2 𝑂 𝐻 2 𝑂 + 𝜈 𝐻 + 𝐻 + 𝑋 ℎ𝑎𝑐 : 𝜈 𝐻 2 𝐻 2 + 𝜈 𝐶𝑂 2 𝐶𝑂 2 + 𝜈 𝑁𝐻 4 + 𝑁𝐻 4 + → 𝜈 𝑋 𝐶 5 𝐻 7 𝑁𝑂 2 + 𝜈 𝐶 2 𝐻 4 𝑂 2 𝐶 2 𝐻 4 𝑂 2 + 𝜈 𝐻 2 𝑂 𝐻 2 𝑂 + 𝜈 𝐻 + 𝐻 +

Table 6 : Biochemical rate coefficients (νi) and kinetic rate equations for growth and decay processes included in the model.
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Table 7 : Rate coefficients and kinetic rate equations for acid-base reactions in the model.
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	Variables	Value		
	𝐾 𝑒𝑞	10 12		
	𝐾𝑎 𝑎𝑐𝐻	1.7378008 × 10 -5
	𝐾𝑎 𝑁𝐻 3	0.637 × exp (-	6209 𝑇 𝐾	)
	𝐾𝑎 𝐶𝑂 2	5.02 × 10 -5 × exp (-	1462.7 𝑇 𝐾	)
	𝐾𝑎 𝐻𝐶𝑂 3 -	7.83 × 10 -8 × exp (-	2213 𝑇 𝐾	)
	𝐾 𝑤	2.8 × 10 -5 × exp (-	6485 𝑇 𝐾	)

Table 8 : Dissociation constants of acid-base equilibria included in the model (Roustan, 2003). TK is the temperature in Kelvin. 1.7 Gibbs free energy of reactions and thermodynamic factor
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	Hydrogenotrophic methanogenesis: HM 4H2 + CO2	→	CH4 + 2H2O
	Homoacetogenesis:	HAC 4H2 + 2CO2	→	C2H4O2 + 2H2O
	Acetoclastic methanogenesis:	AM C2H4O2	→	CH4 + CO2
	Syntrophic acetate oxidation:	SAO C2H4O2 + 2H2O	→	4H2 + 2CO2

Thermodynamic calculations are included into the model to evaluate the feasibility of the biological reactions. Four reactions are considered:

Table 9 : Gibbs free energy of formation (ΔfG°) of the different reactants. Blue highlights represent the value considered in the calculations (Alberty, 2005).
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	Compound	State	ΔfG° (kJ.mol -1 )
	Hydrogen	H2 (aq) H2 (g)	17.6 0
	Carbon dioxide	CO2 (aq) CO2 (g)	-385.98 -394.36
	Methane	CH4 (aq) CH4 (g)	-34.33 -50.72
	Acetate	CH3COO -	-369.31
	Acetic acid	CH3COOH	-396.45
	Water	H2O	-237.19

Table 10 : Thermodynamic parameters used for the calculation of the ΔrG of the different reactions considered in the experimental conditions (Grimalt-Alemany et al., 2020).
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  Cu 2+ with proteins. A standard curve has been done with bovine serum albumin (BSA) solutions from 0 to 1 gBSA.L -1 . A working solution was prepared with 5 mL solution A (BCA solution GBiosciences) and 100 µL solution B (Copper solution GBiosciences). Wells of a microplate were filled with 25 µL of sample and 200 µL of working solution. Standard range was realized in triplicates and samples were measured twice. Microplate was incubated 15 min at 55 °C. Absorbance was measured in

Amounts of hydrogen, carbon dioxide and methane are measured with a gas chromatograph (HP 5890 Series II). Amounts of acetate, propionate, butyrate, isobutyrate, valerate, isovalerate and hexanoate are measured with a gas chromatograph (VARIAN 3900 GC). Vector gas is N2.

Soluble proteins has been quantified with bicinchonique acid (BCA) method. It is a spectrophotometric method based on complexation of BCAa spectrophotometer (Multiskan Ascent Thermo Electron Corporation). Microplate was shaked 10 s at 480 rpm before absorbance reading at 570 nm.

Table 11 : Calculations of kLa of other gases, and maximal transfer rate of the system for the different gases considered.
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Table 12 : Composition and characteristic of the inoculum.
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Analytical methods 2.6.1 Analytical methods in TBI, for the CSTR at 35 °C monitoring 2.6.1.1 COD dosage

  Hanna instruments) according to the manufacturer instruction manual, adapted from EPA 410.4 approved method. Appropriate dilutions of the samples were carried out prior to measurements.Soluble COD was measured in same type of tubes, after separation of the soluble fraction by centrifugation and filrtration at 0.2 µm. By subtracting the soluble COD measured to the total COD, suspended COD was estimated.

	Total COD was measured with kits of medium range (0-1500 mgCOD.L -1 ) (HI-93754B-25,

2.6.1.2 VFA analysis with gas chromatograph

Acetate, propionate, isobutyrate, butyrate, isovalerate, valerate and hexanoate were analysed

Methanation of H2 and CO2 with Mixed Cultures: Current Advances, Hurdles and Challenges

  

, L. & Dumas, C. Biological . Waste Biomass Valor 12, 5259-5282 (2021)

. https://doi.org/10.1007/s12649-020-01283-z

Laguillaumie, L., Rafrafi Y., Moya-Leclair E., Delagnes D., Dubos S., Spérandio M., Paul E., Dumas C. 

Stability of Ex Situ Biological Methanation of H2/CO2 with a Mixed Microbial Culture in a Pilot Scale Bubble Column Reactor.

  Bioresour technol 354, 127180 (2022).In this chapter, data from a pilot scale process of ex situ biological methanation at 55 °C have been analysed, regarding perturbation periods during which acetate and other VFAs were accumulated. The dynamics of the system facing parameters variations, such as gas partial pressures and nutrient supply were studied. This preliminary work aimed at understand what promoted HAC and other VFA producers in the methanation reactor. This allowed to prospect on key process parameters influencing the competition between HM and HAC. Then, a modeling work based on a kinetic parameters' literature review was joined to complement this chapter, and evaluate in what extend the MMC could produce acetate rather than methane. This

	1 Summary and objectives
	https://doi.org/10.1016/j.biortech.2022.127180

modeling work explores different types of reactor managements for gas fermentation: with the gas and the liquid phase being closed (batch mode) or opened (continuous). A thermodynamic analysis is also addressed to evaluate the consistency of the dynamic model in the different configurations.

Table 13 : kinetic parameters used to simulate the biological methanation reactor with only hydrogenotrophic methanogens being active.
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Table 14 : Ranges of kinetic parameters for hydrogenotrophic methanogens and homoacetogens collected in literature between 20 and 35 °C.
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		4H 2	
		2	+	2CO 2
	2H 2 O	HM	2H 2 O	HAC 2H 2 O
			SAO
	Methane CH 4	CO 2	AM	Acetic acid C 2 H 4 O 2

Table 15 : kinetic parameters calculated for each activity test performed on the MMC enriched in SBs. HM parameters were calculated from the hydrogenotrophic tests and HAC from the homoacetogenic tests. 1.4159 gCODX.gVSS -1 is assumed. ND: not detected; NA: not available.
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Table 16 : Operational conditions of the different CSTR tests performed at 35 °C, and summary of major results.
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	Experiment name	CSTR1	CSTR2	CSTR3	CSTR4
	pH	7	6.5	5	5
	Targeted HRT (d)	7	3	1	5
	Real HRT (d)	4.6 -7.1	2.6 -11	1.0	3.9 -5.8
	D (d -1 )	0.14 -0.22	0.09 -0.38	0.98	0.17 -0.25
	Duration (d)	35	14	6	124
	Gas flow (L.d -1 )	72 -324	126 -170	110	151
	H2/CO2 input ratio	1.9 -4	2	1.8	1.9
	Acetate maximal productivity (molC.L -1 .d -1 )	0.227 (15 d)	0.652 (3 d)	0.074 (0.25 d)	0.083 (12 d) 0.218 after vitamins addition
	Acetate stabilised productivity (molC.L -1 .d -1 )	0.139	0.296	0.021	0.020
	Acetate maximal				
	concentration	0.33	0.37	0.01	0.15
	(mol.L -1 )				
	Methane production	All along the experiment	Not detected	Not detected	Until 20 d
		40 d:			25 d:
		18 % Methanobacterium			37 % Methanobacterium
	Methanogenic archaea	formicicum	Not detected	Not detected	Bryantii
		7 % Methanobrevibacter			
		arboriphilus			Not detected after 25 d
					20 d:
					31 % Clostridium
	Potential homoacetogenic bacteria	40 d: 21 % Acetobacterium wieringae	6 d: 22 % Acinetobacter bereziniae 16 % Oscillibacter ruminantium	4 d: 31 % Clostridium sensu stricto 12	autoethanogenum. 11 % Clostridium sensu stricto 12
			15 % BRH-c20a sp.	15 % Acinetobacter bereziniae	112 d:
					68 % Clostridium
					autoethanogenum
	Biomass stabilised concentration (gVSS/L)	1.88	0.16 ± 0.02	0.08 ± 0.02	25 -55 d: 0.06 ± 0.02 87 -117 d: 0.26 ± 0.06
	Biomass ratio gCOD/gVSS	/	/	1.50	1.47
	Specific acetate productivity (molC.gVSS -1 .d -1 )	0.074	1.850	0.263	0.286

Table 18 : parameters used for the simulation of HAC growth with an essential component z only supplied in the inoculum. YX/z and zi were estimated in CSTR2, CSTR3 and CSTR4.
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Table 19 and

 19 Table20summarize the macronutrients and micronutrients needed by microorganisms for growth. Some of them are essential, such as sources of C, H, O, N, P and S, but also some metals. Mg, Na, Ca and K should always be available in culture media, and are considered essential for the cell functioning. Additionally, anaerobic microorganisms encoding the WLP need more of Fe, Co, Mo, Ni, W, Se, and S than other microorganisms, because numerous enzymes and cofactors of the pathway contain such elements. Indeed, metals often are the catalysts in the enzymes. They are needed at very low concentration, but yet essentials

Table 21

 21 are often supplemented in culture media. They enter into the composition of coenzymes. Vitamins are not necessarily essential for all microorganisms, first because each of them is involved in specific processes, but also because some microorganisms have the capacity to synthesise them. Some bacteria such as Lactobacilli require a supply of almost all the

	vitamins in their environment. Conversely, other microorganisms do not need any contribution
	of these growth factors. The most commonly essential vitamins are: thiamine (B1), biotin,

pyridoxine (B6) and cobalamin (B12). Group of vitamins K and quinones are also involved in electron transport and synthesis of sphingolipids.

Table 19 : macronutrients and their roles for the cell and its growth (adapted from Madigan and Martinko, 2007). Micronutrients Cell components and functions Concentration in the mineral medium (mol.L -1 )
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		Respiration: cytochrome; iron/sulphur electron	
		transfer proteins; catalase; peroxidases;	
		oxygenases; nitrogenases	
	Iron (Fe)	Anoxia: reduced form Fe 2+ (ferrous) soluble Needed in larger amounts than other	Fe 2+ 1.01E-05
		micronutrients.	
		In WLP: FMD/FWD, Fd, Ni-Fe and Fe	
		hydrigenases, HDR	
			H3BO3
	Bore (B)	Auto-inducer (quorum sensing) of bacteria; polyketide antibiotics	1.62E-06 (pKa B(OH)3/B(OH)4 -=
			9.3)
	Chrome (Cr)	Not required for microorganisms	-
	Cobalt (Co)	Vitamin B12; transcarboxylase (propionic bacteria)	Co 2+ 2.52E-06
	Copper (Cu)	Respirations, cytochrome c oxidase; plastocyanin photosynthesis; superoxide dismutase	Cu 2+ 4.69E-07
	Manganese (Mn)	Enzyme activator, superoxide dismutase, and phototrophs) photosystem II (enzyme that dissociates water in	Mn 2+ 1.01E-06
	Molybdenum (Mo)	Flavin enzymes, nitrogenases, nitrate reductase, formate dehydrogenases, tRNA synthesis sulfite oxidase, DMSO-TMAO reductases,	H24Mo7N6O24 6.01E-07
		In WLP: Hydrogenases, coenzyme F430 of	
	Nickel (Ni)	methanogens, carbon monoxide dehydrogenase, CODH/Acs, methyl-H4MPT	Ni 2+ 8.41E-07
		urease	
	Selenium (Se)	Formate dehydrogenase, hydrogenases, amino acid selenocysteine	-
	Tungsten (W)	Formate dehydrogenases, oxotransferases of hyperthermophiles	-
	Vanadium (V)	Vanadium nitrogenase, bromoperoxidase	-
		Carbonic anhydrase, alcohol dehydrogenase,	
	Zinc (Zn)	RNA and DNA polymerases, DNA binding	Zn 2+ 7.34E-07
		proteins	

Table 20 : Micronutrients (or trace elements) required by microorganisms. Bold font highlights the specific needs of HAC, HM, and WLP expressers (adapted from Madigan and Martinko, 2007).
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	Vitamins	Coenzymes	Enzymatic reactions
	Nicotinic acid	Pyridine nucleotides (precursor of NAD and NADP)	Dehydrogenation
	Riboflavin (B2)	Flavin nucleotides; FMN; FAD; flavoproteins involved in electrons transport	Dehydrogenations and electrons transport
	Thiamin (B1)	Carboxylase; transketolases	Alpha-decarboxylation
			Amino acids metabolism
	Pyridoxin (B6)	Pyridoxal phosphate	(transamination, deamination, decarboxylation); Amino acid
			conversion to keto-acids
			Oxidation of ketonic acids, fatty
	pantothenic acid	Coenzyme A	acid metabolism; acetyl activation
			and other acyl derivatives
	P-aminobenzoic acid Precursor of folic acid	
	Folic acid	Tetrahydrofolic acid	1C metabolism; methyl transfers
	Biotin	Enzyme with biotin type prosthetic group	CO2 fixation and transfer of carbonyl groups; biosynthesis of fatty acids (Mostly in aerobic conditions)
	Cobalamin (B12)	Cobalamine coenzyme (ex: CoM of methanogenesis)	Molecular rearrangements; Reduction and transfer of 1C groups; deoxyribose synthesis
	Lipoic acid		Acyl transfer during decarboxylation of pyruvate and alpha-ketoglutarate

Table 21 : B group vitamins (growth factors) and diverse enzyme activities involving them (Madigan and Martinko, 2007; RIVIERE, 1975). Bold font highlights potential essential vitamins for HM and HAC.
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Table 22 : Comparison of the results obtained in this study with a published result in pure culture of C. autoethanogenum grow under mesophilic conditions and H2/CO2.
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		This study	Heffernan et al., 2020
	Catalyst	Enriched MMC with an average of 67.8 % of C. autoethanogenum between 82 -112 d	Pure culture C. autoethanogenum DSM 10061 strain-DSM 19630
	Substrate	H2/CO2 (67:33)	H2/CO2/Ar (67:23:10)
	Type of process	2 L chemostat	0.75 L chemostat
	pH	5	5
	Temperature (°C)	35 °C	37 °C
	D (d -1 )	0.21 ± 0.04	0.5
	Acetate specific productivity (mmolC.gVSS.d -1 )	176 considering 100 % of the VSS 260 considering 67.8 % of the VSS	226
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CHAPTER 2: Materials and methods

Chapter 2

General conclusion and outlook

In this thesis project, the possibility of producing acetate from H2/CO2 by engineering MMCs was investigated. The research especially focused on the microbial competition between HAC and HM, which is the major hurdle for HAC production. Indeed, methane production benefits of thermodynamic advantages that must be circumvent to promote acetate production.

To do so, a systemic methodology was undertaken in this work. First, a model was constructed, according to classical theories of microbial growth, gas to liquid mass transfer, weak acid dissociation and pH, and thermodynamic factor FT. The model was used as a tool for projecting on hypothesis, and simulating experimental results. This way, the model helped for the understanding of the different limitation states that can rule such anaerobic gas/liquid systems: thermodynamics, mass transfer and microbial kinetics. Experimental campaigns were conducted within this thesis project. The effect of environmental parameters, such as temperature, pH and HRT, was studied in different reactors: SBs and CSTRs. These two types of reactors developed have in common a semi-continuous, or continuous gas supply, and a dilution rate.

Both reactors were successful for the microbial selection of HAC, provided that substrate limitation was overcome. Therefore, this work provides a proof of concept of the possibility of promoting HAC by MMC engineering for acetate production from H2/CO2. This has been achieved in different systems and conditions. Indeed, an enrichment technique at lab scale was developed in SBs. It consisted in operating at 25 °C, with short batch times of 5 d, transferring as soon as H2 consumption was detected.

In continuous reactors, rather high acetate productivities (0.296 molC.L -1 .d -1 ) and concentrations (0.74 molC.L -1 ) were reached at 35 °C and pH 6.5, while methanogenic function was lost working at D above 0.2 and 0.3 d -1 at pH 5 and 7 respectively. However, in continuous reactor at 25 °C, HM could not be washed out until D of 0.75 d -1 , and chain elongation was observed. This all the requirements for growth, some addition of digestate supernatant could therefore be a solution. When activity was recovered after vitamin addition, acetate concentration didn't stabilise in the reactor, but oscillated. This can be due to toxicity effects of acetate concentration increase and the reasons of this observation deserve to be further investigated and understood.