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The predictions of natural resources scarcity [START_REF] Di Santo | Climate Change and Natural Resource Scarcity: A Literature Review on Dry Farming[END_REF], overpopulation and climate change force human species to adapt its ways of living and producing lifestyles and production patterns. In this challenging scenario, it is essential to modify our economy from the 'take, make and dispose' widely used production model (Santibanez Gonzalez et al., 2019) into a circular economy model based on the intentionally narrowing, slowing and closing materials and energy flows (Pieroni et al., 2019).

In this context, the anaerobic digestion presents itself as an important technology that could be inserted in different cycles of production as a way to valorise organic wastes through the generation of methane. Additionally, anaerobic digestion also generates digestate (DG), a by-product with high proportion of mineral nitrogen, in particular ammonium, phosphorus and organic matter (Alburquerque et al., 2012;Makdi et al., 2012). The DG chemical composition makes its agronomical use a conceivable strategy to valorise its high nutrient content, contributing to a circular economy model (Wang et al., 2023). Thanks to these advantages, anaerobic digestion experienced strong growth worldwide. Europe's annual biogas production has reached 2.3 billion m 3 at the end of 2018, and it is expected to reach 64.2 billion m 3 by 2050 (Brémond et al., 2021). Despite these optimistic estimates, this sector has to implement improvements to achieve a sustainable growth and limits its environmental impacts. In particular, the management of the increasing quantities of DG could represent a bottleneck. DG direct application in soil is limited to regulated periods and may also be limited by the high moisture, significant residual biodegradability and phyto-toxic compounds (Teglia et al., 2011). Thus, DG is often post-treated prior to soil application.

The most common first step in the DG valorisation chain is a solid liquid separation (Monfet et al., 2018). The liquid fraction can contain about 70 to 90% of the soluble nitrogen and 60 to 80% of the total phosphorus pentoxide initially contained in the raw DG. It can be directly used as organic fertilizer or post processed through membrane filtration, struvite precipitation or ammonia stripping (Lamolinara et al., 2022;Monfet et al., 2018). The solid fraction of DG is rich in organic matter and it still contains significant amounts of mineral nitrogen (3.6 to 12.9 mgN-NH3/gDM) (Chowdhury et al., 2014;Li et al., 2023;Tambone et al., 2017;Teglia et al., 2011). This material can be directly used as soil amendment in nearby farms (Fernández-Bayo et al., 2017;Lu and Xu, 2021). However, the agriculture in temperate climates has a small window for the application of DG in soil and centralized anaerobic digestion plants often produce more DG than the fertilizing demand of local farmers (Chowdhury et al., 2014). Due to these factors, the solid fraction has to be stored for long periods or transported to other applications locations. The high moisture contents (20-30% of DM) and the residual biodegradability of DG solid fraction can hamper its storage and transportation (Lu and Xu, 2021;Teglia et al., 2011). Thus, a post treatment of the solid DG is often necessary.

Composting is often used to post-treat solid DG due to its robustness. This process induces the biological degradation of the organic matter, the reduction of moisture, the elimination of pathogens, and the production of humic substances, creating a stable final product that is suitable for soil application (Cáceres et al., 2018). Despite these advantages, composting can be responsible for environmental impacts related to nitrogen losses. These losses occur through gaseous emissions, such as ammonia (NH3) and nitrous oxide (N2O), or leachates. Ammonia emissions can cause eutrophication, acid rain, formation of fine particles and it can cause nuisances towards workers of the composting site (Leip et al., 2015). Nitrous oxide is a strong greenhouse gas with global warming potential 265-298 times higher than the one of carbon dioxide over a 100 year-period (Vallero, 2019). Moreover, nitrogen is a major element for plant development and its loss reduces the fertilizing value of the final compost.

Different strategies have been studied in the literature to minimize nitrogen losses during composting.

Among them, biochar amendment has shown promising results (Sanchez-Monedero et al., 2018).

Biochar is the solid product obtained by the thermochemical conversion of biomass in an oxygenlimited environment through a process called pyrolysis (Tomczyk et al., 2020). Biochar has been broadly defined as all kind of chars produced above 250°C and intending soil or environmental applications (E. Thies and Rillig, 2015). The literature reports that the application of biochar during the composting of different organic wastes, such as animal residues and sewage sludge, has led to nitrogen losses reductions ranging from 0 to 86% during biochar supplemented composting (Hestrin et al., 2020;Sanchez-Monedero et al., 2018). Additionally, biochar has been identified as a strategy to promote carbon sequestration thanks to its recalcitrant nature (IPCC, 2022). Despite these encouraging results, only one work had studied the solid DG composting with biochar (Chowdhury et al., 2014), at the start of this PhD work (i.e. 2019).

Based on this context, my thesis work called COMBINeD (COMposting-BIochar-Nitrogen-Digestion) proposes to study the use of biochar as a strategy to reduce nitrogen losses during the composting of solid DG.

To better understand the scientific questions of the COMBINeD project, a thorough review of anaerobic digestion, composting and pyrolysis is presented in the following section.

Anaerobic digestion 2.1 Anaerobic digestion process

To better understand the digestate characteristics it is necessary to know the process responsible for its formation. The anaerobic digestion (AD) is a complex process that involves a diverse assembly of bacteria and methanogenic archaea in an anaerobic environment [START_REF] Ren | A comprehensive review on food waste anaerobic digestion: Research updates and tendencies[END_REF]. The AD can be divided into four phases: hydrolysis, acidogenesis, acetogenesis and methanogenesis.

During the hydrolysis phase, complex organic materials like lipids, polysaccharides, proteins and fats are transformed by enzymes into compounds such as monosaccharides, amino acids and other simple molecules. These compounds represent a source of energy and cell carbon for the microbial ecosystem. From a microbiological point of view, this phase is marked by the presence of strict anaerobes such as Bacteroides, Clostridia and facultative bacteria such as Streptococci. This phase is considered as rate-limiting when complex substrate is used due to the formation of toxic products like heterocyclic compounds or non-desired volatile fatty acids (VFA's).

During the next step, called acidogenesis, the monomers formed in the hydrolysis phase are degraded in short chain fatty acids including VFA, lactic acid, pyruvic acid, acetic acid and formic acid. This is followed by the acetogenesis phase in which the acids products from the acidogenesis phase, like VFAs and alcohols that cannot be directly converted into methane by methanogenic microorganisms, are converted into methanogenic substrates, like acetate. Then in the last phase, called methanogenesis, strict anaerobic archaea produce methane and carbon dioxide from intermediate products.

Methanogenesis is a critical step in AD as the methane formation is the slowest biochemical reaction [START_REF] Adekunle | A Review of Biochemical Process of Anaerobic Digestion[END_REF].

Digestates physicochemical properties

The anaerobic digestion leads to changes in the treated organic waste that give specific characteristics to the digestates.

During AD, the digestion decreases the amount of biodegradable carbon of the original waste because microorganisms use the biodegradable organic matter as an energy source. [START_REF] Möller | Effects of anaerobic digestion on digestate nutrient availability and crop growth: A review[END_REF] estimated that 20-95% of the feedstock OM is degraded during AD, depending of the feedstock composition. Teglia et al. (2011) reported values of OM in the solid fraction of digestates smaller than 20% of the wet weight and ranging from 38.6 to 75.4% of the dry weight. The degradation of the OM during Ad also conducts to nitrogen mineralization. Thus, digestate are characterized by a higher NH4 + concentration, decreased total and organic carbon contents, reduced biological oxygen demands, higher pH values and smaller C/N ratios than the initial waste.

Among the different fractions of the OM pool, the easily degradable carbon deserves a special attention because it is the most accessible carbon source for microorganisms and it is directly related to the digestate stability. The easily degradable carbon is usually quantified by the soluble carbon (Csol) fraction of the organic matter. Teglia et al. (2011) reported values of Csol ranging from 149 to 1482 mg/l. These values suggest that the AD parameters and the biomass composition influence the amount of residual Csol. Longer residence times in the AD reactor lead to a more complete digestion and, as a result, to smaller amounts of Csol in the digestate. However, the prevalence of efficiency criteria for energy production at an industrial scale generally leads to shorten the residence time. This produces digestates that are not completely exhausted in terms of easily degradable organic compounds. The storage and soil application of these digestates may thius cause undesirable effects like odour emissions and production of toxic compounds (Alburquerque et al., 2012).

Digestate can present high amounts of ammonia (NH4 + ) and total kjeldhal nitrogen (TKN). The concentrations of NH4 + in solid digestates observed in the literature ranged from 3.8 to 12.9 mg/g DM (Chowdhury et al., 2014;Li et al., 2023;Teglia et al., 2011), which represents about 30% of TKN. It is important to note that the TKN distribution differs between solid (SF) and liquid fraction (LF) of digestate. Tambone et al. (2017) showed that the LF of digestate had 87 % of the original TKN. The nitrogen present in the LF is composed of 65-98% of ammonia nitrogen [START_REF] Xia | Microalgal Cultivation in Treating Liquid Digestate from Biogas Systems[END_REF], which makes it possible to use LF as substitute for mineral N fertilizers (Tambone et al., 2017;[START_REF] Walsh | Replacing inorganic fertilizer with anaerobic digestate may maintain agricultural productivity at less environmental cost[END_REF]. On the other hand, SF nitrogen is composed mostly from organic nitrogen, which can reduce the potential valorisation of SF as a mineral fertilizer. The lower agronomical interest coupled with the higher difficulty to perform soil spreading compared to LF (i.e. due to high moisture and bulkiness), can reduce the search for this digestate fraction compared to LF (Teglia et al., 2011). However, SF contains residual ammonia nitrogen that can account for 3.6 to 12.9 mgN-NH4/gDM (Chowdhury et al., 2014;Li et al., 2023;Tambone et al., 2017;Teglia et al., 2011), which can contribute to nitrogen emissions during composting or stored.

Finally, due to the formation of ammonium carbonate, the transformation of CO3 -and H + ion into CO2 and H2O and the presence of basic cations like Ca2 + and K + during the digestion, the pH of digestate is usually higher than the one of the original waste. [START_REF] Möller | Effects of anaerobic digestion on digestate nutrient availability and crop growth: A review[END_REF] showed that organic waste have an increase of 0.5 to 2 pH units when submitted to an anaerobic digestion treatment.

The lower biodegradability, high pH and residual N-NH4 + content will influence composting treatment, as described thereafter.

Composting

Composting process

Composting is an aerobic process where endogenous microorganisms from organic waste use atmospheric oxygen to mineralise organic matter, leading to the synthesis of a stabilised product, called compost. Compost is known for is agronomic values and is used in agriculture. The overall OM mineralisation process generates heat [START_REF] De Guardia | Compostage et Composts Avancées scientifiques et techniques[END_REF]. Therefore, in this biological cycle, microbial activity, organic matter mineralisation, oxygen consumption rate (rO2) and temperature evolution are related [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be cocomposted[END_REF][START_REF] Xiao | Recent developments in biochar utilization as an additive in organic solid waste composting: A review[END_REF]. Based on the evolution of these parameters, the composting process is often categorised into two phases: active phase and maturation.

The active phase is subdivided in mesophilic, thermophilic and cooling phases.

 Mesophilic phase: It is characterised by temperatures lower than 40°C. During this phase simple organic carbon compounds such as sugars, amino acids and proteins are degraded by microorganisms present in the OM. The resulting heat production increases and can then lead to a build-up of heat in the composting mass, resulting in higher temperatures.

 Thermophilic phase: This phase takes place when temperatures are superior to 55°C. During this phase more complex substrates like fats, cellulose, hemicellulose and some lignin are degraded and it is possible to observe the highest oxygen uptake ratios. The high temperatures in this phase are responsible for the compost sanitization. However, they can generate significant losses in water and NH3. This phase can last for several weeks. It is important to note that the rise of temperature above 63°C might decrease the microbial activity. In order to avoid this, turning operations or forced aeration are operated to ensure a dissipation of heat.

 Cooling phase: it takes place when temperatures are decreasing to 40°C and lasts until it is stabilised close to room temperature. During the cooling phase, there is an increase in microbial diversity, but the microbial activity decreases as a result of the depletion of the degradable OM in the thermophilic phase.

During the last maturation phase of composting, the OM is re-arranged and humification occurs. The microorganism's activity is low and there is a decrease in bacterial diversity and an increase in fungi able to degrade complex substrates [START_REF] Bernal | Composting of animal manures and chemical criteria for compost maturity assessment. A review[END_REF]Manu et al., 2021a).

Nitrogen transformation and transfer during composting

Four main processes are responsible for the nitrogen transformations during composting: mineralisation, immobilisation, ammonia volatilisation and nitrification/denitrification as shown in Fig. 1. Different forms of nitrogen maybe present in the initial organic waste. They can be characterized as inorganic such as nitrite/nitrate (NO2 -/NO3 -) or ammonia nitrogen (NH4 + /NH3), or as organic nitrogen (Norg). Norg is present in the structure of proteins, peptides, nucleic acids, urea and other biological molecules. The mineralisation process is responsible for the transformation of the Norg in NH4 + /NH3. The mineralization, also called ammonification, is directly correlated to the OM degradation [START_REF] De Guardia | Compostage et Composts Avancées scientifiques et techniques[END_REF]. Since the thermophilic phase presents the biggest OM decomposition rates, main part NH4 + /NH3 formation is expected during this period [START_REF] Sánchez-Monedero | Nitrogen transformation during organic waste composting by the Rutgers system and its effects on pH, EC and maturity of the composting mixtures[END_REF]. The NH4 + /NH3 formed and the one that was already present in the organic waste constitute the N-NH4 + pool, which can follow different transformation ways.

The N-NH4 + can be assimilated by microbial biomass to synthesize amino acids, nucleic acids and other metabolites essential for its growth, therefore transforming it in Norg. This process called immobilisation is related to the increase of microbial biomass in the reactors. Mineralisation and immobilisation can occur simultaneously.

The N-NH4 + pool can also be volatilised. In the composting mass, NH4 + is in a chemical equilibrium with its gaseous form, NH3. The basic pH characterising many organic wastes like manures and digestates will contribute to displace the equilibrium in the direction of NH3 production. Besides that, as the composting progresses the mineralization process will produce more NH4 + /NH3 that will increase the pH in the compost and contribute to increase NH3 emissions [START_REF] Bernal | Composting of animal manures and chemical criteria for compost maturity assessment. A review[END_REF]. The temperature also plays an important role in ammonia volatilization. According to Henry's law, the solubility of NH4 + in water will decrease with increased temperatures (529g/l at 20°C and 168g/l at 60°C) [START_REF] De Guardia | Compostage et Composts Avancées scientifiques et techniques[END_REF].

Additionally, the N-NH4 + pool can be oxidised by the nitrification process. This process occurs as a sequential microbiological reaction in which ammonia-oxidising bacteria and archaea (AOB and AOA, respectively) convert ammonium to NO2 -. Then, Nitrite-Oxidizing Bacteria (NOB) oxidize NO2 -into NO3 - [START_REF] Zeng | Characterizing the transformation and transfer of nitrogen during the aerobic treatment of organic wastes and digestates[END_REF]. The first reaction is considered the rate-limiting step of nitrification (Cáceres et al., 2018;[START_REF] Zeng | Nitrogen dynamic and microbiological evolution during aerobic treatment of digested sludge[END_REF]. Therefore, the quantification of the amoA gene, which encodes the enzyme responsible for this transformation (e.g ammonia monooxygenase present in AOB and AOA), is considered a good estimator of composting nitrification (Y. Yang et al., 2020;[START_REF] Zeng | Relative contributions of archaea and bacteria to microbial ammonia oxidation differ under different conditions during agricultural waste composting[END_REF].

Nitrification rates can be negatively affected by lack of O2, temperatures below 20°C and above 35°C, excessive moisture, pH values below 5 and above 8 and high NH4 + concentration (Cáceres et al., 2018).

The physico chemical conditions from maturation phase are usually the more adapted to nitrification during composting, once the excess of NH4 + are usually striped during the thermophilic phase and the conditions of temperature closer to ambient temperature. Thanks to that, nitrification is often identified during the maturation phase.

Lastly, the NO3 -can be sequentially reduced into NO2 -, NO, N2O and N2 during the denitrification process. Denitrification is an anoxic respiration metabolism during which NO3 -is used as an electron acceptor in the respiratory chain. The degree of reduction of the nitrogen forms is affected by the oxido-reduction potential of the environment. Several enzymes as nitrate reductase, nitrite reductase, nitric oxide reductase and nitrous oxide reductase catalyse this reaction, respectively. These enzymes are encoded by the narG, nirS/nirK, norB and nosZ genes, respectively [START_REF] Li | Linking N2O emission from biochar-amended composting process to the abundance of denitrify (nirK and nosZ) bacteria community[END_REF].

Composting of digestates

The composting treatment of digestate is different from the one of other organic wastes due to its chemical characteristics. First, its reduced amount of simple organic carbon compounds, usually estimated as Csol, can lead to a low increase in the temperature during composting. The temperature is an essential parameter for the pathogen's inactivation. In general, it is considered that composting needs to achieve temperatures above 55 to 65°C for periods ranging from three days to two weeks, (depending on composting technology and country legislation) [START_REF] De Guardia | Compostage et Composts Avancées scientifiques et techniques[END_REF]Manu et al., 2021a) to ensure waste hygienization. Depending on digestate characteristics, it may be challenging to achieve such requirements (Teglia et al., 2011). Therefore mixing of digestate with other wastes richer in degradable carbon may be necessary. Furthermore, digestate composting can lead to high nitrogen emissions. Firstly, the high amounts of N-NH4 + in the initial digestate and the high pH suggest that the equilibrium NH4 + /NH3 will be displaced in the direction of ammonia formation, promoting ammonia volatilisation conditions. Secondly, the high N-NH4 + content may be toxic for microorganisms and hinder nitrogen immobilisation, nitrification as well as organic matter degradation (Manu et al., 2021a). Moreover, the reduced biodegradable organic matter content and the high ratio of nitrogen could hinder the optimum nitrogen immobilization conditions (C/N = 25-30). Finally, the high moisture could generate anoxic microsites that could increase the N2O production (Chowdhury et al., 2014;[START_REF] Zeng | Improving composting as a post-treatment of anaerobic digestate[END_REF].

There is therefore a strong challenge to find solutions to conserve nitrogen in the digestate compost and avoid emissions that impact on the environment.

Biochar

Literature generally agree on the fact that biochar could help to reduce composting nitrogen emissions.

It is thus important to look at how the biochar is produced and used and how it influences composting.

Biochar production

According to the International Biochar Initiative (IBI), biochar is the solid material obtained from the thermochemical conversion of biomass in an oxygen-limited environment. The main industrial carbonization technology used for biochar production is slow pyrolysis.

Pyrolysis is a thermochemical process aiming for the organic matter decomposition in an environment with a controlled oxygen content at a temperature between 300°C and 900°C. It produces three main products: biochar, bio oil and syngas. The main operational parameters in pyrolysis process are the temperature, the heating rate and the residence time. Depending on the parameters used, the process can be classified as slow, fast or flash pyrolysis. [START_REF] Jahirul | Biofuels production through biomass pyrolysis-A technological review[END_REF] characterized slow pyrolysis as having heating rates, residence times and treatment temperatures ranging from 0.1-1 K.s -1 , 450-550s and 300-950°C, respectively. However, there is no strict consensus in literature about which ranges of parameters values are used to classify pyrolysis into these categories.

Biochar characteristics can be affected by the previously mentioned operational parameters and by the characteristics of the treated biomass. The literature shows that biochar pH tends to increase when OM is submitted to higher pyrolysis temperatures and higher retention times. These operational conditions increase the formation of ashes, which are well known to be an alkaline material. Moreover, the increase in pyrolysis temperature and retention time helps the creation of aromatic rings and alkaline groups such as quinone and pyranose on biochar surface. Besides the contribution in pH, these structures also contribute to biochar recalcitrance. In other words, the aromaticity of the biochar's carbon structure, which is responsible for its long term duration in soil, is correlated with the treatment temperature and the retention times [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF][START_REF] Tag | Effects of feedstock type and pyrolysis temperature on potential applications of biochar[END_REF]. Biochar pH can vary from approximately 7 to 11 (Fig. 1. Chapter 1).

The surface area of the biochar is an important parameter for the adsorption of gases, water retention and microorganisms proliferation (Sanchez-Monedero et al., 2018). Usually, the pores are created by the volatilization of organic compounds present in biomass. It is possible to observe a steep increase in the surface area once a critical temperature is achieved. In lignocellulosic materials, this temperature is correlated to the degradation of cellulose and ranges from 350 to 500°C. However, if the temperature increases excessively, the mesopores (2-50 nm) in biochar structure tend to collapse and form macropores (>50 nm). As result, the surface area will decrease [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF][START_REF] Zhao | Heterogeneity of biochar properties as a function of feedstock sources and production temperatures[END_REF]. Biochar surface area can vary from approximately 0 to 400 m 2 .g -1 (Agyarko-Mintah et al., 2017a).

Considering the biochar surface properties, the acid sites like carboxylic, lactonic and phenolic groups tend to decrease as the temperature of operation increases in pyrolysis process due to decarboxylation and decarbonylation reactions. These reactions lead to the loss of oxygen atoms, which reduces the atomic ratio between total oxygen and total carbon (TO:TC) and creates less polar chars. The deionization of acid sites creates a negative charge on the surface of the biochar and generates its cation exchange capacity. This may help to retain positive cation compounds, such as NH4 + . TO:TC ranging from 0.06 to 0.32 have been reported in the literature [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF].

Finally, pyrolysis is a versatile process and it can use different biomass sources including lignocellulosic materials (wood, bamboo, crop residues), manure, industrial by-products (wood debris, flooring) and municipal waste (cardboard, bio solids). The feedstock used in pyrolysis has a direct influence in the yield of the solid product (char in the end of pyrolysis/initial biomass in the reactor) and on its characteristics [START_REF] Novak | Elemental and Spectroscopic Characterization of Low-Temperature (350°C) Lignocellulosic-and Manure-Based Designer Biochars and Their Use as Soil Amendments, Biochar from Biomass and Waste[END_REF]. Generally, biochars produced from manure have lower C, O and H contents and are less recalcitrant than lignocellulosic ones. It is also known that they are more likely to have higher pH and more ashes containing nutrients for plants like N and P compared to lignocellulosic biochars [START_REF] Novak | Elemental and Spectroscopic Characterization of Low-Temperature (350°C) Lignocellulosic-and Manure-Based Designer Biochars and Their Use as Soil Amendments, Biochar from Biomass and Waste[END_REF].

Biochar effect on composting

In the last decade, the utilization of biochar as an additive in composting of organic waste has received an increased attention of researches.

The first reported notable effect of biochar in the composting process is the enhancement of the organic matter degradation [START_REF] Dias | Use of biochar as bulking agent for the composting of poultry manure: Effect on organic matter degradation and humification[END_REF][START_REF] Sánchez-García | Biochar accelerates organic matter degradation and enhances N mineralisation during composting of poultry manure without a relevant impact on gas emissions[END_REF]. The increase of the highest temperature observed in the thermophilic phase and of the oxygen consumption compared to control suggests a better organic matter degradation (Sanchez-Monedero et al., 2018). This result is attributed to the capacity of the biochar to improve the physical structure of the composting pile, reducing the anoxic site and allowing a better diffusion of O2 [START_REF] Sánchez-García | Biochar accelerates organic matter degradation and enhances N mineralisation during composting of poultry manure without a relevant impact on gas emissions[END_REF]. Additionally, it has been hypothesized that biochar could adsorb N-NH4 + from the composting environment, reducing N-NH4 + toxicity to microorganisms (i.e. when presented in high concentrations), contributing to better microbial development, and, consequently, improving OM degradation (Manu et al., 2021b).

Furthermore, biochar can act in all the nitrogen cycle, affecting directly or indirectly the mineralization, nitrification and denitrification steps.

 Biochar effect on NH3 volatilisation

Despite the enhancement in N mineralisation promoted by the better biodegradation conditions, the use of biochar in composting has showed capacities to reduce the ammonia emissions. The mechanisms involved in this process have to be questionned. According to Sanchez-Monedero et al. (2018) biochar decreased NH3 emissions between 7-98 %, with application rates ranging between 2-27.5%. It is assumed that the adsorption properties of biochar are responsible for the reduction of NH3 emissions in compost and that this effect could be related to the large surface area and the acidic functional groups in biochar surface (Chen et al., 2017).
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 N2O emissions

The adsorption of mineral nitrogen like NH4 + and NO3 -on biochar surface could be responsible for the lower emissions of N2O observed since this minerals could be less available to microbial transformation. [START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF] hypothesized that adsorption of nitrate in biochar nano-pores (< 10 nm) simply reduced the overall substrate availability to the denitrifying bacteria (approximately 1 μm diameter). [START_REF] He | Effects of biochar size and type on gaseous emissions during pig manure/wheat straw aerobic composting: Insights into multivariatemicroscale characterization and microbial mechanism[END_REF] also suggested that biochar with large amounts of aromatic compounds could reduce N2O emissions since the aromatic groups could form π-π electron donor/acceptor interactions with NO3 -or act as hydrogen donation to give H, O, or N atoms on the surface of the biochar. In addition to the retention of minerals, biochar could reduce N2O emissions by enhancing aeration and gas diffusion and avoiding the formation of anaerobic micro-sites. Since denitrification is an anaerobic process, a better O2 availability to microbes could help to reduce the development of denitrifying bacteria like Bacteroidales. In this away, biochar granulometry could be an important factor to be regarded. [START_REF] He | Effects of biochar size and type on gaseous emissions during pig manure/wheat straw aerobic composting: Insights into multivariatemicroscale characterization and microbial mechanism[END_REF] studied the composting of poultry manure with biochars produced from two different biomasses (bamboo and rice straw) with two sizes each (powder: ɸ < 1 mm and granular: 10 mm >ɸ > 4 mm). The authors showed that the granular biochar effectively reduced the anaerobic sites and improved pore connectivity. However, these conditions increased the activity of nitrifying bacteria and caused more N2O to be produced.

Studies reported in the literature thus show that biochar properties could be of high interest to solve nitrogen emission issues in digestate composting. However there is still a gap in knowledge about operational parameters and reactional phenomena ruling the action of biochar. Moreover most the studies have been conducted non digested substrates. Thus the impact of biochar addition in digestate composting has to be demonstrated.

Thesis objectives and research questions

Following the above conclusions, the COMBINeD PhD work was divided in four steps, reported in four chapters. Each chapter work is presented as a research paper.

The first work step propose a statistical analysis of the literature data about biochar nitrogen losses reduction during solid waste composting to quantify nitrogen loss reduction with biochar and its variability; and to identify the main parameters affecting biochar capacity to reduce nitrogen losses.

The latest mechanistic theories about biochar action in composting where used to interpret the results. This first step of work allowed me to identify four research gaps that are summarised as follows:

a. small amount of data about biochar capacity to reduce total nitrogen losses, ammonia and nitrous oxide emissions during solid DG composting; b. the reduction of total nitrogen losses and ammonia emissions were poorly explained by BC and organic wastes most used chemical characterization; c. no clear experimental proof about how the biochar affects the evolution of solid DG composting nitrogen cycle evolution. d. the BC adsorption capacity is often cited as an important parameter for its effects on composting NH3 emissions reduction. However, the quantification of biochar adsorption capacity over composting has not yet been quantified or used to optimize biochar performance.

These gaps of knowledge identified during the Bibliographic review were used to guide the next steps of this work. A scheme of the COMBINeD research plan is proposed in Fig. 2.

In order to contribute to filling the knowledge gaps described above, the work of COMBINeD has first of all to acquire data on the composting of solid digestate with biochar from a simple experimental approach. Thus, research question "a" in Figure 2 was posed. Through this experimental approach, it was important to identify the parameters affecting the total nitrogen losses during composting of solid digestate with biochar, as expressed in research question 'b' in Fig. 2. To answer these two questions, it was necessary to generate experimental conditions with sufficient variability of the operational parameters to ensure robustness of the results. The two research objectives represented were thus addressed in the work described in Chapter 2, through an experimental design using an aerobic degradation pilot to simulate composting.

To go beyond the questions in Chapter 2, it was important to understand or confirm how the biochar affects the evolution of the nitrogen cycle through the composting of solid digestate in order to identify points for optimisation. Thus, point c in Figure 2 was investigated in the third phase of research, described in Chapter 3, through sampling and characterisation of different stages of the N cycle during 85 days of composting.

Finally, as the N-NH4 + adsorption capacity of the biochar was identified as an important parameter to explain the overall action of the biochar on composting, its control could be a promising strategy to optimise the performance of the biochar on the reduction of nitrogen losses. Thus, point d in Figure 2 was explored in the fourth phase of research, described in Chapter 4. A methodology for quantifying the N-NH4+ adsorption capacity of biochars in solid media is thus proposed, followed by the chemical modification of biochars to generate different N-NH4 + adsorption capacities and the study of the correlation between the capacity of biochars to reduce NH3 losses and their N-NH4 + adsorption capacity was investigated.

In conclusion, an assessment of the knowledge advances obtained in this PhD work is proposed as well as a reflection on future research to be conducted. Chapter 1: State of the art about biochar affects over composting nitrogen emissions

Foreword

The first step of COMBINeD work was to assess the state-of-the-art about biochar action on composting. The goals of this chapter were to analyse statistically the literature data about biochar nitrogen losses reduction during organic waste composting to first, quantify nitrogen loss reduction with biochar and its variability, and, second, identify the main parameters affecting biochar capacity to reduce nitrogen losses. The results were interpreted based on the latest mechanistic theories about biochar action in composting. These pieces of information were essential to identify the gaps of knowledge in the literature and define the research questions for the following chapters of this PhD.

To achieve the goals a bibliographic review coupled with a statistical analysis of literature data was performed. Works containing data about total nitrogen losses, NH3 and N2O emissions were selected and the data about biochar and organic waste characterisation, operational parameters, total nitrogen losses, NH3 and N2O emissions were organised in datasets. Descriptive statistical analyses (e.g. mean, standard deviation and proportion) were applied to the biochar and composting mixtures characteristics to describe the variability of the studied conditions. Moreover, Pearson' parametric correlation and PCA was applied to the datasets to identify biochar and organic waste characterisation, and operational parameters affecting total nitrogen losses and NH3 emissions.

After the bibliographic research, 16 works (gathering 41 observations) related to total nitrogen losses reduction, 18 works (gathering 60 observations) related NH3 emissions reduction and 10 works (gathering 16 observations) related to N2O emissions reduction were selected.

The statistical treatment of the literature data shows that biochar reduces TN losses, NH3 and N2O emissions during composting by 26.2% ± 16.7%; 46% ± 26.4%; 46.1% ± 31.1%, respectively. Despite the high variability of the results, it is possible to observe an overall positive effect of biochar on nitrogen emissions during composting, which confirms the interest of study biochar application in composting of solid DG.

Additionally, four research gaps of knowledge about solid DG composting with biochar were identified.

Firstly, only one research paper about solid digestate composting with biocahr was available when this work was done in 2019. The limited amount of evidence about biochar capacity to reduce total nitrogen losses, ammonia and nitrous oxide emissions during solid DG composting comfort us in studying the real benefices of COMBINeD strategy.

Secondly, the Pearson correlation and PCA results show that the reduction of total nitrogen losses and ammonia emissions were poorly explained by BC and organic waste's most used chemical characterisation in the literature. Indeed, a negative Pearson correlation of -0.57 between NH3

Chapter 1: State of the art about biochar affects over composting nitrogen emissions __________________________________________________________________________________________ 26 emissions reduction and biochar TC was identified as significant (p-value < 0.1) and sufficiently robust. This negative correlation suggests that biochar with lower TC and likely higher surface acid functions (discussed in the introduction), tends to promote higher NH3 emissions reduction. The identification of other correlations was probably hindered by the fact that only very macro biochar and composting mixtures characteristics (e.g. TC, TN, pH, ratio) were reported in sufficient numbers in the literature to allow performing a statistical work. Experimental research is needed to identify other parameters affecting solid DG composting with BC.

Additionally, no evidence about how biochar could affect the evolution of nitrogen cycle through the solid digestate composting was available in the literature. This knowledge could help to optimise biochar utilisation.

Finally, the study of the mechanism of biochar action in composting suggests that BC adsorption is one of the main parameters behind its capacity to reduce NH3 emissions and TN losses. However, the importance of biochar adsorption capacity over composting nitrogen losses has not yet been quantified. Moreover, optimising biochar N-NH4 + adsorption capacity was identified as a promising strategy to increase biochar performance over NH3 emissions reduction.

These gaps of knowledge were further explored in the following of this work.

Introduction

Composting is an aerobic biological process related to the mineralization and humification of organic matter (OM) leading to a stabilized final product, called compost, with potential valorisation in agriculture. Composting is a robust process, known for centuries, that allows treating and valorising a wide variety of organic wastes. Despite its benefits, composting also induces environmental impacts [START_REF] Salemdeeb | Environmental and health impacts of using food waste as animal feed: a comparative analysis of food waste management options[END_REF]. Among them, nitrogen losses could be cited as a major one. Nitrogen losses during composting can happen through gaseous emissions such as ammonia (NH3) and nitrous oxide (N2O), or because of leachates. Ammonia emissions have negative impact on environment by causing acid rain, eutrophication and formation of fine particles (Leip et al., 2015). These emissions are also responsible for nuisances towards workers of the composting site and the neighbourhood. Nitrous oxide is a strong greenhouse gas with a global warming potential 265-298 times that of carbon dioxide over 100 years (Vallero, 2019). In addition, nitrogen losses during the composting treatment also represent a loss of fertilizer value in the final agronomic product.

The main flow of nitrogen emissions during composting concerns ammonia (NH3). NH3 emissions can account for 98% of nitrogen emissions during the composting of household wastes and it can represent 24-33% of the total initial nitrogen [START_REF] Beck-Friis | Gaseous emissions of carbon dioxide, ammonia and nitrous oxide from organic household waste in a compost reactor under different temperature regimes[END_REF]. Two steps characterize the mechanisms behind NH3 emissions. First, the organic nitrogen contained in molecular structures, as proteins and DNA, is transformed to its mineral form (NH4 + ) by microbiological degradation of the OM (Cáceres et al., 2018;[START_REF] Dabert | Aspects biochimiques et microbiologiques du compostage[END_REF]. Secondly, NH4 + already present in the organic waste or produced along its mineralization can be volatilised and stripped. The volatilization of ammonia-nitrogen is influenced by pH, temperature and aeration [START_REF] Mohammed-Nour | The influence of alkalization and temperature on Ammonia recovery from cow manure and the chemical properties of the effluents[END_REF]. The increase in pH helps Chapter 1: State of the art about biochar affects over composting nitrogen emissions __________________________________________________________________________________________ 29 to shift the chemical equilibrium NH4 + /NH3 to the gaseous component (NH3). In addition, the temperature increase observed during the thermophilic phase of composting reduces the solubility of NH4 + in water and, consequently, contributes to NH3 production. Once the mineral nitrogen is in gaseous form it can be stripped from the composting pile by forced aeration or turning operations.

The residual NH4 + can be oxidized into NO3 -by ammonia oxidizing microorganisms during the mesophilic and maturation phase [START_REF] Sánchez-Monedero | Nitrogen transformation during organic waste composting by the Rutgers system and its effects on pH, EC and maturity of the composting mixtures[END_REF]. If NO3 -enters in contact with anoxic spots in the composting pile, it can then be transformed in N2O or N2 by microorganisms that will use nitrate as an electron acceptor in their respiratory chain (Cáceres et al., 2018). Therefore, the capture of nitrogen in compost represents a challenge for the management of the composting process.

In this view, the recent literature has shown promising results about the use of biochar amendment as a strategy to reduce nitrogen losses during composting. The highest reduction of nitrogen losses observed in the literature for biochar supplemented composting reached 86% [START_REF] Vandecasteele | Feedstock Mixture Composition as Key Factor for C/P Ratio and Phosphorus Availability in Composts: Role of Biodegradation Potential, Biochar Amendment and Calcium Content[END_REF].

Biochar is a carbon-rich, fine-grained, porous substance obtained by the thermochemical conversion of biomass in an oxygen-limited environment through a process called pyrolysis (Tomczyk et al., 2020).

During this process, biomass undergoes structural transformation leading to the formation of aromatic rings and pores of sizes ranging from nano-(<0.9nm) to macro-pores (>50nm) [START_REF] Kim | Influence of pyrolysis temperature on physicochemical properties of biochar obtained from the fast pyrolysis of pitch pine (Pinus rigida)[END_REF][START_REF] Manyà | Pyrolysis for biochar purposes: A review to establish current knowledge gaps and research needs[END_REF]. Initially, biochar has been widely studied for its application in soil. It has been shown that biochar can interact with different biogeochemical cycles, reduce nutrient leaching, have an influence over microbial community and increase fertility, mostly in low fertility soils [START_REF] Atkinson | Potential mechanisms for achieving agricultural benefits from biochar application to temperate soils: A review[END_REF][START_REF] Sohi | A review of biochar and its use and function in soil[END_REF]. Biochar characteristics and the results of its impacts on soil were a good indication that it would also have an impact over the composting process. For this reason, the supplementation of composting with biochar has been increasingly studied in the literature over the last decade. The addition of biochar to the composting mass can be considered symbiotic. On one side, biochar enhances composting process by improving air diffusion, OM degradation, humification and by interacting with the nitrogen cycle (Sanchez-Monedero et al., 2018). On the other hand, the harsh composting conditions as temperature and moisture promote changes on biochar surface such as adsorption of nutrients in its pores and the increase in the cation exchange capacity (CEC) [START_REF] Prost | Biochar Affected by Composting with Farmyard Manure[END_REF]. These changes can transform biochar in a nutrient carrier material that is able to slowly release its content to plants, and most important, it reduces the risk of nutrient immobilization that application of pure biochar in soil may induce [START_REF] Hagemann | Nitrate capture and slow release in biochar amended compost and soil[END_REF][START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF].

To date, a large number of results from the literature give strong indications that biochar has a positive effect on reducing nitrogen losses during composting. However, the high variability of the results proposed in the literature has not been explained. Moreover, biochar properties, composting conditions that favour maximum reduction in nitrogen losses during biochar-supplemented composting, as well as which organic waste are more suitable to benefit from biochar supplementation, are not well defined. Knowledge and understanding of these parameters and their effects is crucial for the optimal implementation of biochar supplementation technology on composting sites. However, the diversity of parameters potentially influencing the effect of biochar addition is a challenge. In order to establish a first state of knowledge on the major parameters influencing the effect of biochar during composting, an exploratory statistical study applied to the available literature data seems relevant.

With this in mind, this paper firstly proposes to capitalise on existing results in the literature by statistically analysing the variability of experimental conditions but also the variability of reductions in nitrogen losses and ammonia emissions measured in composting treatments supplemented with biochar. A search for parameters that can explain this variability is then managed via a parametric correlation study. The correlations found are interpreted in the light of the latest knowledge advances on action of biochar on the nitrogen cycle in compost. Moreover the variability that can't be statistically explained is discussed and opens to research perspectives to complete the knowledge.

Materials and methods

Bibliographic research and selection

In order to gather data, two scientific databases were explored. The search for articles according to the word combination "Biochar AND composting AND nitrogen" was first performed in August 2021 and completed in July 2022. All papers containing the previous combination of words and presenting a direct link with the research topic were selected.

The works listed above were analysed and the ones containing experiments about composting supplemented with biochar, measurements about nitrogen losses or ammonia emissions and a control treatment (no biochar applied) were selected. Analytical data were then largely and inclusively collected in these papers: data about biochar production (temperature and biomass), biochar properties (pH, total carbon, total nitrogen, C/N, cation exchange capacity, granulometry, specific surface area), composting conditions (days of composting, ratio of biochar to organic waste in dry weight, bulking agent (BA), ratio of structuring material to organic waste in dry weight), organic wastes characterisation (type of waste, total carbon, total organic carbon, total nitrogen, total organic nitrogen, C/N, NO3 -and electrical conductivity) and total nitrogen loss and total ammonia emission.

When organic wastes were mixed with BA, as straw or wood chips, the composting mixture characteristics were calculated as a weighted arithmetic mean, where the weight was the ratio of organic waste to BA. When two or more organic wastes were mixed, the type of the organic waste was considered as the one of the waste with the highest N concentration. Moreover, carbon composition was characterised either by a total organic carbon analysis or by a total carbon analysis (including organic and inorganic carbon). In the case of nitrogen, depending on the literature, the analysis parameter was either total kjeldhal nitrogen (organic + ammoniacal nitrogen) or total nitrogen (organic + ammoniacal + nitric). As organic waste contains little inorganic carbon and little nitric or nitrate nitrogen, the final dataset merged all carbon analyses into one parameter called TC and all nitrogen analyses into one parameter called TN.

After this wide selection, a large variability appeared in the type of analytical measures used by the authors. Therefore, a selection of parameters common to the largest number of publications was necessary in order to perform the statistical analysis. The selection criterion was the presence of the chosen parameter in at least 70% of the works in the literature. It is important to note that the pH of the organic waste mixture was not selected as a parameter for the statistical analysis, despite its important role in ammonia losses. This choice is justified by the fact that most papers did not characterise the pH of the organic waste mixture. Instead, they characterise the individual pH of each component of the mixture. As the pH is more likely to be affected by complex chemical reactions, such as buffer effects, it was considered that the weighted arithmetic average of the hydrogen ion concentration in each substrate was not accurate enough to estimate the pH of the mixture.

Moreover, the parameters total nitrogen loss reduction (TNLR), and ammonia and nitrous oxide emissions reduction (NH3ER and N2OER) were defined as the percentage of reduction in nitrogen loss/ammonia emission during the composting supplemented with biochar compared to the control treatment without biochar (Equation 1a, 1b and 1c). These parameters offer the best way to analyse biochar action within composting experiments leading to different profiles of nitrogen losses.

(1a) = (𝑇𝑁𝐿 𝑐 -𝑇𝑁𝐿 𝑏𝑐 ) * 100 𝑇𝑁𝐿 𝑐 ; (1b) 𝑁𝐻 3 𝐸𝑅 = (𝑁𝐻 3𝑐 -𝑁𝐻 3𝑏𝑐 ) * 100 𝑁𝐻 3𝑐 ; (1c) 𝑁 2 𝑂𝐸𝑅 = (𝑁 2 𝑂 𝑐 -𝑁 2 𝑂 𝑏𝑐 ) * 100 𝑁 2 𝑂 𝑐
Equation 1 -TNLR (total nitrogen loss reduction), TNLc (total nitrogen loss in control as percentage of initial nitrogen), TNLbc (total nitrogen loss in composting with biochar as percentage of initial nitrogen), NH3ER (ammonia emission reduction), NH3C (ammonia emission in control as percentage of initial nitrogen), NH3BC (ammonia emission in biochar treatment as percentage of initial nitrogen), N2OER (nitrous oxide emission reduction), N2OC (nitrous oxide emission in control as percentage of initial nitrogen), N2OBC (nitrous oxide emission in biochar treatment as percentage of initial nitrogen)

It must be noted that the NH3ER from Zhang et al. (2021) study was calculated using different units compared to those presented in equation 1b. The authors expressed the total ammonia emissions as Chapter 1: State of the art about biochar affects over composting nitrogen emissions __________________________________________________________________________________________ 32 ppmv. By definition, one ppmv is equal to one part of contaminant gas divided by 10 6 volumes of air.

Mathematically, ppmv cannot be converted to mg NH3-N emitted divided by the initial total nitrogen (mgN) in the organic waste mixture (as in the other studies) without knowing the total volume of air, pressure and temperature conditions. In order to use the results from these authors, we assumed that the volume of air used in each treatment (with and without biochar) was probably the same since the experiment was performed under controlled conditions. Moreover, it was considered that the initial organic waste mixture mass and composition, and the conditions of pressure and temperature did not vary significantly across the different treatments. Considering these assumptions, the conversion factor of NH3 emissions expressed as ppmv to NH3 emissions expressed as percentage of initial nitrogen would be the same for the control treatment and for the biochar treatment. Thus, the value of NH3ER calculated from emissions expressed in ppmv would be the same as the one calculated from emissions expressed in mgNH3-N emitted, as illustrated by Equation 2.

(2) 𝑁𝐻 3 𝐸𝑅 = ( 𝑓.𝑝𝑝𝑚𝑣𝑁𝐻 3𝑐 -𝑓.𝑝𝑝𝑣𝑁𝐻 3𝑏𝑐 ) * 100

𝑓.𝑝𝑝𝑚𝑣𝑁𝐻 3𝑐

Equation 2 -NH3ER (ammonia emission reduction), ppmvNH3C (ammonia emission in control as ppmv), NH3BC (ammonia emission in biochar treatment as ppmv), f (conversion factor from ppmv to ammonia emission as percentage of initial nitrogen)

The final parameters considered for the statistical analysis are presented in table 1. 

Organic waste and composting conditions

Treatment duration (days) Days Total nitrogen (%) TN Total carbon (%) TC Bulking agent ratio (w:w) RatioBA

Response variable

Total nitrogen loss reduction (%) TNLR Total ammonia emissions reduction (%) NH3ER

Statistical work

Descriptive statistical analyses were first applied to the biochar and composting mixtures characteristics to describe the variability of the studied conditions. Boxplots, averages and standard deviations were thus calculated for the quantitative parameters and proportions were quantified for the qualitative parameters, such as the percentage of different biomasses used in biochar production.

All statistical analyses were performed using the software R Studio version 3.5.1.

In order to observe separately the effect of biochar on the total nitrogen loss reduction (TNLR) in one hand and on ammonia emissions reduction (NH3ER) and nitrous oxide emissions reduction (N2OER) in the other hand, three data sets were created. The first one contains 16 works (gathering 41 observations) related to TNLR, the second one contains 18 works (gathering 60 observations) related NH3ER (see Supplementary Materials I -Chapter 1, available digitaly) and the third one contains 10 works (gathering 16 observations).

The same descriptive statistical analyses as previously described were applied these three datasets to assess the variability of the impact of biochar supplementation on the nitrogen emissions during composting. Then, a principal component analysis (PCA) and a Pearson parametric correlation analysis were performed but only with TNLR and NH3ER datasets because N2OER dataset did not gather enough observations to ensure robust analysis. The Pearson' parametric correlation analysis, often symbolized by the letter r, is a statistic tool used to measure the strength of linear associations between the variables of a same data set, two by two [START_REF] Puth | Effective use of Pearson's product-moment correlation coefficient[END_REF].

It must be precised that the results from Hestrin et al. (2020) were excluded from the statistical analysis. The authors studied nitrogen losses in the composting of poultry litter using biochar and oxidized biochar during a 7 weeks period. According to the authors, their ammonia emissions results

were abnormally low (549.4, 891.3, and 645.5 μg NH3-N.g -1 N for control, biochar and oxidized biochar treatments respectively) compared to other studies with similar organic waste (400 mg NH3.g -1 N).

Moreover, there is an overlapping in the standard error of the different treatments. Thus, it was considered that the abnormal nitrogen dynamics in this study and the analytical difficulty to differentiate the ammonia losses between treatments would not allow the identification of the true biochar effect in ammonia emissions.

3 Results and discussion

Variability of biochar and composting mixtures properties

Works studying mitigation of N losses during composting supplemented with biochar are based on a large range of biochars and composting mixtures, which characteristics variability has been studied as follows. In total, 34 biochars and 33 organic waste mixtures were studied (Fig. 1 and Fig. 2). The boxplots in Fig. 1 show a big variability of the different biochars characteristics, which can be related to the biochar definition itself. Indeed, according to [START_REF] Lehmann | Biochar for Environmental Management[END_REF] biochar is defined as all kind of chars produced above 250°C and intending soil or environmental applications.

Based on this definition, a large spectrum of chars can be classified as biochars. Two of these characteristics strongly influence the biochar properties: substrate origin and pyrolysis temperature [START_REF] Suliman | Influence of feedstock source and pyrolysis temperature on biochar bulk and surface properties[END_REF]. In the present work, most of the considered biochars were made of lignocellulosic substrates such as wood (23.5%), bamboo (17%), corn straw (11.7%), wheat straw (11.7%), rice husks (5.9%) and green wastes (2.9%). Biochars produced from lignocellulosic materials are more likely to present higher total carbon and lower nitrogen compared to biochars produced from animal manures [START_REF] Novak | Elemental and Spectroscopic Characterization of Low-Temperature (350°C) Lignocellulosic-and Manure-Based Designer Biochars and Their Use as Soil Amendments, Biochar from Biomass and Waste[END_REF]. In the dataset, two biochars were produced from manure and poultry litter (Agyarko-Mintah et al., 2017a;Chen et al., 2017) and they presented higher total nitrogen (5.6 and 3.0% respectively) compared to the mean (0.9%), which is in accordance to Novak and Johnson [START_REF] Novak | Elemental and Spectroscopic Characterization of Low-Temperature (350°C) Lignocellulosic-and Manure-Based Designer Biochars and Their Use as Soil Amendments, Biochar from Biomass and Waste[END_REF] observations.

The second factor that influences biochar properties is the temperature of production (Fig. 1a). The increase in pyrolysis temperature is known to increase the biochar total carbon and pH [START_REF] Claoston | Effects of pyrolysis temperature on the physicochemical properties of empty fruit bunch and rice husk biochars[END_REF][START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF][START_REF] Tag | Effects of feedstock type and pyrolysis temperature on potential applications of biochar[END_REF]. Within the data considered for this paper, the pyrolysis temperature ranged from 350 to 750°C (Janczak et al., 2017;López-Cano et al., 2016) and 50% of pyrolysis temperatures were in the range of 475 to 550 °C.
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In terms of chemical composition, Fig. 1d shows that 50% of the reported biochars contained from 76 to 49% of total carbon. It is also possible to observe that the dataset presents two biochars with extremely low total carbon, represented by the two lower points in Fig. 1d. These points correspond to two biochars made from rice husks and wheat straw produced at pyrolysis temperature of 550°C for 2h and they contained 21.6 and 10.7% of total carbon, respectively (Zhang et al., 2021). Other studies using similar pyrolysis conditions and substrates have obtained higher values of total carbon. For example, [START_REF] Abrishamkesh | Effects of rice husk biochar application on the propertiesof alkaline soil and lentil growth[END_REF] and [START_REF] Zhang | Effects of pyrolysis temperature and heating time on biochar obtained from the pyrolysis of straw and lignosulfonate[END_REF] produced rice husk and wheat straw biochar at 450-500°C and 500-600°C temperature range and obtained total carbon values of 44.2% and 62.6%, respectively. Thus, it may be assumed that the two extreme results of carbon content in biochars worked by Zhang et al. (2021) present abnormally low values. In order to perform a rigorous statistical analysis, the influence of these biochars over the complete dataset was analysed when considering the research of correlations (see section 3.3).

Biochars pH and TN (Fig. 1b and1c) ranged from 6.3 to 11.0 and 01. to 5.6%. These large variations in both parameters was expected, thanks to the diversity of pyrolysis conditions and substrates [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF]. Additionally, values are regularly distributed and are in accordance with other values found in the literature [START_REF] Lange | Physicochemical Properties of 43 Biochars[END_REF].

The TC and TN of the composting mixtures considered in the datasets can be visualized in the Fig. 2. The physicochemical characteristics of the organic waste treated by composting have a large influence on nitrogen emissions. [START_REF] Pardo | Gaseous emissions from management of solid waste: A systematic review[END_REF] highlighted the relationship between initial total nitrogen of Chapter 1: State of the art about biochar affects over composting nitrogen emissions __________________________________________________________________________________________ 36 the organic waste and NH3 losses in a meta-analysis studying gaseous emissions in different organic waste management strategies. In their analysis, the total nitrogen and total carbon of the composting mixtures ranged from 1.0 to 4.2% and 21.1 to 42.5%, respectively. The total nitrogen and the total carbon concentrations observed in Fig. 2 are in the same range of values as the ones proposed in [START_REF] Pardo | Gaseous emissions from management of solid waste: A systematic review[END_REF]. Most of the composting mixtures analysed in the present paper contained animal wastes, such as poultry manure (55.7%), pig manure (13.8%), poultry litter (6.9%), sheep manure (6.9%) and deer manure (6.9%), as principal nitrogen sources.

The total carbon and total nitrogen concentration in the composting mixtures are also influenced by the use of different structuring materials (or bulking agents -BA) types and ratios. The use of BA is largely discussed in the literature as a strategy to optimize composting. BA can be used in order to balance the C/N ratio, improve structure, porosity and adjust the moisture content which can affect nitrogen emissions (Chowdhury et al., 2014). In the three datasets used respectively for the study of TNLR, NH3ER and N2OER; the most common BA were straw (31.7%), cornstalk (43.3%), straw (56.2%) and the structuring ratios ranged from 0 to 400% (W/W) (Fig. 3). All these results clearly show that experimental conditions of the works considered in the datasets cover a large range of biochars and composting mixtures characteristics. This variability of operating conditions is interesting to assess generalizable effect of biochar on nitrogen emission reduction during composting.
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The dispersion of the total nitrogen loss reduction, ammonia and nitrous oxide emissions reduction observed in the literature studies was analysed. Fig. 4 shows that most (98%) of the data in the TNLR dataset presented values ranging from 2.9% to 58%. The result of López-Cano et al. (2016) represents an outlier in this dataset (TNLR value of 88.8%). Having in mind that an outlier can interfere in the following Pearson parametric correlation, the influence of the result of López-Cano et al. ( 2016) over the complete dataset was taken into account when discussing our results (see section 3.3). Moreover, Fig. 4 shows that the NH3ER dataset presents a homogeneous distribution of ammonia emission reduction values, ranging from 0 to 99.8%. Finally, existing works also demonstrate that biochar has a positive impact on N2O emissions reduction from 0 to 89%. Considering the variability of substrates characteristics, nitrogen losses reduction and ammonia and N2O emissions reduction values, it can be assumed that the datasets give a good representation of biochar action whatever composting conditions, in spite of a relatively limited number of data.

Moreover, the values reported in Fig. 4 clearly confirm that biochar had a positive impact over nitrogen loss reduction, ammonia and nitrous oxide emissions in composting compared to control. However, this impact is highly variable.

Research of correlations between biochar properties, composting conditions and N losses reduction

Considering the previous observations, the datasets were analysed to find correlations between biochars properties, composting conditions and N losses reduction performance.

Fig. 5 shows the variable factors maps and Table 2 shows specially the values and strength of the correlations between TNLR and NH3ER and the other studied parameters. T = biochar production temperature, pHB = biochar pH, RatioB = biochar ratio in dry weight (w:w), RatioBA = ratio of bulking agent in dry weight (w:w), TC = composting mixture total carbon, TCB = biochar total carbon, TN = composting mixture total nitrogen, TNB = biochar total nitrogen, TNLR = total nitrogen loss reduction.

As show in Fig 5a, the relations between variable parameters and the total nitrogen losses reduction results are only explaining a low part of the variability explored by the PCA (44.75%). It thus means that other substrate characteristics or composting conditions, not available in the literature works, should be considered in order to well understand the action of biochar. Nevertheless, Table 2 shows that TNLR presents a significant correlation (p < 0.1) with composting duration (Days) and biochar ratio (RatioB). However, the two correlations presented moderate r coefficients of 0.559 and -0.291 respectively. It is important to note that in complex process where multiple factors may affect the outputs, a moderate correlation may indicate a limited, but important impact in the explanation of the results.

The scatter plots distributions of the paired correlations are shown in Fig. 6. versus 537°C, respectively. Having in mind that Pearson's correlation analysis is sensitive to outliers [START_REF] Kim | The instability of the Pearson correlation coefficient in the presence of coincidental outliers[END_REF], a second analysis of this correlation was done excluding this extreme point. This second analysis shows that both correlations are not significant (p-value > 0.1) without López-Cano et al. (2016) results. In order to verify if a correlation between biochar action and composting duration really exists, more works studying the action of biochar to reduce nitrogen losses using longer composting periods are needed.

The PCA representing the relations between biochar characteristics, composting conditions and ammonia emissions reduction performance offers a better representation of the dataset variability (57.48%) than that obtained for total nitrogen losses reduction dataset. Significant relations with several considered parameters were found (Table 2). Biochar total carbon content (TCB), BA ratio and composting mixture total carbon content (TC) presented the strongest linear correlations with ammonia emissions reduction (-0.74, 0.63 and -0.59, respectively). The scatterplot distribution of these correlations can be seen in Fig. 7. were previously identified as outliers considering their atypical total carbon values. Moreover, a similar division in the data distribution is also observed in the Fig. 7b andc. The authors used BA ratios ranging from 200 to 400% in their experiment, which is far superior to the rest of the dataset mean (174%). In order to assess the robustness of the correlation, the three Pearson correlations were recalculated excluding by Zhang et al. (2021) results. This second analysis shows r-values of -0.57, -0.088 and -0.181 and p-values of 0.001, 0.661 and 0.375 for the correlations between NH3ER and TCB, RatioBA and TC, respectively. These results demonstrate that the negative correlation between NH3ER and biochar total carbon (TCB) keeps significant (alpha < 0.1) and with a moderate r-value, indicating that this correlation is not generated by the outlier values. However, the correlation between NH3ER and the bulking agent ratio and NH3ER and composting mixture total carbon content do not keep significant, indicating that these correlations are mainly caused by Zhang et al. (2021) results. As discussed previously for the TNLR dataset, complementary works would be necessary to improve the distribution of the data and better assess these relations.

Furthermore, Table 2 also shows significant (p-value < 0.1) negative correlations between NH3ER and TN and Biochar ratio. The same outlier effect, previously discussed, exists. Thus, the Pearson correlations were recalculated without by Zhang et al. (2021) results. The negative correlations between NH3ER and RatioB kept significant (p-value < 0.1) with an increased r-value (-0.375), showing the robustness of this relation. However the correlation between TN and NH3ER became positive (r_value =0.363) which demonstrates that the results of by Zhang et al. (2021) completely influenced the correlation and that this correlation cannot be currently interpreted.

As a result of this in-depth statistical analysis of the relationships between biochar properties, composting conditions and the reduction of total nitrogen losses and ammonia emissions, only two negative correlations, were found to be robust and general, whatever the outliers data : NH3ER/total carbon of biochar, and NH3ER/Biochar ratio. The correlations linking TNLR and composting duration and TNLR and biochar ratio as well as the correlation between NH3ER and Ratio of Bulking agent and TC would have to be confirmed with more data to exclude the possible bias induced by the specificity of conditions studied by López-Cano et al. (2016) and Zhang et al. (2021). Although these correlations could already be used as indicators to optimise the reduction of N losses in biochar-supplemented composting, mechanistic assumptions about the action of biochar during composting need to be taken into account to understand the causal relationship of these correlations.

Correlations' causality assumptions

Composting mixtures initially contain ammoniacal nitrogen which can be volatilized and organic nitrogen. The latter is mineralised during aerobic biological degradation with the risk of ammonia or even nitrous oxide emissions. The statistical results in section 3.2 clearly indicate that supplementing
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Looking at this issue in the literature, several assumptions emerge. [START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF] looked particularly at the adsorption of nitrogen species in the biochar particles during manure composting.

The authors used a ratio biochar/compost of 11% (w:w) in windrow composting experiments. After 6 weeks, they separated biochar particles from compost to perform extractions and found that biochar particles were able to adsorb approximately 40 mg NH4 + -N kg -1 biochar, 2000 to 5300 mg NO3 --N.kg -1 biochar and 225 mg Norg kg -1 biochar. It is interesting to note that the principal nitrogen form adsorbed was nitrate and not ammonium as it would be expected. This is all the more surprising since the nitrate adsorption capacity in liquid solution for a biochar with unmodified surface properties is of the order of 2000 mgNO3 --N.kg -1 biochar [START_REF] Zhang | Evaluating biochar and its modifications for the removal of ammonium, nitrate, and phosphate in water[END_REF]. Furthermore, the nitrogen species seemed to be strongly adsorbed to biochar structure. Only a small part of the nitrogen species was extracted by [START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF] using electron ultra-filtration extraction at 20 °C, 200 V and 15 mA during 30 minutes. A supplementary 30 minutes extraction at 80 °C, 400 V and 150 mA was necessary to extract the remaining nitrogen species. [START_REF] Hagemann | Nitrate capture and slow release in biochar amended compost and soil[END_REF] observed a similar tendency. The authors needed 111h of KCl 2M extraction to completely extract the nitrate from the mixture of compost and biochar. These results suggest that biochar has a 'slow-release' mechanism of nutrients (Hagemann et al., 2017).

An explanation for this unexpected nitrate presence and 'slow-relase' mechanism was proposed by [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]. The authors studied the surface of biochar used by [START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF] before and after the composting experiments using scanning electron microscopy (SEM) fitted with a Bruker energy dispersive x-ray scanning (EDS), scanning transmission electron microscopy (STEM) and transmission electron microscopy (TEM). They found that after composting biochar acquired porous micro agglomerates formed by mineral compounds bound together by carbon species. This surface coating has high concentrations of C, Si, and O and detectable concentrations of N, P, Fe, Al, Mg, Ca, Cl and S. These agglomerates were not distributed uniformly on biochar surface and their size were <20nm. These results are in accordance with [START_REF] Archanjo | Nanoscale analyses of the surface structure and composition of biochars extracted from field trials or after co-composting using advanced analytical electron microscopy[END_REF] studies. These latter authors applied STEM on wood biochar composted with manure for 63 days in an industrial composting plant.

They found that an uniform organic layer was formed that was rich in the same minerals as described by [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF] and with thickness varying from several nm to 500 nm. The analysis of the functional groups present in these organic layers by X-ray photo-electron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) showed NH2/amino N, N-C═O and -NH3 + /oxidized N/chemiadsorbed NH4 + groups. These nitrogen groups are different from the pyridine groups present in the initial biochar and they should probably be associated with the organomineral layer. Lastly, Chapter 1: State of the art about biochar affects over composting nitrogen emissions __________________________________________________________________________________________ 45 [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF] studied water retention in biochar pores by FFC NMR and showed that water is more tightly held in biochar pores after composting. Based on these results and [START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF] one's, [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF] proposed a new mechanism hypothesis explaining the effects of biochar during composting. Initially, biochar would adsorb by capillarity nutrient rich water from compost and dissolved organic matter, probably containing a high concentration of NH4 + . As shown with FFC NMR, this water is strongly adsorbed in biochar and would not desorb when the compost dries. Secondly, the pores would start to clog due to the organic matter coating. This hypothesis is supported by [START_REF] Sun | Biochar as a novel niche for culturing microbial communities in composting[END_REF] and [START_REF] Prost | Biochar Affected by Composting with Farmyard Manure[END_REF] results. [START_REF] Sun | Biochar as a novel niche for culturing microbial communities in composting[END_REF] showed that dissolved organic carbon (DOC) concentration decreased in compost areas close to biochar and at the same time DOC adsorbed in biochar increased. [START_REF] Prost | Biochar Affected by Composting with Farmyard Manure[END_REF] showed that biochar's surface area decreased from 85 m 2 g -1

to not detectable values after 2 days of composting, suggesting a flux of labile carbon from compost to the biochar particles. [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF] suggested that the dissolved organic matter could be adsorbed in functional groups of biochar pores and Fe/O and Mn/O agglomerates. Once the pores are closed, the oxygen trapped could be consumed by biotic and abiotic reactions catalysed by the Fe +2 and Mn +2 present in the pore surface. In this microenvironment, organic nitrogen could be mineralised resulting in NH4 + . The NH4 + produced could then complex with acid functional groups present in the organic coating or it could be reduced by Fe +2 and Fe +3 into NO3 -and nitrite (NO2 -) [START_REF] Quin | Lowering N2O emissions from soils using eucalypt biochar: The importance of redox reactions[END_REF].

The NO2 -could then be dissolved in water and held in biochar surface by H bonds or it could be directly bond to positive sites. [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF] and [START_REF] Archanjo | Nanoscale analyses of the surface structure and composition of biochars extracted from field trials or after co-composting using advanced analytical electron microscopy[END_REF] identified iron phases as magnetite and hematite and they highlighted their important role in the reduction of molecules during composting.

Fig. 8 Hypothesis of mechanisms for biochar action in composting according to [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF] The phenoma described above and summed up in Fig. 8 show that besides the physical influence of biochar on composting emissions by adsorption mechanisms, its influence on the composting microbiology has also to be considered. Concerning the effects directly correlated to the nitrogen cycle, significant differences in the abundance of nitrifying genes were found in the literature between biochar supplemented composting treatments and control. The nitrification occurs by the oxidation of NH4 + to NO2 -and then to NO3 -, the first being the rate limiting step of this process [START_REF] Zeng | Relative contributions of archaea and bacteria to microbial ammonia oxidation differ under different conditions during agricultural waste composting[END_REF].

The oxidation of ammonia to NO2 -is catalysed by the enzyme ammonia monooxygenase and the functional amoA gene encodes it. Biochar addition to pig manure composting with wheat straw was found to increase the abundance of this gene, which was correlated to ammonia emissions reductions (H. Guo et al., 2020;Y. Yang et al., 2020). Moreover, biochar could also affect the abundance of denitrifying genes. [START_REF] Wang | Insight into the effects of biochar on manure composting: Evidence supporting the relationship between N2O emission and denitrifying community[END_REF] studied the correlation between the reduction in N2O emissions during windrow composting of pig manure with biochar and the denitrification genes narG, nirK, nirS, and nosZ analysed by real time PCR. The gene narG encodes the enzyme nitrate reductase, responsible for the transformation of NO3 -in NO2 -. The genes nirK and nirS encode enzymes responsible for the transformation of NO2 -in nitric oxide (NO) and nosZ is responsible to code the enzyme nitrous oxide reductase that transforms N2O into N2. The authors found a significant negative correlation between the number of copies of nosZ, nirK, and nirS genes and N2O emissions rates (rho values of 0.666, 0.793 and 0.582, respectively: P < 0.01). The biochar treatment was able to significantly decrease the copy numbers of nirK, increase the copy numbers of nosZ and decrease the N2O emissions by 26%. The authors suggested that the primary cause of reduction in N2O emissions in biochar-supplemented composting of pig manure was due to variations in the abundance of denitrifying bacteria. [START_REF] Li | Linking N2O emission from biochar-amended composting process to the abundance of denitrify (nirK and nosZ) bacteria community[END_REF] found similar results for cattle manure windrow composting with biochar. Thus it seems clear that the nitrogen losses reduction effect is due to the capacity of the biochar to trap several form of nitrogen (ammonia and organic) and to supply them conditions to transform without being emitted as gaseous forms.

The mechanisms reported above can help understanding the causality of the correlations calculated in section 3.3. It has been already mentioned that biochar total carbon is affected by pyrolysis parameters like production temperature and residence times and by the characteristics of the pyrolysed substrate. The increase in pyrolysis temperature and retention time will increase the substrate degradation during pyrolysis by the volatilization of the less stable matter. The pyrolysed substrate will thus increase its carbon content by reorganizing itself through the creation of aromatic structures, mainly composed of carbon atoms, and it will reduce its surface acidic groups and CEC [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF][START_REF] Suliman | Influence of feedstock source and pyrolysis temperature on biochar bulk and surface properties[END_REF]. Thus, biochars with less total carbon are more likely to have a bigger amount of surface acidic groups and CEC. It has been shown that these characteristics may influence ammonia emissions reduction (Chen et al., 2017) by increasing the first step of trapping action. It is important to note that the substrates used in biochar production also impact its properties but it is not possible to establish direct correlations between biochar total carbon and other biochar surface properties with the current available data.
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The negative correlation observed between ammonia emissions reduction and total carbon content of the composting mixture is in agreement with the above explanation. Indeed the higher the carbon concentration in the biochar, the higher the carbon concentration in the composting mixture.

Finally, the last negative correlation between NH3ER and Biochar ratio, that is consistent with that calculated between the reduction of total nitrogen losses and the ratio of biochar, seems counterintuitive. A higher biochar dose should be able to immobilize a bigger amount of dissolved nitrogen and organic matter, avoiding higher nitrogen losses. Some authors even pointed that higher biochar doses could have a negative impact on organic matter degradation (Agyarko-Mintah et al., 2017a;Sanchez-Monedero et al., 2018), reducing thus the transformation of organic nitrogen to ammonia and possibly reducing ammonia emissions. Thus, the correlation found in the current work may highlight some non-understood inhibitory effect.

Research perspectives to complete the understanding of the effect of biochars on the reduction of nitrogen emissions during composting

The above discussion clearly shows that further research is needed to understand how biochar influences the nitrogen cycle during composting in order to optimise its effect.

It is first essential to point out that the parameters available in the literature with sufficient data are mainly parameters describing the macro properties of the biochar and the composting mixture, like TN and TC. These parameters are essential for the characterisation of the substrate and the first indications of the process behaviour, but they are not sufficient to explain all the variability of the results concerning the action of biochar on nitrogen losses by composting. This is consistent with the observation of [START_REF] Schmidt | Biochar in agriculture -A systematic review of 26 global meta-analyses[END_REF] in their systematic review on the use of biochar in agriculture, who emphasised the importance of advanced biochar characterisation to reduce the uncertainty caused by atypical results. Therefore, a better understanding of the action of biochar during composting in order to control and optimise the composting process should involve characterisation of biochar specific surface area, structural characteristics, CEC or chemical groups on the biochar surface. These parameters should be characterised in a relevant experimental design studying ammonia abatement for different types of organic waste and different types of biochars.

Focusing on the characterisation of biochars will involve developing analytical procedures specifically adapted to the porous structure of biochars. Indeed, [START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF] and [START_REF] Hagemann | Nitrate capture and slow release in biochar amended compost and soil[END_REF] have highlighted the difficulty of completely extracting NO3 -from biochars and how the "classical" NO3 -extraction method underestimates quantification. It is likely that other analyses that depend on adsorption or desorption steps, such as surface area and CEC, are also hampered by the specificity of the biochar structure. Standardisation of the biochar analysis methodology could

Chapter 1: State of the art about biochar affects over composting nitrogen emissions __________________________________________________________________________________________ 48 considerably increase the accuracy of the results obtained when studying the action of biochars in composting. Finally, in order to confirm the hypotheses of mechanisms deduced from the work of Joseph et al, some additional studies must be carried out. Firstly, the capacity of biochars to adsorb ammoniacal nitrogen must be evaluated in a solid environment. Indeed, knowledge on the adsorption capacity of biochars has been acquired in a liquid environment. Then, to confirm the biological transformation of ammoniacal nitrogen in the biochar pores, a thorough characterisation of the microbial environment (in particular of the genes involved in nitrogen transformations) would be necessary. This characterisation should be carried out both in the composting mixture and on the biochar surface or in the biochar pores.

All this future research will eventually help to predict under which application conditions the addition of biochar to the waste to be composted is interesting. In particular, it will contribute to the reflections on the orientations to be chosen for the biochar manufacture in order to obtain the best possible results.

Conclusion

The growing interest in adding biochar to composting mixtures to limit nitrogen emissions has already led to a significant number of results to date. The statistical analysis of these results highlights the diversity of the conditions tested and demonstrates the generalizable positive effect of biochar addition on nitrogen losses reduction. However, the performance of this effect varies considerably depending on the conditions tested. The literature analysis shows that the current characterisation of the biochars and composting mixtures remains very macro and do not represent sufficiently the range of possible characteristics to obtain significant and strong relationships with nitrogen emissions.

Considering the assumptions proposed by some studies to explain the biochar mechanisms of action, future studies should integrate thorough characterization of biochar's pores and surface function properties as well as microbial identification to establish control parameters on the nitrogen loss reduction performances.

Foreword

In the first chapter, a lack of data about nitrogen loss reduction during solid DG composting with biochar was identified. Firstly, the literature had limited amount of evidence about biochar capacity to affect the nitrogen cycle during solid DG composting. Secondly, it highlighted the need to identify the parameters affecting BC capacity to reduce nitrogen losses during solid DG composting. Thus, the current chapter has the goal to contribute to fill these two gaps of knowledge.

To conduct this study, a full factorial experimental design using three variables at two levels and one repetition were chosen. The variable parameters selected were: digestate origin here chosen as agricultural residues (AG) and organic fraction of municipal solid waste (OFMSW); biochar to digestate ratio (BC ratio) tested at 5 and 10% doses (wet weight); BC synthesis temperature ranges (BCT). For this latter parameter, two BC's were produced at 350-450°C (BC450) and 700-900°C (BC900) using green waste pallets made from small branches of beech. The choice of these parameters aimed to obtain enough variability in the parameters to allow the observation of different nitrogen losses profiles. Additionally, the biochars were characterised for specific surface area, elemental analysis, infrared spectroscopy, microwave plasma atomic emission spectroscopy and soluble carbon to help identify biochar characteristics that might explain its action on composing. The experiments were conducted using an aerobic degradation pilot to simulate the composting process. This experimental device and operational conditions were similar to those of [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF]. This experimental device allowed the quantification O2, NH3 and N2O concentration in the outlet reactors gases. The reactors content was chemically analysed for TKN and N-NH4 + at the beginning and at the end of the experiment and the cells weight was measured to calculate of mass balances.

Firstly, the biochar ratio did not show any significant effect. This result was probably generated by experimental difficulties that limited the number of repetitions from some of the experimental conditions.

The results showed that treatment with BC450 decreased the TKN losses and NH3 emissions (p-value < 0.1) compared to control, while the BC900 treatment did not show any significant difference compared to the control. The differences of the action of the two biochar during the aerobic degradation might be explained by their different physicochemical properties related to their different BCT. In this regard, BC450 presented a bigger O:C molar ratio than BC900 (0.25 and 0.17 respectively), lower pH (6.7 and 9.9 respectively), and infra-red spectrum with higher presence of oxygen functions compared to BC900. These characterizations suggest that BC450 had a higher density of surface acid functions than BC900, which likely contributed to its better performance. On the other hand, BC450 had a far lower surface area compared to BC900 (1.6 and 157.8 m 2 /g respectively). It was thus Chapter 2: Screening of parameters affecting solid digestate composting nitrogen emissions 51 hypothesized that chemical characteristics (total oxygen and acid functions) play a more significant role in the biochar impact on the composting nitrogen cycle than the physical characteristics (surface area). This hypothesis was further explored in the fourth chapter of my PhD.

Furthermore, the results showed that BC450 reduce NH3 emissions by 23.2% and 38.8% compared to control whether applied to OFMSW or AW, respectively. It thus highlights that biochar performance was affected by digestate characteristics. Oxygen consumption shows that AW was characterised by a lower biodegradability, leading to smaller immobilisation of ammonium compared to OFMSW. This smaller immobilisation makes a higher percentage of the initial N-NH4 + pool prone to volatilisation and generates higher NH3 emissions than more biodegradable digestates. Thus, it was hypothesized that the effect of biochar on reducing nitrogen losses in digestate composting could be all the more important when the digestate has a low intrinsic potential to immobilise nitrogen.

To conclude, this step of the thesis work confirmed that biochar can interact nitrogen cycle during solid DG aerobic degradation. The extent of the biochar action depends on its own characteristics as well as the digestate ones. However, it still necessary to precisely understand how biochar affects the nitrogen cycle along the composting process to allow the reduction of NH3 emissions and TKN losses. Especially, the influence of biochar over nitrification and denitrification, that could not be investigated in the present experimental conditions, will be studied in representative composting conditions in the next chapter.

Investigation of the impact of biochar ratio, biochar type and digestate type over nitrogen losses along digestate composting
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Abstract

Because of the legally reduced period to spread it on soil, solid digestate has often to be stored or composted before its utilization, generating environmental pollution through nitrogen emissions.

Biochar supplemented composting has proven to be a promising strategy to address this issue.

However, the main parameters to minimize nitrogen losses during digestate composting with biochar have not been identified. In this view, the current work studied the influence of biochar ratio (0, 5, and 10%), biochar type (produced at 450 and 900°C), and digestate type (produced from agricultural waste and organic fraction of municipal solid waste) over ammonia emissions and Total Kjeldahl Nitrogen (TKN) losses during aerobic biodegradation. The results show that biochar and digestate type significantly affected TKN losses (p-values = 0.038 and 0.0007, respectively) and NH3 emissions (pvalues = 0.07 and 0.002, respectively). Regarding biochar type, it appears that chemical characteristics (total oxygen and acid functions) play a more significant role in the biochar impact on the composting nitrogen cycle than the physical characteristics (surface area).
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Statement of Novelty

The application of biochar during anaerobic digestion of solid digestate has shown promising results on minimising nitrogen losses. However, previous work has tested the variation of only one parameter at a time, providing a valuable but limited insight into this topic. This work is the first to simultaneously investigate the effect of different digestates, biochars and biochar ratios and their coupled effect on nitrogen losses and ammonia emissions during aerobic digestate degradation. This work highlights the influence of digestate characteristics on biochar performance and the existence of a coupled effect between biochar and digestate type. Furthermore, the study of biochar characteristics shows that chemical characteristics play a more important role in reducing ammonia losses than physical characteristics. The results presented here offer new perspectives for optimising the production and use of biochar in the aerobic biodegradation of solid digestate.

Introduction

Anaerobic digestion experienced strong growth worldwide, especially in Europe, thanks to its capacity to treat organic waste while producing renewable energy through biogas [START_REF] Meyer | Future European biogas: Animal manure, straw and grass potentials for a sustainable European biogas production[END_REF]). Europe's annual biogas production has reached 2.3 billion m 3 at the end of 2018, and it is expected to reach 64.2 billion m 3 by 2050 (Brémond et al., 2021). Despite these optimistic estimates, the sector needs to increase its sustainability. In particular, the management of increasing amounts of digestate could be a source of environmental impacts and a bottleneck for anaerobic digestion technology. Therefore, the optimisation of digestate valorisation processes is a major challenge for the development of anaerobic digestion. (Brémond et al., 2021;Lu and Xu, 2021).

Digestate has a high agronomic potential thanks to its high proportion of mineral nitrogen (especially ammonia nitrogen), phosphorus and organic matter (Alburquerque et al., 2012;Makdi et al., 2012).

However, its direct application to soil can be limited by high moisture, significant residual biodegradability and presence of phyto-toxic compounds (Teglia et al., 2011). Digestate treatments prior to the field application may solve these problems. The most common first step in the digestate valorisation chain is a solid liquid separation (Monfet et al., 2018). The liquid fraction can contain about 70 to 90% of the soluble nitrogen and 60 to 80% of total P2O5 from the raw digestate and it can be directly used as organic fertilizer or post processed through membrane filtration, struvite precipitation or ammonia stripping (Lamolinara et al., 2022;Monfet et al., 2018). The solid fraction of digestate is rich in organic matter and still contains significant amounts of mineral nitrogen (3.6 to 12.9 mgN-NH3/gDM) (Chowdhury et al., 2014;Tambone et al., 2017;Teglia et al., 2011). This material can be directly used as soil amendment in nearby farms (Fernández-Bayo et al., 2017;Lu and Xu, 2021).

However, the agriculture in temperate climates has a reduced legal period for the application of digestate to soil and anaerobic digestion plants often produce more digestate than the fertilizing demand of local farmers (Chowdhury et al., 2014). Due to these factors, the solid fraction has to be stored for long periods or transported to other applications sites. The high moisture contents (20-30%
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Composting is commonly used for solid digestate post-treatment due to its robustness. This process induces the aerobic biodegradation of organic matter, elimination of pathogens, production of humic substances and reduction of moisture. The final product, called compost, is suitable for soil application (Cáceres et al., 2018). Despite these advantages, composting can be responsible for environmental impacts related to nitrogen losses. These losses occur through gaseous emissions, such as ammonia (NH3) and nitrous oxide (N2O), or leachates. Ammonia emissions can cause eutrophication, acid rain, and formation of fine particles. It can also cause nuisances towards workers of the composting site (Leip et al., 2015). Nitrous oxide is a strong greenhouse gas with global warming potential 265-298 times higher than the one of carbon dioxide over a 100 year-period (Vallero, 2019). In addition to the contribution of the environmental impacts previously described, losses of nitrogen reduces the fertilizing value of the final compost.

Different strategies have been studied in the literature to minimize nitrogen losses during composting.

Among them, biochar amendment has shown promising results (Sanchez-Monedero et al., 2018).

Biochar is a carbon-rich, fine-grained, porous substance obtained by the thermochemical conversion of biomass in an oxygen-limited environment through a process called pyrolysis (Tomczyk et al., 2020).

The literature reports nitrogen losses reductions ranging from 0 to 86% during biochar supplemented composting (Hestrin et al., 2020;Sanchez-Monedero et al., 2018). These results are often associated to biochar capacity to adsorb water-soluble organic nitrogen and ammonium by capillarity and by chemical interactions with acid groups located on biochar surface (Agyarko-Mintah et al., 2017a;[START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]Sanchez-Monedero et al., 2018). Moreover, biochar could positively affect nitrogen cycle by inducing changes in the composting microbiology. It has been found that bamboo biochar and wheat straw biochar amendment during pig and cattle manure composting was able to reduce the number of nirK/nirS gene copies [START_REF] He | Metagenomic and q-PCR analysis reveals the effect of powder bamboo biochar on nitrous oxide and ammonia emissions during aerobic composting[END_REF][START_REF] Li | Linking N2O emission from biochar-amended composting process to the abundance of denitrify (nirK and nosZ) bacteria community[END_REF][START_REF] Wang | Insight into the effects of biochar on manure composting: Evidence supporting the relationship between N2O emission and denitrifying community[END_REF] and increases the number of nosZ gene copies [START_REF] He | Metagenomic and q-PCR analysis reveals the effect of powder bamboo biochar on nitrous oxide and ammonia emissions during aerobic composting[END_REF][START_REF] Wang | Insight into the effects of biochar on manure composting: Evidence supporting the relationship between N2O emission and denitrifying community[END_REF], compared to control. The genes nirK and nirS encode enzymes responsible for the transformation of nitrite to nitric oxide, and nosZ is responsible to code the enzyme nitrous oxide reductase that transforms N2O into N2.

Despite some encouraging results, only three works studied the influence of biochar amendment over nitrogen losses during solid digestate composting (Chowdhury et al., 2014;Li et al., 2023;Manu et al., 2021b). Chowdhury et al. (2014) and Manu et al. (2021) studied the effect of wood and tobacco biochar on agricultural and food waste solid digestate composting, respectively. The authors showed that

Chapter 2: Screening of parameters affecting solid digestate composting nitrogen emissions 55 increasing the biochar to digestate ratio (dry weight) from 14 to 25% (Chowdhury et al., 2014) and from 5 to 10% (Manu et al., 2021b) increased the ammonium emissions reduction compared to control from 34 to 74% and from 12 to 50%, respectively. Moreover, Li et al. (2023) showed that biochar type could also influence food waste solid digestate composting. The authors reported that applying bamboo and tobacco biochar at a 10% ratio could reduce total nitrogen losses by 29 and 53% compared to the control, respectively.

These results show considerable variability in biochar performance during solid digestate composting.

To further understand and enable an operational use of biochar in composting strategy, it is essential to identify the main parameters influencing the minimization of nitrogen losses and the possible interactions among these parameters. The works previously discussed suggest that biochar to digestate ratio (Chowdhury et al., 2014;Manu et al., 2021b) and biochar type (Li et al., 2023) have crucial importance on nitrogen losses and ammonia emissions during solid digestate composting.

However, these works studied the variation of only one single parameter at once (ratio or biochar type)

preventing the observation of interactions. Furthermore, no work has investigated how the performance of biochar in reducing N losses may vary according to the biochemical characteristics of the solid digestate to which it is mixed or the conditions of biochar production (e.g. temperature). To investigate these issues further, the present study aimed to determine whether biochar production parameters, digestate type, biochar ratio and their interactions could affect N losses during composting of solid digestate with a biochar amendment 2 Materials and Method

Studied biochars and digestates

The biochars used were produced by the Armines research center of Ecole des Mines d'Albi (RAPSODEE). Two distinct biochars were produced by changing pyrolysis temperature. The first one was produced at a low temperature range, 400-450°C (BC450), and the second one at high temperature range, 700-900°C (BC900). Both were produced in a rotary kiln using green waste pallets made from beech branches. The kiln was fed with 6kg/h of biomass and it had a residence time of 40 minutes.

The digestates used were produced from the anaerobic digestion of agricultural wastes (AW) and organic fraction of municipal solid waste (OFMSW). The AW digestate was produced on an anaerobic digestion plant composed of a wet digester of 1 400m³ and a post-digester reactor of 2500 m³ the plant treats approximately 1080 t/year of raw vegetable material, 12170 t/year of animal residues such as poultry, pig and cow manure and 5000 t/year of agro industrial waste. The OFMSW digestate was
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Aerobic biodegradation pilot device

Aerobic biodegradation experiments were conducted during approximately 30 days using a small-scale pilot with standardized conditions of temperature, humidity and airflow. The scheme of aerobic degradation pilot can be visualized in Supplementary Materials I -Chapter 2 (Fig. 1sup).

This experimental device and operational conditions were similar to those of [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF]. The pilot consisted of six 10-L cylindrical stainless steel cells with a controlled temperature set up to 40°C

and aeration set up to 70l/h. The temperature within the cells was measured with Pt100 probes. The total amount of gas injected in each cell was recorded by a gas meter. Part of the reactor outlet gas recirculates in the system to allow the homogenization of the air within the cell. The recirculation airflow was set to approximately 5l/min. Moreover, the temperature and hygrometry of the entering pressurized air were monitored using a probe in a buffer pot. The composition of the inlet and outlet gas is analyzed using an in-line analyzer ABB EL3020 that measures the concentration of carbon dioxide (CO2), oxygen (O2), methane (CH4) and nitrous oxide (N2O).

In addition, the ammonia emitted by the reacting cells was quantified in a parallel circuit containing two ammonia traps filled with 200ml of sulfuric acid 1M, regularly collected and replaced. The airflow in the ammonia traps circuit was quantified with a second gas meter. The ratio between total dry airflow injected in the reacting cells and dry airflow leaving through ammonia trap circuit was used to estimate the total amount of ammonia emitted by the cells.

Experimental plan

A full factorial experimental plan has been chosen to test the impact of three variables over the behaviour of nitrogen during aerobic biodegradation: digestate to biochar ratio (5 and 10% in wet weight), temperature of biochar production (BC450 and BC900) and digestate type (AW and OFMSW).

The combinations of variables were initially tested in duplicate and eight experiments without biochar (four experiments with each type of digestate) were added to the experimental plan as control group.

Experimental difficulties have limited the exploitation of the complete factorial design initially proposed. Indeed, during the aerobic degradation of solid digestate AW with biochar BC450 a computer malfunction caused the loss of the gas analyzer data (CH4, N2O, CO2 and O2) during the second and third day of the experiment. As the lost data corresponded to the peak of oxygen consumption, we chose not to include these gas analyzer data to the experimental results. Moreover, in some trials infiltration of water from the thermostatic bath into some cells was observed, affecting.
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The final dataset is shown in the supplementary materials I -Chapter 2 (Tab 1sup).

Chemical analysis

The mixtures of biochar and digestate contained in the cells were analysed at the beginning and the end of the experiments for total Kjeldahl nitrogen (TKN), ammoniacal nitrogen (N-NH4 + ), dry matter (DM) and volatile solids (VS). The same analyses were used to characterise the biochar before mixing it with digestate. The dry matter content (DM) was obtained by drying the sample at 105°C for 48h, and the volatile solids (VS) content was determined by loss-on-ignition at 550°C for 5h. The total Kjeldahl nitrogen (TKN) was determined by distillation in a Gerhardt Vapodest 50 after sample mineralization with sulfuric acid 98% (v:v) and copper tablets in a Mineralization Bloc Kjeldatherm KT, according to the standard NF EN 13342. In addition, the soluble carbon content (Csol) and pH of digestate and biochar were characterized before mixing. Soluble carbon was measured using a Shimadzu analyser and pH following the standard NF EN 13037. All previous mentioned analyses were performed in triplicate (if not attested otherwise). The ammonia traps were analysed by distillation in a Gerhardt vapodest 50 in duplicate. Indeed, the ammonia trap samples were homogeneous, and the individual analyses differed less than 0.5% from the mean.

In addition to the chemical analysis previously described, biochar's elemental composition (carbon, nitrogen, sulfur and oxygen), surface area, and metals Zn, Cd, Fe, Cu, Ni, Hg, Pb and Cr content were also characterized. The elemental analysis was performed using an elemental analyzer flash 2000 and the specific surface area was determined using a Micromeritics 3Flex analyser with nitrogen as the sorbent gas and applying the model Brunauer-Emmett-Teller (BET). Both analyses were performed by the laboratory RAPSODEE. The metals were quantified using microwave plasma atomic emission spectroscopy. Surface chemical functions of the biochars were analyzed using Fourier transform infrared (FTIR). The analysis was performed in the wavelengths region from 4000 to 400 cm -1 with a spectral resolution of 4cm -1 .

Calculation of gaseous emission or consumption kinetics

The aerobic biodegradation of the digestate was studied by following the kinetics of CO2 emission and O2 consumption. These parameters, also known as respirometric kinetics, are correlated to the microbial heterotrophic respiration during the degradation of organic matter. In addition to these measures, kinetics of CH4 and N2O emissions were also calculated.

The equation 1 was used to calculate the emission/consumption kinetics of the four chemical species.

Chapter 2: Screening of parameters affecting solid digestate composting nitrogen emissions 58 𝑟 𝑥 = 𝑓 𝐷𝐴 (𝐶 𝑜𝑢𝑡 -𝐶 𝑖𝑛 ) 𝑉𝑀 Equation 1. Kinetics calculation. 𝑟 𝑥 = kinetics of emission/consumption of x. where x could be CO2, CH4, N2O emissions or O2 consumption (mmol of x.h -1 . kgOM -1 ), 𝑓 𝐷𝐴 = dry air flow (mmol of dry air/h), 𝐶 𝑜𝑢𝑡 = concentration of x in the outlet gas of the reactor (mmol/l), 𝐶 𝑖𝑛 = concentration of x in the intlet gas of the reactor (mmol/l) and 𝑉𝑀 = total digestate volatile matter in the reactor (kg) at time 0.

The 𝑓 𝐷𝐴 was calculated as the difference between two measures of the gas meter (l), divided by the time between the measures and then converted to mmol of dry air using the data collected by the temperature and hygrometry probe. The total mass of digestate volatile matter introduced in the reactor was used to normalize the results and compare the different reactors.

Data analysis

In order to compare nitrogen losses of the different experimental conditions, TKN losses, NH3 losses, TKN losses reduction and NH3 emissions reduction were defined according to the equations 2a to d. The influence of digestate type, biochar type and biochar ratio over TKN and NH3 losses was studied using one-way and two-way ANOVA. The difference in treatment means was investigated using two tailed welch t-test. The confidence level of all statistical analysis was defined at 90%. All statistical analyses were done using the software R Studio version 3.5.1.

Results and discussion

Chemical characterization

The substrates characteristics are presented in Table 1. . SD = standard deviation. FW = fresh weight. ND = not detected. NA = not available. AW = digestate originated from agricultural wastes, OFMSW = digestate originated from organic fraction of municipal solid waste, BC450 = biochar produced at 450°C, BC900 = biochar produced at 900°C. The analysis of digestate characteristics (Table 1) shows that digestate AW had a slightly higher moisture content than OFMSW (i.e. AW = 67.4%, OFMSW = 63%). Moisture content can affect air diffusion during aerobic degradation, and values ranging from 40 to 60% have been suggested as ideal for optimizing organic matter degradation during aerobic degradation (Sanchez-Monedero et al., 2018). Digestate is known for its high moisture content; values ranging from 81.1 to 54.3% have been reported in the literature (Chowdhury et al., 2014;Li et al., 2023;Manu et al., 2021b). Both digestate organic matter content and composition also differed. OFMSW had a higher organic matter content with a higher proportion of soluble carbon than AW (i.e. AW = 13.3 gC/kgVM, OFMSW = 15.3 gC/KgVM). Soluble carbon is the more accessible source of energy for microbial biomass and has been associated with digestate residual potential for aerobic degradation (Teglia et al., 2011). The lower moisture content and higher soluble carbon concentrations suggest that OFMSW could have a faster microbial development at the beginning of the aerobic degradation than AW. Furthermore, digestates differed in their nitrogen composition. OFMSW had superior TKN and ammonia nitrogen content than AW (Table 1). However, TKN in AW is composed of a higher proportion of ammonia nitrogen (42.2%) than in OFMSW (39.1%) (i.e. TKN = Organic nitrogen + ammoniacal nitrogen). Ammonia nitrogen is the most labile nitrogen form in aerobic degradation and might be volatilized, immobilized or oxidized (de Chapter 2: Screening of parameters affecting solid digestate composting nitrogen emissions 60 Guardia et al., 2010a). Thus, AW's higher ammonia nitrogen proportion could contribute to higher NH3 emissions (% of TKN initial) compared to OFMSW.

The higher temperature used for BC900 production affected biochar properties, as expected. Results presented in Table 1 shows that BC900 had higher ashes concentration, lower percentage of oxygen, higher percentage of carbon and higher surface area compared to BC450. Similar results have been reported in the literature [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF][START_REF] Tag | Effects of feedstock type and pyrolysis temperature on potential applications of biochar[END_REF] and are explained by the pyrolysis mechanism. Indeed, pyrolysis promotes the substrate organic matter volatilization and reorganization of the residual carbonaceous matter in aromatic structures. The higher pyrolysis temperature promotes higher organic matter volatilization, thus lower final organic matter content in the biochar.

It also increases the aromatization process leading to higher total carbon content and reducing the percentage of other atoms compared to biochar with lower pyrolysis temperatures [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF]. Moreover, biochar pores are created by the volatilization of organic compounds present in biomass. Literature shows a steep biochar surface area increases once a critical pyrolysis temperature is achieved [START_REF] Zhao | Heterogeneity of biochar properties as a function of feedstock sources and production temperatures[END_REF]. This temperature usually represents the degradation of cellulose and ranges from 350 to 500°C. As BC450 did not achieve this critical temperature, it is characterized by a smaller surface area (1.12 m 2 .g -1 ) than BC900 (157.84 m 2 .g -1 ).

In addition, the aromatization process also affects surface chemistry, as seen in Fig. 1. The FTIR spectrum (Fig. 1B) shows that BC900 did not present any detectable peak, which indicates that the higher pyrolysis temperature degraded most of the surface chemical functions. Contrastingly, FTIR spectrum obtained with BC450 showed three identifiable peaks in the fingerprint region (marked with arrows Fig. 1A). The first peak at 3000-2800 cm -1 is attributed to the asymmetric and symmetric C-H stretching vibrations of the methyl (-CH3-) and methylene (-CH2-) [START_REF] Vu | Removal of ammonium from groundwater using NaOH-treated activated carbon derived from corncob wastes: Batch and column experiments[END_REF]. The second peak close to 1700 cm -1 is attributed to carboxylic and lactonic groups (C═O) [START_REF] Tran | Activated carbons from golden shower upon different chemical activation methods: Synthesis and characterizations[END_REF][START_REF] Vu | Removal of ammonium from groundwater using NaOH-treated activated carbon derived from corncob wastes: Batch and column experiments[END_REF]. Lastly, the peak close to 1650 cm -1 is attributed to (C═C) double bonds in aromatic rings [START_REF] Tran | Activated carbons from golden shower upon different chemical activation methods: Synthesis and characterizations[END_REF][START_REF] Vu | Removal of ammonium from groundwater using NaOH-treated activated carbon derived from corncob wastes: Batch and column experiments[END_REF]. These results illustrate that BC450 had a higher amount of chemical functions than BC900. The total oxygen content of the biochars (Table 1) supports this analysis. Thus, the two biochars had contrasted physical-chemical profiles. One (BC450) is characterized by its chemical functions whereas the other (BC900) is characterized by its physical characteristics.
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Respirometric analysis of the organic matter degradation

Composting is a biological process where microbial biomass consumes oxygen to degrade organic matter and produces CO2 as a residue of its metabolism. Along with organic matter microbial degradation, organic nitrogen is turned to its mineral forms such as ammonium. Thus, following the respirometric activity (Fig. 2) is a helpful tool to further understand organic matter biodegradation and composting nitrogen cycle. A first overall observation indicates that digestates AW and OFMSW have different oxygen consumption behaviors. The respirometric curves of digestate AW show a quick increase in rO2, with max values ranging from 50 to 67 mmolO2.KgOM -1 .h -1 and being achieved in 0.3 to 0.6 days. A second degradation peak occurs, around the second day of experiment and it is followed by a linear decrease of oxygen uptake rate down to 15 mmolO2.KgOM -1 .h -1 . The second peak values are lower than the ones of the first peak, around 35 mmolO2.kg -1 .OM -1 .h. Digestate OFMSW followed a similar tendency, but peak values are higher. The first peak values range from 80 to 106 mmolO2.kg -1 .OM -1 .h and are achieved between 0.4 and 0.5 days. The second peak values range from 102 to 216 mmolO2.kg -1 .OM - 1 .h and are achieved between 1.4 and 2.1 days.

The differences between AW and OFMSW degradation profiles can be explained by the organic matter composition. The easiest degradable fraction of organic matter can be estimated by the initial soluble carbon concentration [START_REF] Jimenez | A new organic matter fractionation methodology for organic wastes: Bioaccessibility and complexity characterization for treatment optimization[END_REF]. This fraction has been cited as an indicator of the digestate potential to start aerobic biodegradation (Teglia et al., 2011). The consumption of soluble carbon enables a fast biomass growth and, once this fraction is exhausted, microorganisms need to degrade less accessible fraction of the organic matter, such as hemicellulose and cellulose, to sustain their growth. It is possible that the first degradation peaks were partially generated by the consumption of the easily accessible fraction of the organic matter by the microbial community [START_REF] Wang | Reducing nitrogen loss and phytotoxicity during beer vinasse composting with biochar addition[END_REF].

Following this assumption, the differences between the first degradation peaks of the two digestates were probably due to a higher soluble carbon content in OFMSW compared to AW. Nevertheless, for both digestates the short peak duration and the low soluble carbon proportion (compared to total carbon) supports the hypothesis that the main part of the digestates' organic matter was slowly biodegradable [START_REF] Zeng | Improving composting as a post-treatment of anaerobic digestate[END_REF].

During the experiments, mixing operations were performed when the rO2 reached a stable value under 15 mmolO2.kgOM -1 .h -1 [START_REF] Adani | Dynamic Respiration Index as a Descriptor of the Biological Stability of Organic Wastes[END_REF]. However, no significant re-increase of rO2 was observed after mixing, suggesting that the main part of degradable organic matter had already been consumed.

Table 2 presents the total oxygen consumption for each experiment. to the initial substrates. However, the digestates can present different levels of residual biodegradability (Teglia et al., 2011). Looking at the studied digestates, oxygen consumption of OFMSW control treatments proved to be significantly higher than the AW control treatment ones (pvalue = 0.037), suggesting that OFMSW had higher biodegradability than AW.

The addition of biochar to digestate aerobic degradation did not clearly changed the shape of respirometric curves compared to control (Fig. 2). Only, experiments OFMSW_10BC450_1 and OFMSW_5BC900_1 presented higher rO2 degradation peaks compared to other treatments. Due to the limited number of experiments, it was not possible to conclude whether the changes observed were generated by biochar or by substrate heterogeneity. Furthermore, the biochar's impact on total oxygen consumption was also investigated (Table 2). The addition of BC900 only significantly changed the total oxygen consumption when added to OFMSW at a ratio of 10% (p-value = 0.015). In this latter experiment, the total oxygen consumption was decreased compared to control. The addition of BC450

to OFMSW inversely influenced the total oxygen consumption compared to BC900. Indeed BC450 significantly increased oxygen consumption compared to the control when added at a 5% ratio (pvalue = 0.004). Moreover, the treatment with OFMSW and BC450 at a 10% ratio showed the highest total oxygen consumption observed (29.05 molO2.kgOM -1 ), suggesting a ratio effect.

Biochar chemical characteristics might explain the different effect on total oxygen consumption. as shown in Table 1 BC900 had higher ash content than BC450 (i.e. 290 and 100 g/kgDM, respectively).

Higher ashes concentration contributes to an increased biochar salinity (Chen et al., 2017), which might negatively affect microbial development during aerobic degradation. Thus, it is likely that a 10% BC900 dose increased the reactors' salinity to values hindering microbial activity, consequently reducing total oxygen consumption. Furthermore, adding 5% and 10% of BC450 to OFMSW increased the reactors' soluble carbon concentration (in fresh weight) by approximately 13.7 and 26.4% compared to control.

However, it is important to note that BC450 soluble carbon results from the condensation of pyrolysis vapours, which might contain aromatic compounds of lower molecular weight [START_REF] Yu | Spectral characteristics coupled with self-organizing maps analysis on different molecular size-fractionated water-soluble organic carbon from biochar[END_REF]. The biodegradability of these synthetic compounds may differ from the easily extractable compounds present in organic waste. Thus, further research would be needed to state if BC450 soluble carbon might be considered as an easily degradable fraction of organic matter and if it contributed to the higher total oxygen consumption observed. Nevertheless, the respirometric analysis showed that these synthetic compounds did not negatively affect microbial activity.

Chapter 2: Screening of parameters affecting solid digestate composting nitrogen emissions 65 Furthermore, the potential relation between biochar ratio and biodegradability suggested above is supported by literature results. Manu et al. (2021) reported that carbon emissions during solid digestate aerobic degradation increased progressively with biochar doses of 2.5, 5 and 10%. The treatments with 10% of biochar had 100% higher CO2 emissions than control, suggesting a biochar ratio effect over biodegradation. The authors assume that the digestate initial ammonium concentration (8.7 gN-NH4 + .kgDM -1 ) in their experiments could hinder digestate degradation due to its toxicity. By adsorbing the initial N-NH4 + , biochar could consequently generate a better environment for microbial development and enhance carbon degradation. These multiple possible effects of biochar underline the close relation between microbial organic matter degradation and the nitrogen cycle. The nitrogen transformations were therefore analysed in the following work taking into account the difference in biodegradation profiles between the two digestates studied (Fig. 2). The link between the effect of biochar, biodegradation and nitrogen transformation was thus investigated.

Nitrogen transformations

At the beginning of solid digestate composting, nitrogen is present primarily as ammonia nitrogen or as component of the organic matter structure in the form of proteins and other molecules (Norg).

Along organic matter degradation, Norg is transformed into ammonia nitrogen. This nitrogen fraction can then be transformed through three different processes (de Guardia et al., 2010a). First, changes in temperature and pH can displace the chemical equilibrium and favour the volatile form NH3, which can then be emitted in its gaseous form. Ammonium can also be oxidized to nitrite and nitrate by nitrifying microorganisms. Nitrification is an aerobic process affected by air diffusion, ammonium concentration and temperature (Cáceres et al., 2018). After ammonium oxidation, nitrite and nitrate can be used in the denitrifying microorganisms' respirometric chain and generate N2O and N2 [START_REF] Zeng | Impact of biodegradation of organic matters on ammonia oxidation in compost[END_REF]. Thus, N2O emissions indicate that nitrification and denitrification processes occur in the reactors. Lastly, microorganisms can use ammonium to synthesize the biological molecules necessary for their metabolism and multiplication, generating Norg. This phenomenon is generally called immobilization.

In the present study, no N2O emission occurred during the experiments. Thus, nitrifying and denitrifying process in solid digestate composting supplemented with biochar are not addressed in the following sections. Only the influence of biochar on ammonia nitrogen immobilization and volatilization was investigated.

Biochar impact on nitrogen immobilization

In order to investigate nitrogen immobilization procee during digestate composting with biochar, the variation of Norg content (% of change between initial and final Norg content) was calculated (Fig. 3).

Indeed, as previously recalled, the increase in the Norg content during the aerobic degradation It must be first noticed that outlier points were obtained in the case of AW treatments with BC450_10.

This experiment presented a Norg increase of 91% (data not shown in Fig 3 .). No analytical errors were found, and no specific reason was detected to exclude this data. Thus, the following analyses were done with and without considering the outlier results to ensure that the results were not generated exclusively by these data.

The different treatments of AW and OFMSW digestate were compared to their respective controls when a duplicate was available. No significant difference was found between Norg change in the control and Norg change in treatments with biochar (p-value > 0.1). This result indicates that biochar did not enhance nitrogen immobilization. These results seem to contradict the hypothesis discussed in section 3.2 proposing that BC450 soluble carbon could be easily biodegradable. In this case, the Norg content would have been expected to increase during trial with this biochar. Indeed, such behaviour was observed by (Li et al., 2021) who reported that the addition of glucose, i.e. easily degradable carbon, to the composting of cow manure and plant residues enhanced the biological immobilisation of nitrogen, increasing microbial biomass by 13% compared to the control. Furthermore, [START_REF] Li | Ammonia emissions and biodegradation of organic carbon during sewage sludge composting with different extra carbon sources[END_REF] studied the addition of sucrose and straw powder to sewage sludge and suggested that nitrogen immobilization strongly depends on the biodegradation of the external carbon supplementation.
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Considering the literature observations and the results obtained in the current work, it is thus finally hypothesized that biochar soluble carbon is slowly biodegradable.

Nevertheless, a significant difference appeared between the AW and OFMSW control treatments (pvalue = 0.025) in agreement with the difference observed concerning the respirometric behaviour.

Indeed, a higher quantity of biomass would likely consume a larger amount of oxygen, generating higher total oxygen consumption as shown in Table 2. As previously discussed, treatments with OFMSW had superior total oxygen consumption, indicating a higher quantity of biomass. This result is consistent with the greater accumulation of organic nitrogen. This difference in terms of Nimmobilization behaviour suggests that OFMSW could favour the prevention of ammonium losses through volatilization. This hypothesis is further investigated in the next session.

Biochar influence on ammonium volatilization and TKN losses

To better understand biochar's influence on ammonium emissions and TKN losses, the influence of biochar type, digestate type and biochar ratio was studied using a one-way ANOVA. The results show that biochar type and digestate type had significant effects over TKN losses (p-values = 0.038 and 0.0007, respectively) and NH3 emissions (p-values = 0.07 and 0.002, respectively), while biochar ratio did not show any significant effect. The identification of biochar ratio effect might have been hinder

by the unexpected changes in the experimental plan as previously explained, which reduces the amount of data with 10% biochar dose. Based on the literature results, a ratio effect was expected. [START_REF] Awasthi | Heterogeneity of biochar amendment to improve the carbon and nitrogen sequestration through reduce the greenhouse gases emissions during sewage sludge composting[END_REF] studied sewage sludge composting with wheat straw biochar added at 0, 2, 4, 6, 8, 12 and 18% ratios (dry weight basis). The authors reported TN losses of approximately 26 g/kg, 16 g/kg, 12 g/kg, 5.5 g/kg, 2 g/kg, <1.5 g/kg, <1.5 g/kg (Values obtained graphically), suggesting the influence of the biochar ratio on TN losses.

Further investigations about digestate influence over TKN and NH3 losses were done using T-test. The results show that TKN mean losses (expressed as % of initial TKN) were 29.4% (sd = 3.7) and 21.1% (sd = 4.1), respectively for treatments using digestate AW and OFMSW. These values are statistically different (p-value = 0.0008). NH3 mean emissions (expressed as % of initial TKN) also differed significantly from one digestate to the other (p-value = 0.001). AW treatments had a mean NH3 emission of 32.1% (sd = 9.9), while OFMSW treatments emitted 20.5% (sd = 3.7). The OFMSW lower NH3 and NTK losses compared to AW reinforce the hypothesis that OFMSW might have a naturally higher potential to avoid ammonium losses through volatilization due to its higher immobilization processes. Thus, the digestate characteristics have an important effect on N emissions.

In order to investigate the biochar type effect, T-test was done to compare the means of TKN losses and NH3 emissions of BC450, BC900 and control treatments during the aerobic degradation of both digestate. The results are shown in the Fig. 4 and5. Figures 4 and 5 first show that addition of BC900 did not lead to significant differences in NTK losses and NH3 emissions whatever the considered digestate. On the contrary, treatments using biochar BC450 with digestate AW led to TKN loss and NH3 emissions significantly different from control treatments (p-values = 0.085 and 0.05, respectively). The application of BC450 to digestate OFMSW also significantly affected NH3 emission compared to the control (p-value = 0.06). Interestingly with this latter digestate, no significant effect was found for TKN losses. The experimental precision might have hindered the detection of a significant effect. OFMSW control treatment had mean TKN losses of 23.1% and a coefficient of variation of 20.4%, while biochar treatments with OFMSW had mean TKN losses of 16.3% and a coefficient of variation of 31%. Thus, the difference between means (6.8%) is too small relative to the variation of each group (control and BC450) to confirm a significant difference.

The differences between BC450 and BC900 performance could be explained by the mechanistic understanding of biochar action over nitrogen cycle in composting. It has been hypothesized that the main biochar mechanism to reduce nitrogen emissions is the adsorption of NH3, NH4 + and their precursors, like urea and uric acid (Agyarko-Mintah et al., 2017a;Chen et al., 2017;[START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]. [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF] theorise that biochar first acts on the nitrogen cycle by abadsorbing nutrient-rich water, with high concentrations of NH4 + , contained in the composted material by capillary action. As composting progresses, the biochar pores become clogged with organic matter and the trapped NH4 +

Chapter 2: Screening of parameters affecting solid digestate composting nitrogen emissions 70 complexes with acidic sites on the biochar surface. It is then oxidised by chemical and biological reactions [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]Li, 2012;[START_REF] Prost | Biochar Affected by Composting with Farmyard Manure[END_REF].

Different biochar characteristics may influence nitrogen adsorption. Chen et al. (2017) tested the efficiency of six biochars to reduce nitrogen losses and ammonia emissions during composting with poultry litter. The authors found significant (p < 0.05) Pearson correlations between NH3 emissions reduction and biochar chemical characteristics, CEC (r = 0.71) and total acidity (r = 0.52), and physical characteristics, surface area (r = 0.62) and pore volumes (r = 0.57).The authors suggested that biochar capacity to reduce NH3 losses during composting was related to its capacity to adsorb N-NH4 + and its precursors (e. g. urea and uric acid). Physical characteristics can directly affect the total amount of nutrient rich water adsorbed in biochar pores and as a consequence the total amount of nitrogen that could be potentially trapped. On the other hand, chemical characteristics can affect the strength with which biochar "holds" the nitrogen species in its pores.

Considering previous hypothesis, biochar BC900 and BC450 had two distinct profiles. The higher temperature used in the production of the first biochar permits it to acquire larger surface area (157.84 m 2 .g -1 ) and probably higher pore volumes compared to BC450 (1.12 m 2 .g -1 ). This indicates that BC900 should have higher potential to abadsorb nitrogen rich water during composting.

On the other hand, the higher pyrolysis temperature has most probably reduced BC900 surface acid groups, as illustrated by IR spectroscopy results (Fig. 1), generating a highly aromatic biochar structure [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF], compared to BC450. Thus, BC900 can be characterized as having more developed physical characteristics but less developed chemical characteristics, while BC450 had an inverse tendency.

As a consequence it can be assumed that BC900 did not have a significant effect over nitrogen losses due to the small amount of acid sites. Nitrogen rich water could have been adsorbed by biochar in the first days of aerobic degradation, but the ammonium was not trapped due to the lack of negative adsorption sites in biochar structure. Thus, as aerobic degradation progressed the nitrogen initially adsorbed was stripped from this biochar. Conversely, experiments with BC450 presented significant TKN losses and NH3 emissions reductions, indicating that the biochar small surface area, compared to BC900 was not a limiting factor. Similar result was found by Wang et al. (2022) and [START_REF] Li | Nutrient transformation during aerobic composting of pig manure with biochar prepared at different temperatures[END_REF]. The first authors studied the aerobic degradation of food waste digestate with activated carbon using 200l reactors. Their results indicated that the activated carbon was able to reduce NH3 emissions by 34%

(emissions calculated as mg.gDM -1 ), even though it had surface area of 1.84 m 2 .g -1 . [START_REF] Li | Nutrient transformation during aerobic composting of pig manure with biochar prepared at different temperatures[END_REF] investigated the potential of cornstalk biochar produced at 300, 500, 700 and 900°C to reduce nitrogen losses during pig manure composting. The authors' results show that biochars produced at 300 and Chapter 2: Screening of parameters affecting solid digestate composting nitrogen emissions 71 500°C contained Total oxygen of 20.8 and 18.4%, respectively, and presented superior performances to avoid nitrogen losses than biochars produced at 700 and 900°C, that contained TO of 6.6 and 3.59%, respectively. Based on these results, we hypothesize that biochar chemical surface properties have a greater importance over nitrogen losses reduction during digestate aerobic degradation than physical characteristics.

Furthermore, the observation of Fig. 4 and 5 suggests that BC450 had a different performance in reducing NH3 losses (as percentage compared to control) when applied to OFMSW or AW. In order to investigate this question, BC450's potential to reduce NH3 loss in both digestates were obtained by calculating the significant differences (with a 90% confidence level) between mean NH3 losses for BC450 and control treatments. Moreover, the significant difference between mean NTK loss reduction observed for OFMSW treatment with or without BC450 was also calculated using the same method.

The results are presented in Table 3. Moreover, the addition of BC450 led to higher NH3 loss reduction when applied to AW than to OFMSW, reinforcing the hypothesis that the BC450 performance is affected by digestate characteristics. This hypothesis was further investigated with a two-way ANOVA using all BC450 and Control experimental results. The two-way ANOVA results show a significant coupled effect of biochar addition and digestate type on NH3 emissions (p-value = 0.1). It confirms that the outcome of biochar's capacity to reduce ammonium losses significantly depends on the digestate nature.

Previous analyses showed that AW is characterised by a lower biodegradability, leading to smaller immobilisation of ammonium compared to OFMSW. This smaller immobilisation makes a higher percentage of the initial N-NH4 + pool prone to volatilisation and generates higher NH3 emissions than more biodegradable digestates, as observed in Fig. 5. Thus, the effect of biochar on reducing nitrogen losses in digestates could be all the more important when the latter have a low intrinsic potential to immobilise nitrogen.

The previous hypothesis could explain some results obtained by López-Cano et al. (2016) between the low biodegradability of the organic matter and the higher nitrogen loss reduction. A larger amount of research evidence is needed to confirm the correlation between substrates lower biodegradability and higher biochar NH3 losses reduction.

Finally, the influence of biochar on NH3 emission kinetics was also studied (Fig. 6). The addition of biochar BC450 clearly reduced the emission peaks compared to control, as expected.

However, the biochar addition did not change the NH3 emissions kinetics profiles. The NH3 emissions peaks reached approximately 120 mgN-NH3.kgVM -1 .h -1 , 68 mgN-NH3.kgVM -1 .h -1 and 59 mgN-NH3.kgVM -1 .h -1 for both control treatments, BC450 added to AW and BC450 added to OFMSW, respectively. The peaks occurred at similar experimental times (e.g. 1.7 and 1.8 days for AW and OFMSW).

It was expected that the reduction in NH3 losses during the aerobic treatment supplemented with BC450 would result in a high concentration of N-NH4 + in the composted mixture at the end of the experiments. However, Bushi distillation analysis did not detect any ammonia nitrogen on the final mixtures. This suggests either that Bushi distillation is not accurate enough to quantify the amount of N-NH4 + adsorbed by the biochar, or that the N-NH4 + potentially adsorbed in the biochar pores was transformed into Norg or an oxidised form (not analysed). Further research would be required to confirm this hypothesis.

Conclusion

Biochar can be used as a potential supplementation to solid digestate to reduce NH3 emissions and TKN losses during aerobic degradation. However, the efficiency of this strategy depends on digestate and biochar characteristics. This study shows that biochar production temperature significantly affects its capacity to reduce nitrogen emissions. Low pyrolysis temperature (<500°C) are likely to produce biochar with superior potential to reduce TKN losses and NH3 emissions than high pyrolysis temperatures (>800°C). Additionally, results suggest that biochar chemical characteristics are likely the most important factor to explain biochar capacity to retain nitrogen.

Nevertheless, the intrinsic characteristics of the biochar do not explain all the variability in nitrogen reduction. The results show that the nature of the organic matter to be composted also influences the performance in reducing nitrogen emissions. Thus, they highlight that biochar would be most useful in reducing ammonia emissions when applied to the treatment of digestate with low biodegradability and low intrinsic nitrogen immobilization capacity.

Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestate

Foreword

The second chapter of this work showed that biochar could affect solid digestate nitrogen cycle during aerobic treatment by lowering NH3 emissions and TKN losses compared to the control. Even though the aerobic degradation pilot simulated the composting and gave us good indications about biochar performance, it is necessary to study biochar action in real composting conditions, i.e. with temperature, moisture and mass variations. In particular, the influence of biochar over nitrification and denitrification could not be investigated in chapter two, probably due a depletion of N-NH4 + generated by the constant higher aeration necessary for the pilot operation. As no work had yet studied the influence of biochar over nitrification and denitrification during solid digestate composting, chapter 3 aimed to understand how biochar changes the evolution of nitrogen cycle through the composting process, focusing on its influence over nitrification and denitrification phenomena.

To investigate these questions, the previously studied BC450 and a commercial biochar (BCC) were composted with agricultural digestate (AW2) at a 5% ratio (wet weight) using a 300l composting pilot with forced aeration. An experiment without biochar was used as a control. The experiments were performed for approximately 85 days, and samples were collected throughout this period. The samples were chemically characterised for the main nitrogen species (e.g. TKN, N-NH4 + and oxidised nitrogen)

and microbiologically characterised for denitrification/nitrification genes (e.g. amoA, nirs, nosZ), total bacteria, archaea and fungi. In the case of the reactor containing BC450, the microbiological characterisation was applied separately to BC450 granules and compost (without BC450). N-NH4 + and oxidised nitrogen contents of BC450 granules were also measured at the end of the experiment. The reactors outlet gases were continuously analysed for O2, NH3 and N2O.

The results show that BCs had different effects on the nitrogen cycle. BC450 reduced NH3 emissions by 29.6%, increased the proportion of TNi transformed in Norg and N-NOx and increased N2O emissions by approximately 60%, 40% and 2900%, respectively, compared to the control. Furthermore, BC450 granules had 0.37 mgN-NOx.gBC -1 , and no N-NH4 + was detected. It must be noted that the extraction methodology could only extract some of the N-NOx from BC450, suggesting that the N-NOX from this reactor was underestimated. Based on these results, it was hypothesised that BC450 could adsorb solid digestate N-NH4 + , contributing to reduce NH3 volatilisation in the early stages of composting. The BC450 N-NH4 + adsorption is likely to reduce the toxicity of high N-NH4 + concentration in the compost environment (i.e. outside biochar), which might contribute to an increase in microbial growth and in the Norg content. Microbiological results also show that BC450 increased Norg by serving as growing support for microorganisms. Additionally, the N-NH4 + in BC450 structure was transformed in N-NOX by nitrifying microorganisms, as shown by the higher number of amoA gene copies compared to compost.
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The higher N-NOx concentration in BC450 reactors might have contributed to higher N2O emissions, and it is possible that N-NOx present in biochar granules was accessible to denitrifying microorganisms.

The increase in N2O emissions generated by biochar addition contradicts most of the literature, as shown in the first chapter, and raises concerns about the environmental gains of biochar utilisation.

The perspectives section discusses suggestions for future research aiming to investigate this topic. This study shows that biochar's affects the nitrogen cycle differently depending on its chemical characteristics. It was hypothesize that the first biochar effect on compost is to adsorb N-NH4 + and its precursors, like urea and uric acid, and this phenomenon is likely related to biochars chemical characteristics. In this context, biochars with neutral pH, high oxidation and numerous acid functions could adsorb higher amounts of N-NH4 + and regulate moisture when added to solid digestate, compared to low oxidation biochars. The biochar adsorption were likely to reduce composting N-NH4 + pool, which might directly contribute to reduce NH3 emissions. Thereafter, the reduction of composting N-NH4 + pool generated by biochar can have secondary effects on the evolution of microbiology, indirectly increasing organic nitrogen and N-NOX. Despite this advantages, highly oxidized biochar could increase the N2O emissions compared to the control in late period of composting, limiting its environmental benefit. Based on these conclusions, it is possible to observe that the adsorption capacity of N-NH4 + by the biochar is parameter that might have a major role in in how it affects composting. Thus, the influence of this parameter over aerobic degradation NH3 emissions was further investigated in the next chapter. 

Study of biochar's influence on the processes of nitrification during

Abstract

Biochar has proven to be an efficient additive to reduce nitrogen losses during composting of solid digestate. However, limited information is available about its impact on nitrification and denitrification during this process. In this view, this work studied the influence of two different biochars (BC450 and BCC) over the solid digestate composting nitrogen cycle during 85 days, focusing on nitrification and denitrification processes. The results show that both biochars increased final oxidized nitrogen (N-NOx) concentration by approximately 40% compared to the control. BC450 decreased NH3 emissions by 30% and increased N2O emissions by 2900% compared to the control (calculated as % of total initial nitrogen). An opposite trend was observed for BCC, increasing NH3 emissions by 35% and similar N2O emissions were observed compared to the control. The differences in biochar impact over nitrogen emissions were attributed to their chemical characteristics, like surface chemical groups. Moreover, results show that ammonia oxidising bacteria and archaea (AOB and AOA, respectively) were more abundant in the BC450 structure than in the compost environment, which might justify the absence of ammonium and the presence of N-NOX in the biochar at the end of the experiment.

Introduction

In the last decade, anaerobic digestion experienced prominent growth in Europe. In France, policies on energy and environment promoted anaerobic digestion (AD) and led to expand the AD market [START_REF] André | Solid anaerobic digestion: State-of-art, scientific and technological hurdles[END_REF]. As a result, France had 1310 functional anaerobic digestion units in January 2022, and the government plans to increase this number until 2030 (GRDF, 2023). Despite the AD advantages (Chen et al., 2017), the difficulty to valorise the amounts of digestate (DG) generated may represent a bottleneck to future AD expansion.

Digestate is a heterogeneous class of organic wastes whose characteristics vary according to substrates and process conditions used in AD. Regardless of the heterogeneity of the digestates, they are mainly used as soil fertiliser because of their high content of nutrients (N, P, K) in available form [START_REF] Tambone | Assessing amendment and fertilizing properties of digestates from anaerobic digestion through a comparative study with digested sludge and compost[END_REF]. However, DG direct application to soil has some drawbacks. Firstly, the application of DG in soil can contribute to pathogens spreading [START_REF] Fongaro | Different behavior of enteric bacteria and viruses in clay and sandy soils after biofertilization with swine digestate[END_REF][START_REF] Gong | Changes in bacterial diversity, co-occurrence pattern, and potential pathogens following digestate fertilization: Extending pathogen management to field for anaerobic digestion of livestock manure[END_REF]. Secondly, the AD process mineralises organic matter, producing NH4 + . This NH4 + cannot be further transformed and accumulates in DG [START_REF] Zeng | Characterizing the transformation and transfer of nitrogen during the aerobic treatment of organic wastes and digestates[END_REF]. The high NH4 + concentration can be phytotoxic for plants and microbes (Manu et al., 2021b) and generates NH3 volatilization during soil spreading [START_REF] Nicholson | Nitrogen losses to the environment following food-based digestate and compost applications to agricultural land[END_REF]. Moreover, it is difficult to transport and store DG due to its high content in water [START_REF] Zeng | Improving composting as a post-treatment of anaerobic digestate[END_REF]. Thus, a post-treatment can be necessary.

Among existed post-treatment, composting may be an interesting solution for DG solid fraction.

Composting is known to stabilize organic wastes, eliminate pathogens, increase humic substance concentration and reduce storage volume (Cáceres et al., 2018;[START_REF] De Guardia | Compostage et Composts Avancées scientifiques et techniques[END_REF][START_REF] Pardo | Gaseous emissions from management of solid waste: A systematic review[END_REF].

Nevertheless, the DG characteristics might hinder the composting process compared to non-digested organic wastes. The DG slowly biodegradable organic matter may led to limited heat production resulting in temperatures too low to ensure sanitization and drying (Teglia et al., 2011). Moreover, DG low C/N ratio, alkaline pH, and high NH4 + concentration favour nitrogen losses as NH3 emissions and N2O during composting (Manu et al., 2021b;[START_REF] Zeng | Improving composting as a post-treatment of anaerobic digestate[END_REF]. These emissions contribute to environmental problems such as acid rain and global warming. Besides that, nitrogen losses reduce the fertilizing properties of the final compost. Thus, adaptations are necessary to enhance solid digestate composting.

The literature has shown exciting results concerning biochar impact over solid DG nitrogen cycle.

Several studies reported that biochar reduce NH3 emissions and total nitrogen (TN) losses during solid digestate composting (Chowdhury et al., 2014;Li et al., 2023;Manu et al., 2021b). The reductions compared to control were 12-62.5% and 29.5-52% for NH3 emissions and TN losses, respectively, using biochar to digestate ratios ranging from 5-30% (dry weight). Biochar's capacity to reduce NH3 emissions during composting has been largely reported in the literature and is often associated with its capacity to adsorb ammoniacal (N-NH4 + ) and organic nitrogen [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]Sanchez-Monedero et al., 2018).

Ammonia-nitrogen (NH4 + pool) is a key parameter in the composting nitrogen cycle. The NH4 + pool is composed of N-NH4 + initially present in the waste and of the N-NH4 + formed along organic matter mineralization. It can then be immobilized as organic nitrogen or can accumulate in composting and be emitted as NH3 or nitrified (de Guardia et al., 2010b). Denitrification phenomena can also occur during composting. The oxidised nitrogen species produced by nitrification are then used in the respiratory chain of anaerobic micro-organisms. These microorganisms can grow in areas of the composting pile where oxygen transfer from the air is limited. Thus, appears clearly that most of the microbiological transformations in the nitrogen cycle of composting result mainly from the transformation of the NH4 + pool (de Guardia et al., 2010b). Therefore, it is likely that changes generated by N-NH4 + adsorption on biochar affect the other microbiological transformations previously described [START_REF] Zeng | Improving composting as a post-treatment of anaerobic digestate[END_REF].
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These three studies highlight the need for further work to better understand the impact of biochar on nitrification/denitrification processes in solid digestate composting.

In this context, monitoring the evolution of nitrification/denitrification genes could offer new insights about into the influence of biochar over both microbiological processes during solid digestate composting. Nitrification is a sequential microbiological reaction in which ammonia-oxidising bacteria and archaea (AOB and AOA, respectively) convert ammonium to NO2 -. Nitrite-oxidizing bacteria (NOB) then oxidize NO2 -into NO3 - [START_REF] Zeng | Characterizing the transformation and transfer of nitrogen during the aerobic treatment of organic wastes and digestates[END_REF]. The first reaction is considered the rate-limiting step of nitrification (Cáceres et al., 2018;[START_REF] Zeng | Nitrogen dynamic and microbiological evolution during aerobic treatment of digested sludge[END_REF]. Therefore, the quantification of the amoA gene, which encodes the enzyme responsible for this transformation (e.g ammonia monooxygenase present in AOB and AOA), is considered a good estimator of composting nitrification (Y. Yang et al., 2020;[START_REF] Zeng | Relative contributions of archaea and bacteria to microbial ammonia oxidation differ under different conditions during agricultural waste composting[END_REF]. Conversely, during denitrification, NO3 -is sequentially reduced into NO2 -, NO, N2O and N2.

Several enzymes as nitrate reductase, nitrite reductase, nitric oxide reductase and nitrous oxide reductase catalyse this reaction. These enzyme are encoded by the narG, nirS/nirK, norB and nosZ genes, respectively [START_REF] Li | Linking N2O emission from biochar-amended composting process to the abundance of denitrify (nirK and nosZ) bacteria community[END_REF].

The literature results suggest that biochar addition to composting can contribute to nitrification and denitrification by altering the compost matrix (outside biochar pores) and at by promoting transformations inside the biochar pores. Biochar can reduce NH4 + concentration and improving oxygen diffusion in the composting environment, creating better nitrifying conditions (Sanchez-Monedero et al., 2018). This alteration can leads to changes in compost microbial community. In this regard, it has been reported that composting manure with biochar increases the abundance of amoA gene (Y. Yang et al., 2020) and reduces the abundance of denitrifying genes nirS and nirK [START_REF] Li | Linking N2O emission from biochar-amended composting process to the abundance of denitrify (nirK and nosZ) bacteria community[END_REF]Y. Yang et al., 2020). These changes were correlated to N2O emissions reduction [START_REF] Li | Linking N2O emission from biochar-amended composting process to the abundance of denitrify (nirK and nosZ) bacteria community[END_REF]Y. Yang et al., 2020). Additionally, the NH4 + adsorbed in biochar pores can also be transformed in N-NOX by chemical and microbiological reactions [START_REF] Hagemann | Nitrate capture and slow release in biochar amended compost and soil[END_REF][START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]. However, the way the nitrification/denitrification genes behaviour inside biochar structure is still unknown and as well as it is unclear whether this behaviour differs from what is observed in the composting matrix (outside biochar).
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Materials and methods

Composting substrates

Two biochars were studied. The first one was supplied by the Armines research center of Ecole des Mines d'Albi (RAPSODEE). This biochar was produced from the pyrolysis of beech branches at 400-450°C (BC450) in a rotary kiln. The second one is a retail biochar distributed by a commercial company (BCC). The specific conditions of production for this second biochar are not known.

The solid digestate used in this study was produced from the anaerobic digestion of a mix of agricultural and agro-industrial wastes (AW), such as cattle manure (20t) and slurry (20t) and lactoserum (12t). The solid digestate was sampled directly after solid/liquid separation by a screw press. It was stored at -20°C to preserve its chemical characteristics.

In order to improve the homogeneity of the aeration and to avoid compaction, a structuring material (also called bulking agent BA) consisting of PVC tubes of 1.6 cm diameter and 1.0 cm length was used in this study. The choice of an inert material, rather than more common materials such as straw or wood chips, was made to avoid possible interference between the effect of the BA and the biochar on the nitrogen cycle.

Experimental design and conditions

To assess the impact of biochar over the nitrogen cycle, three composting mixtures were studied. Two of them were prepared by adding respectively 5% BC450 (R_BC450) and 5% BCC (R_BCC) to the solid digestate on a wet mass basis. A third condition without biochar was used as control (R_Ctrl). Bulking agent was added to the three composting mixtures at a volumic ratio of 3:1 (v:v).

Composting experiments were performed with an experimental device constituted of three similar 300l-reactors. A reactor is composed of a cylindrical tank insulated with 10cm polyurethane layer. A lid closes each reactor and aeration is supplied at the bottom of the tank. The reactor is equipped with three Pt-100 probes placed in the bottom, middle and upper part of the tank in order to follow the temperature variation of the composting mixture. Moreover, each reactor is placed on weight sensors, allowing the continuous following of the mass variation. Finally, the reactors has a bottom tap allowing leachates collection, and the reactor lid is equipped with a gutter, allowing condensates collection. The scheme of aerobic degradation pilot can be visualized in 'Supplementary Materials II -Chapter 3'. This experimental device is similar to the one described by de Guardia et al. (2010).

The airflow was measured by a flow meter and the total amount of gas injected in each reactor was recorded by a gas meter. The temperature and hygrometry of the entering pressurized air were monitored using a probe in a buffer pot. The composition of the inlet and outlet gas is analyzed using an in-line analyzer ABB EL3020 that measures the concentration of carbon dioxide (CO2), oxygen (O2), methane (CH4) and nitrous oxide (N2O). In addition, the ammonia emitted by each reactor was quantified in a parallel circuit containing two ammonia traps containing 200ml of sulphuric acid 1M.

The experiments were performed during approximately 85 days. At the starting of the experiment, the airflow was set to 150 l/h until the outlet reactors O2 concentration was lower than 10%. Thereafter, the aeration was increased to 500 l/h until the mean reactors temperature dropped under 30°C and it was maintained at this level until the end of the experiment.

Reactor content was mixed at approximately 7-day interval during the first four weeks of experiment, when higher microbial activity was observed. Then, reactors content was mixed at approximately 14day interval until the end of the experiment. Mixing operations required emptying the reactor, mixing and refilling it.

Samples of approximately 0.5 kg were collected during each mixing operation in each reactor. The collected samples were divided into two subsamples for chemical and biological analyses. In the case of R_BC450 samples for biological analyses, the biochar grains were separated from the composted digestate and each fraction (BC450 grains and RBC450 compost without biochar) was analyzed separately. It was not possible to do the same with BCC due to its powdered particle size. The samples for chemical analyses were stored at -20°C prior to analysis, while the samples for biological analyses were stored at -80°C.

Chemical analysis

The substrates before composting (digestate and biochar) and each sample collected along composting were analysed for total Kjeldahl nitrogen (TKN), total ammonia nitrogen (N-NH4 + ), total oxidized nitrogen (N-NOx), dry matter (DM), volatile solids (VS) and pH. The dry matter (DM) was obtained by drying the sample at 105°C for 48h, and the volatile solids (VS) concentration by loss-on-ignition at 550°C for 5h. The total Kjeldahl nitrogen (TKN) was determined by distillation in a Gerhardt Vapodest 50 after sample mineralisation with sulfuric acid 98% (v:v) and copper tablets in a Mineralization Bloc Kjeldatherm KT followed, according to the norm NF EN 13342. The total ammoniacal nitrogen (N-NH4 + ) content was determined in Büchi distillation Unit K-350. To perform Büchi distillation, samples were Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestates ___________________________________________________________________________________________ 83 basified with magnesium hydroxide right before being inserted into the device. Total oxidized nitrogen was calculated through 2M KCl extraction at 1:10 (w:w, wet weight) ratio during 1h. The extracted solution was filtered through a 0.45µm polypropylene filter with glass fibber and analysed using Metrohm 850 Professional ionic chromatography. The pH was measured by mixing digestate with deionized water at 1:5 (w:w, wet weight) ratio and performing agitation through 1h, according to the norm NF EN 13037. Afterwards, the pH was measured using Mettle Toledo Five Easy.

Moreover, BC450 grains retrieved from the composting mixture at the end of the experiment were analysed for N-NH4 + and N-NOX. In this view, BC450 followed two sequential 2M KCl extractions and the extracts were analysed using Metrohm 850 Professional ionic chromatography.

In addition to the analyses described above, the elemental composition of the biochar, its surface area and its Fourier Transform Infrared (FTIR) spectrum were measured before mixing with the digestate.

The elemental analysis was performed using a flash 2000 elemental analyser. The results of the elemental analysis for total oxygen and total carbon were converted to atomic numbers and the atomic ratio TO/TC was calculated. The specific surface area was determined using a Micromeritics 3Flex analyser with nitrogen as sorbent gas and applying the Brunauer-Emmett-Teller (BET) model. Both analyses were performed by the RAPSODEE laboratory. The FTIR analysis was performed in the wavelength region of 4000 to 400 cm-1 with a spectral resolution of 4cm-1.

Microbiological analyses

DNA extractions were carried out on 250 mg to 270 mg of frozen compost or biochar with the NucleoSpin® Soil kit (Macherey-Nagel) according to manufacturer's protocol. DNA extraction was done in triplicate for each sample. Lysis used the SL1 lysis buffer in combination with Enhancer SX and the FastPrep 24 instrument with two stages of 30 seconds agitation at 6 m.s-1 separated by 2 min of rest in ice. Final DNA elution was done in 50 µL of 5 mM Tris-HCl buffer pH 8.5. Purity and concentration of the extracted DNA was checked on a biophotometer (Eppendorf D30). Extracted DNA were stored at -20°C for later use.

Microbial groups abundance was estimated by real-time PCR using the Takyon™ No ROX SYBR 2X MasterMix blue dTTP (Eurogentec) and a CFX thermocycler (Bio-Rad) as described in detail in the Supplementary material II -Chapter 3. The total bacteria, archaea and fungi were quantified by PCR targeting the 16S and 18S ribosomal RNA genes. The ammonia-oxidising bacteria and archaea were quantified by PCR amplification of the amoA gene. The nirS and nosZ genes were used to quantify the denitrifying bacterial groups. Primers sequences and PCR reactions are described in the Supplementary material II -Chapter 3. The data are expressed as gene copy numbers per 1 g of compost or biochar.
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Data analysis

The composting microbial activity was studied by following O2 consumption kinetics. This parameter is correlated to the microbial heterotrophic respiration during the degradation of organic matter. In addition, kinetics of CH4 and N2O emissions were also calculated.

The equation 1 was used to calculate the emission/consumption kinetics of the four chemical species.

𝑟 𝑥 =

𝑓 𝐷𝐴 (𝐶 𝑜𝑢𝑡 -𝐶 𝑖𝑛 ) 𝑉𝑀 Equation 1. Kinetics calculation. 𝑟 𝑥 = kinetics of emission/consumption of x. where x could be CO2, CH4, N2O, NH3 emissions or O2 consumption (mmol of x.h -1 . kgOM -1 ), 𝑓 𝐷𝐴 = dry air flux (mmol of dry air/h), 𝐶 𝑜𝑢𝑡 = concentration of x in the outlet gas of the reactor (mmol/l), 𝐶 𝑖𝑛 = concentration of x in the intlet gas of the reactor (mmol/l) and 𝑉𝑀 = total digestate volatile matter in the reactor (kg) at time 0.

The 𝑓 𝐷𝐴 was calculated as the difference between two measures of the gas meter (l), divided by the time between the measures and then converted to mmol of dry air using the data collected by the temperature and hygrometry probe. The total mass of digestate volatile matter introduced in the reactor was used to normalize the results and compare the different reactors.

Furthermore, the evolution of the evolution of the nitrogen species (N-NH4 + , NH3 emissions, N-NOX, N2O emissions and total nitrogen) in the composting were normalized as percentage of total initial nitrogen according to Equation 2 to allow their comparison between the reactors.

𝑁(%) = 100. 𝐶𝑁 𝑖 . 𝑀 𝑖 (𝑇𝐾𝑁 0 + 𝑁𝑂𝑋 𝑜 )𝑀 0 Equation 2. Nitrogen specie normalization. N (%) = nitrogen fraction expressed as percentage of total initial nitrogen, CNi = nitrogen specie concentration at the sampling point in the experimental time i. Mi = reactors total mass without the bulking agent the sampling point in the experimental time i. TKNO = The mixture TKN concentration before composting, NOXo = The mixture oxidized nitrogen concentration before composting , M0 = initial composting mixture mass without bulking agent.

All statistical analysis were performed using R Studio version 3.5.1.

Results and discussion

Substrates characterisation

The substrates characteristics are presented in Table 1. Looking at literature on composting of solid digestate, previous works reported VM, TKN and N-NH4 + content of digestates ranging respectively from 390 to 780 g/kg dry mater, 19.31 to 38.1 gN-NH4+/kg dry mater and 3 to 8.8 gN-NH4+/kg dry mater (Chowdhury et al., 2014;Li et al., 2023;Manu et al., 2021b;Teglia et al., 2011;[START_REF] Zeng | Improving composting as a post-treatment of anaerobic digestate[END_REF]. The solid digestate studied in the present work (Table 1)

shows a TKN content in the same range as usually observed but higher VM and and N-NH4 + values.

The high ammonium content and basic pH in this digestate are conducive to shifting the and N-NH4 + /NH3 chemical equilibrium to gaseous forms and generating NH3 emissions.

The pH measures show that BC450 had a close to neutral pH of 6.67 while BCC had a basic pH of about 9. Biochar pH is measured after its reaches equilibrium in deionized water and it is, as aconsequence, generated by the presence of ashes in its pores and by the ionisation of acid and basic groups present on biochar surface. Therefore, alkaline biochars, such as BCC, tend to have higher ashes content and basic surface groups (e.g. quinones). On the other hand, neutral biochars, such as BC450, tend to have acid surface groups [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF]. The elemental analysis supports this idea. Indeed, the Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestates ___________________________________________________________________________________________ 86 atomic ratio TO/TC that is an indicator of the biochar oxidation is much higher for BC450 than for BCC. Furthermore, the FTIR results (Supplementary Materials I -Chapter 3) shows that BCC did not had any detectable peak in its spectrum, while BC450 had a detectable peak close to 1700 cm -1 , which is attributed to carboxylic and lactonic groups (C═O) [START_REF] Tran | Activated carbons from golden shower upon different chemical activation methods: Synthesis and characterizations[END_REF][START_REF] Vu | Removal of ammonium from groundwater using NaOH-treated activated carbon derived from corncob wastes: Batch and column experiments[END_REF]. Regarding the literature, oxidized biochars are likely to have more acid functions on their surface and lower pH [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF][START_REF] Song | Potential of novel biochars produced from invasive aquatic species outside food chain in removing ammonium nitrogen: Comparison with conventional biochars and clinoptilolite[END_REF][START_REF] Yakout | Monitoring the changes of chemical properties of rice straw-derived biochars modified by different oxidizing agents and their adsorptive performance for organics[END_REF]. Thus, it is likely that BC450 had higher acid groups on its surface compared to BCC, which might contribute to greater NH4 + adsorption potential [START_REF] Zhang | Evaluating biochar and its modifications for the removal of ammonium, nitrate, and phosphate in water[END_REF].

Furthermore, BCC had far superior surface area compared to BC450. Surface area is an important parameter affecting adsorption properties because it is directly related to the density of adsorption sites per unity of mass [START_REF] Zhang | Evaluating biochar and its modifications for the removal of ammonium, nitrate, and phosphate in water[END_REF].

Based on the differences between BC450 and BCC it is expected that these chars might generate a different impact on nitrogen cycle during solid digestate composting.

Evolution of composting conditions affecting nitrogen cycle

During composting, ammonia emissions (de Guardia, 2018), nitrification and denitrification (Cáceres et al., 2018) can be greatly affected by variations in moisture (3.2.1), oxygen disponibility and temperature. To better understand the impact of biochar on the nitrogen cycle, it is therefore necessary to study how these parameters evolved in the reactors and whether the differences observed were generated by the biochar.

Moisture variation

Moisture content plays a crucial role in composting due to its capacity to limit O2 transfer when its concentration is too high and hinder microbial activity when its concentration is too low [START_REF] Onwosi | Composting technology in waste stabilization: On the methods, challenges and future prospects[END_REF]. In this regard, moisture can affect many microbiological processes like VM degradation, nitrification and denitrification. Thus, moisture was first analysed (Fig 1). The observation of Fig. 1 shows that the initial composting mixtures had moistures contents of 71.2, 68.7 and 67.2 for reactors R_Ctrl, R_BC450 and R_BCC respectively. Similar values were observed by (Chowdhury et al., 2014;Manu et al., 2021b). The optimal moisture content for effective composting depends on substrate type, but it is usually accepted that values ranging from 50 to 60% are optimal for the majority of wastes [START_REF] Bernal | Composting of animal manures and chemical criteria for compost maturity assessment. A review[END_REF]Cáceres et al., 2018). Thus, the initial moisture contents in the experiments can be considered as high.

It is interesting to observe that biochar addition (R_BC450 and R_BCC) reduced the initial moisture of the composting mixture compared to control (R_Ctrl), as expected because of the low biochar moisture (Table 1). Reactors with biochar kept lower moisture contents throughout the experiments. Despite the differences in initial moisture, all the reactors followed a similar moisture variation. An increase in moisture is observed during the first 30 days of composting, which means that metabolic water production exceeds the moisture evaporation (Cáceres et al., 2018). After 30 days, the moisture tends to stabilize until 60 days and decreases after 60 days.

Oxygen uptake rate and temperature variation

Composting aerobic microorganisms use atmospheric oxygen to degrade the organic matter and produce biomass. The overall process generates heat [START_REF] De Guardia | Compostage et Composts Avancées scientifiques et techniques[END_REF]. In this biological cycle, microbial activity, organic matter degradation, oxygen consumption rate (rO2) and temperature Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestates ___________________________________________________________________________________________ 88 evolution are related [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be cocomposted[END_REF][START_REF] Xiao | Recent developments in biochar utilization as an additive in organic solid waste composting: A review[END_REF]. Higher microbial activity can increase the decomposition of organic matter, which generates mineral forms of nitrogen, such as ammonium.

Additionally, high rO2 can lead to reduce the oxygen concentration locally which may hinder nitrification [START_REF] Zeng | Impact of biodegradation of organic matters on ammonia oxidation in compost[END_REF]. Thus, respirometric analysis is a helpful tool to further understand composting nitrogen cycle. The results of rO2 and temperature variation are presented in Fig. 2. [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be cocomposted[END_REF]. According to Teglia et al. (2011), the easily biodegradable fraction (eBF) of organic matter can be associated with the total amount of oxygen (mol) consumed from the beginning until the first rO2 peak (area under the curve). Based on this methodology, the reactors R_Ctrl, R_BC450 and R_BCC showed eBF of 13.9, 10.1 and 10.3% (eBF/ QtO2). This analysis shows that eBF accounted for less than 14% of total O2 consumption, meaning that most of organic matter was composed of slowly biodegradable matter. Similar results were found by Teglia et al., (2011). The authors reported eBF/QtO2 values of 5.3%, 3.8%, 6.3% and 3.6% for digestates issued from respectively wastewater treatment sludge, food processing wastes, agricultural wastes source selected organic fraction of municipal solid wastes. In addition, it is interesting to note that R_BC450 and R_BCC had smaller eBF/QtO2 values than control. This fact might be due to the high recalcitrance of biochar structure, which might have increased the proportion of slowly biodegradable matter compared to easily biodegradable matter.

Moreover, reactors R_BC450 and R_BCC presented higher rO2 compared to R_Ctrl. This difference might be generated by an improvement in composting conditions, such as a better air diffusion caused by a reduction in composting moisture (Fig 1). Thus, the higher initial moisture in R_Ctrl might have hinder oxygen diffusion, consequentially causing a lower first rO2 peak. It is also important to note that the highest rO2 value was observed in R_BCC (71.5 mmol.kgVM -1 .h -1 ) which had the lowest initial moisture.

After the first rO2 peak, the oxygen consumption of R_Ctrl, R_BC450, and R_BCC decreased to values bellow 16 mmolO2.kgVM -1 .h -1 at 7, 7 and 6 days, respectively. These values remained at this low stage until days 13.3, 10.75 and 10.5, respectively. During this period, reactors temperature also decreased to values close to 30°C. This behaviour indicates a decrease in the biodegradation activity that may result from the combination of several factors such as, the consumption of all the eBF, the impact of the high temperature on initial mesophilic biomass or the accumulation of inhibitors like high concentration of ammonia. R_Ctrl, R_BC450 and R_BCC lost 14.8% ± 5.8, -2.9% ± 7.2 and 11.3% ± 5.1 of their initial total nitrogen respectively. Due to sampling and analytical incertitude, the calculated production of nitrogen in R_BC450 cannot be considered as significant. The ammonia emissions accounted for 13.9% ± 0.35, 11% ± 0.5, and 18.9% ± 0.4 of total initial nitrogen for R_Ctrl, R_BC450 and R_BCC, respectively. It is possible to observe that gaseous nitrogen losses were larger than TN losses, showing a measurement inconsistency. It is likely that the heterogeneity of the solid samples might have hindered the accurate quantification of TN losses. Despite this limitation, the results have been used to qualitatively assess the main nitrogen transformations occurring along the composting duration. Main part of the N-NH4 + changes occurred before 20 days of composting. This period also corresponded to the main ammonia emissions suggesting a clear relation between both phenomena.

Nitrogen dynamics of solid digestate composting

Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestates ___________________________________________________________________________________________ 91 Reactors R_Ctrl, R_BC450 and R_BCC emitted 138.40, 97.36 and 187.55 gNNH4 + .kgTN -1 (or 3.46, 2.08 and 4.01 gNNH4 + .kgVM -1 ), respectively. These results show that R_BC450 had NH3 emissions 29.6% smaller than the control, even though it had the highest temperatures and rO2 during composting (Figs 1 and2), factors that are usually related to an increase in ammonia emissions. These results are in agreement with literature data that reported NH3 emission reductions ranging from 34 to 62% during composting of solid digestate with biochar (Chowdhury et al., 2014;Li et al., 2023;Manu et al., 2021b).

These reductions are attributed to biochar adsorption capacities. It is assumed that acid groups could deprotonate when biochar is added in composting, generating a negative charge that adsorbs ammonium and, consequently, avoids its loss as ammonia (Agyarko-Mintah et al., 2017a;[START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]Sanchez-Monedero et al., 2018). The characteristics of BC450 biochar, which, as previously demonstrated, has a significant amount of surface functions, would therefore explain its ability to reduce ammonia nitrogen emissions. Conversely, R_BCC had NH3 emissions 35.5% higher than control.

An increase in ammonia emissions when composting with biochar is rarely reported in the literature.

One hypothesis to explain this result is that B_CC chemical characteristics, which show an absence of surface functions, did not allow it to capture N-NH4 + . However, on the other hand, B_CC trapped water and helped to improve aeration conditions compared to control, which could contribute to increase N-NH4 + stripping as NH3.

Additionally, it is interesting to note that the last detectable NH3 emissions was observed at 20.6, 20.6 and 15.8 days for reactors R_Ctrl, R_BC450 and R_BCC, respectively. This fact indicates that the changes in N-NH4 + pool after 20 days were due to N-NH4 + oxidation or immobilization. Concurrently a net increase of organic nitrogen (Norg) is observed between 0 and 30 days for reactors R_Ctrl and R_BC450 and 0 and 40 days for reactor R_BCC. This increase in Norg coincides with the period of the highest oxygen consumption, as shown in Fig 2, suggesting biomass synthesis. After 30 days, reactors R_Ctrl and R_BC450 had only small fluctuations in their Norg, indicating a stabilization in its content.

During the experiment, the reactors R_Ctrl, R_BC450 and R_BCC increased their Norg by 29.5% ± 11.1, 48.0% ± 13.15, and 26.89% ± 9.5, respectively. Several authors hypothesized that the toxic effects of high NH4 + concentration in composting environment could be reduced by biochar N-NH4 + adsorption, contributing to better microbial development (Li et al., 2023;Sanchez-Monedero et al., 2018), which might contribute to higher immobilization. The higher immobilization observed in R_BC450 might have also helped to reduce nitrogen losses. Furthermore, during the reactors' early stages of composting, no oxidized nitrogen was detected (Fig. 3). The initial N-NH4 + concentration (Table 1) and the high oxygen consumption and temperature (Fig 2) might have hindered nitrification (Cáceres et al., 2018). Oxidized nitrogen was first detected in R_Ctrl, R_BC450, R_BCC at 28.6, 28.6 and 15.8 days respectively, at 0.4, 0.1 and 0.5 gN-NOx -.kgTNi -1 .
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Several authors suggested that biochar could increase nitrification through better environmental conditions for nitrifying microorganisms development (Chen et al., 2017;Y. Yang et al., 2020) or by chemically oxidizing N-NH4 + previously adsorbed in its pores [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]. These suggestions corroborate the higher N-NOX concentration observed in R_BC450 and R_BCC compared to R_Ctrl.

The conditions in the reactors shortly before the first oxidized nitrogen detection (28.6, 28.6 and 15.8 days for R_CTRL, R_BC450 and R_BCC, respectively) were characterized by temperatures close to 30°C, rO2 inferior to 15mmolO2.kgVM -1 .h -1 and N-NH4 + concentrations between 3.2 and 4.9 mgN-NH4 + .kgDM - 1 . This environment is suitable for nitrifying activity that is known to predominantly occur at mesophilic temperatures ranging from 20 to 35°C (Cáceres et al., 2018;de Guardia et al., 2010b). Additionally, increases in nitrate concentration are often reported to occur after the initial phase of intense OM degradation, when rO2 is low. During this phase, organotroph microorganisms consume the available oxygen in the composting environment to oxidise the abundant degradable organic matter, generating a competition with nitrifying microorganisms for O2 and reducing nitrifying activity [START_REF] Zeng | Nitrogen dynamic and microbiological evolution during aerobic treatment of digested sludge[END_REF].

Lastly, high ammonium concentration was suggested to imbalance AOB activity, generating accumulation of NH2OH (Manu et al., 2021b) or inhibiting AOB development (Chen et al., 2017). It could also indirectly affect nitrification by increasing composting pH outside the suggested optimal values (pH = 7.5-8) (Cáceres et al., 2018). Thus, it is expected that nitrification starts after partial depletion of the ammonium pool in the case of highly concentrate wastes, such as digestate.

Interestingly, reactor R_BCC started to accumulate NOX earlier than R_BC450 and R_BCC. We hypothesize that the higher NH3 emissions in R_BCC reduced the NH4 + concentration faster than in R_BC450 and R_Ctrl. Indeed, NH4 + concentration was 4.91 gN-NH4 + .kgDM -1 on the 15 th day, while R_BC450 and R_Ctrl reached similar values (5.08 and 4.75 gN-NH4 + .kgDM -1 , respectively) on the 20 th day.

Lastly, the NOX pool was partly denitrified and generated N2O (Fig. 4). Nitrogen protoxide started to be detected in R_Ctrl, R_BC450 and R_BCC at 32.63, 32.50 and 26.29 days and lasted until 42.45, 40.58 and 34.50 days, respectively. Fig. 3 shows that R_BC450 emitted more N2O than R_Ctrl and R_BCC. The total N2O emissions achieved 0.09, 0.3 and 0.07 gN-N2O.kgTNi respectively or 25.4, 245.0 and 17.5 mgN-N2O.KgDMi -1 . These results raise the important question whether the NH3 emissions reductions generated by BC450 utilisation (Fig. 2) worth the environmental impact generated by the increase of N2O emissions. The literature shows mixed results about biochar enhancing N2O emissions. Li et al. (2023) composted food waste digestate with tobacco and bamboo biochar. The authors reported an increase in N2O emissions by 65% and a decrease in NH3 emissions by 63% compared to control when tobacco biochar was used, similarly to BC450 results. Contrastingly, bamboo biochar decrease N2O and NH3 emissions by 48 and 31%, respectively. The authors attributed the higher N2O emissions to biochar labile carbon, suggesting that it might have contributed to nitrogen mineralization.

The higher N2O emissions in R_BC450 might be justified by a higher N-NOx pool than the other reactors, which supplied the denitrifying microorganism with a greater amount of energy source compared to the other reactors. This hypothesis is based on the nitrogen analysis of BC450 grains separated from R_BC450 at the end of the experiments. Results shows that they contained 0.37mgN-NOX/gBC and no N-NH4 + was detected. Similar results have been reported in the literature [START_REF] Hagemann | Nitrate capture and slow release in biochar amended compost and soil[END_REF][START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF]. Interestingly, N-NOX -adsorption by biochar is highly unlikely to happen due to high surface acidity (depending on substrate and pyrolysis conditions) (Y. Yang et al., 2020) that hinders anions adsorption [START_REF] Zhang | Evaluating biochar and its modifications for the removal of ammonium, nitrate, and phosphate in water[END_REF]. It has been hypothesized that biochar could adsorb N-NH4 + and further transform it into N-NOX -by chemical and biological reactions [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF]. Moreover Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestates ___________________________________________________________________________________________ 94 some studies proposed that the produced N-NOX could be strongly adsorbed in biochar pores and present a slow-release mechanism [START_REF] Hagemann | Nitrate capture and slow release in biochar amended compost and soil[END_REF][START_REF] Kammann | Plant growth improvement mediated by nitrate capture in cocomposted biochar[END_REF]. In this context, it is important to highlight that the extraction method used to quantify BC450 N-NOX -was insufficient to extract all the oxidized nitrogen content (e.g the last extraction had 5.5 mgN-NOx/l). Thus, suggesting that a higher amount of N-NOx was present in BC450 and that the R_BC450 N-NOx content was underestimated. The higher N2O emissions observed at R_BC450 compared to the other reactors (Fig. 3) suggests that N-NOx present in biochar granules was accessible to denitrifying microorganisms. The evolution of nitrogen species inside biochar should be further studied to better understand biochar impact on composting, specially, on N2O emissions.

Based on the previous results, a two steps scenario can thus be proposed to explain biochar influence on composting nitrogen cycle. Firstly, thanks to physicochemical interactions, like N-NH4 + adsorption and moisture reduction, the biochar contributed to reduce the NH3 losses in BC450 experiment. In a second step, the environmental changes generated by biochar physicochemical interactions with composted organic matter had secondary effects by altering the composting microbiology, as attested by the different increases in organic nitrogen, nitrate concentrations and total N2O emitted at the end of the experiments. In this hypothetical scenario, biochar with more developed chemical characteristics would have better performance to optimize biochar N-NH4 + adsorption, NH3 loss reduction and to generate changes in composting microorganisms. On the other hand, it was hypothesized that the biochar N-NH4 + adsorption could contributes indirectly to higher N2O emissions.

Microbiological dynamics of composting nitrogen cycle

To confirm biochar influence on composting microbiology, the evolution of microorganisms and nitrifying/denitrifying genes was further investigated.

Evolution of the compost microbial community

Figure 5 presents the variation of the global microbial groups (total archaea, total bacteria and total fungi) along the composting trials as measured by the quantification of their ribosomal RNA genes. The bacteria was the most abundant microbial group all along the experiment. Initially, the reactors started with 8.9 x 10 11 , 6.4 x 10 11 and 5.3 x 10 11 rDNA gene copies.g -1 of compost for reactors R_ctrl, R_BC450 and R_BCC. The abundance of bacteria remained stable in R_ctrl during the first 12 days of experiments, while it increased very slightly to 8.2 x 10 11 and 7.8 x 10 11 in the same period for reactors R_BC450 and R_BCC. Thereafter, their number decreased in the three reactors to reach values close to 1.5 x 10 11 rDNA gene copies.g -1 of compost at the end of the experiment. It is likely that, at the beginning of the experiment, the amount of easily degradable organic matter was sufficient to sustain the metabolism of the initial bacterial community. However, its depletion during the composting process led to a decrease of the bacterial community with time.

The archaea had initial values of 3.8 x 10 9 , 2.8 x 10 9 and 5.8 x 10 8 rDNA gene copies.g -1 of compost for reactors R_ctrl, R_BC450 and R_BCC. Their abundance dropped of approximately two magnitude orders through the experiment. Differently form bacteria, the decrease of the archaea community started from the beginning of composting. Their identification by DNA sequencing showed they belong at 98 to 100% to strictly anaerobic methanogenic groups that were probably brought by the digestate Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestates ___________________________________________________________________________________________ 96 and counter-selected by the aeration. The remaining 0 to 2% of the archaea were identified as the nitrifying Candidatus Nitrososphaera sp. N89-12 (data not shown).

Fungi community was the least abundant in all three reactors at the beginning of the experiments with about 1.6 x 10 9 , 1.2 x 10 9 and 4.0 x 10 8 rDNA gene copies.g -1 of compost for reactors R_ctrl, R_BC450 and R_BCC respectively. However, conversely to the other communities, fungi abundance increased by approximately three magnitude orders between days 12.6 and 20.6, 6.6 and 12.6, and 7.7 and 15.8 for reactors R_Ctrl, R_BC450 and R_BCC, respectively. Interestingly, these periods correspond to the end of the first rO2 degradation peak and to the beginning of the second (Fig. 2). Fungi are commonly known as decomposers of complex lignocellulosic organic matter [START_REF] Zeng | Nitrogen dynamic and microbiological evolution during aerobic treatment of digested sludge[END_REF]. Thus, it is likely that after the depletion of easily degradable organic matter fraction during the first rO2 pic, the fungi community adapted to consume slowly degradable fraction. Additionally, fungi community might have been responsible for the increase in nitrogen immobilization during their period of growth (Fig. 3).

Interestingly, the presence of biochar in the reactors seems to favour faster fungi adaptation, as shown by the shorter time intervals observed between the first and second rO2 degradation peak in Fig. 2.

Thereafter, the number of fungi decreased to reach values of 3.6 x 10 10 , 4.5 x 10 10 and 8.8 x 10 10 rDNA gene copies.g -1 of compost at the end of the composting experiments for reactors R_Ctrl, R_BC450 and R_BCC, respectively. Overall, the observed values for bacteria, archaea and fungi are close to the ones of [START_REF] Zeng | Nitrogen dynamic and microbiological evolution during aerobic treatment of digested sludge[END_REF].

Finally, while the pristine BC450 biochar showed undetectable levels of microorganisms before mixing to the digestate, about 4.1 x 10 11 bacterial and 1.3 x 10 9 archaeal rDNA gene copies were quantified per gram of biochar after 6 to 12 days of composting (Fig. 5). These concentrations are similar to the ones observed in the R_BC450 compost suggesting that biochar was a suitable for microbial colonization during the high microbial activity period (Fig. 2). That microbial development in biochar might have partly contributed to the higher organic nitrogen increase observed for R_BC450 compared to R_Ctrl and R_BCC (e.g. 48.0%, 29.5% and 26.89%, respectively) (Fig. 3). Interestingly, the biochar total bacteria remained close to 7.5 x 10 11 rDNA gene copies.g -1 of biochar until day 29 and decreased to 2.4 x 10 11 gene copies.g -1 at the end of the experiment. During the same period, the total bacteria in the R_BC450 compost was approximately 1.5 times lower than the one in the BC450 biochar. Similar behaviour was observed for the total archaea. After 12 days, the total archaea in the BC450 biochar were close to 6 x 10 8 gene copies.g -1 while the R_BC450 compost had approximately 10 times less for the same period. These results are complementary to the ones of [START_REF] Sun | Biochar as a novel niche for culturing microbial communities in composting[END_REF] that reported higher bacterial diversity in biochar compared to composting pile. These authors suggested that microorganisms in biochar were less exposed to microenvironment stressors compared to the Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestates ___________________________________________________________________________________________ 97 composting pile, like energy source shortage. In this context, biochar could present residual volatile organic carbon from pyrolysis [START_REF] Sun | Biochar as a novel niche for culturing microbial communities in composting[END_REF], which might serve as an energy source for microbes.

Nitrifying and denitrifying microorganisms evolution

In addition to the previous analysis, the bacterial and archaeal nitrifying gene amoA and the bacterial denitrifying genes nirS, nirK and nosZ were analysed in compost (Fig. 6) and in biochar (Fig. 7). Chapter 3: Study of biochar's influence on the processes of nitrification during the composting of digestates ___________________________________________________________________________________________ 98 As shown on Figure 6, the AOB had an overall similar evolution in the three reactors. In the first ten days of experiment, the AOB population reduced by approximately 30%. It remained at a level of about 1 x 10 8 amoA gene copies.g -1 of compost for about 20 days before to regrow in all reactors and reach values similar to the ones at the beginning of the experiment. Similar results were found by [START_REF] Zeng | Nitrogen dynamic and microbiological evolution during aerobic treatment of digested sludge[END_REF]. The authors hypothesized that the AOB development was hindered by high oxygen consumption and temperature increase at the beginning of the experiment and that AOB could reestablish once the biodegradation had slowed down. The rO2 results (Fig. 2) suggest that the hypothesis proposed by [START_REF] Zeng | Nitrogen dynamic and microbiological evolution during aerobic treatment of digested sludge[END_REF] could explain the AOB behaviour in the current study.

Moreover, it is likely that the higher N-NH4 + concentration observed at the beginning of the composting (Fig. 3) might also have a toxic effect for AOB, generating their decrease (Cáceres et al., 2018).

The AOA population also decreased from the beginning of the experiment until approximately 20 days.

Thereafter, the values fluctuated between 8 x 10 6 and 2 x 10 6 amoA gene copies.g -1 in the reactors, suggesting a stabilization of the AOA population. These results are in agreement with [START_REF] Zeng | Nitrogen dynamic and microbiological evolution during aerobic treatment of digested sludge[END_REF] and suggest that the composting of the solid digestate was not conducive to the growth of nitrifying archaea.

Interestingly, the quantification of the AOA and AOB populations in the biochar showed two steps (Fig. 7). The first 30 to 40 days of composting corresponded to a fast but heterogeneous colonization of the biochar granules that explains the high standard deviation observed in Figure 7. Thereafter, the AOA population remained stable with values close to 2 x 10 8 amoA gene copies.g -1 of biochar. Thus showing a homogeneous and stable colonization of the biochar with a superior concentration of AOA in the biochar BC450 compared to the R_BC450 compost. Additionally, the AOB population in biochar also followed a similar tendency to that in the composted organic matter, growing after 30 days. These results suggest that biochar environment is suitable for the colonization of AOA and AOB and suggest that the N-NOX measured in BC450 at the end of the experiment (see 3.3 above) might have been generated by microbial NH4 + oxidation.

Finally, no clear relation was identified between N2O emissions and the variation of the denitrifying genes in the different reactors (Fig. 6). The nirK gene gave unspecific amplifications and was not considered anymore. The nirS gene, encoding a nitrite reductase, showed a transient increase only during the first 30 days of composting of reactors R_BCC and R_Ctrl. The nosZ gene, encoding for the nitrous oxide reductase, also increased transiently at the start of composting and constantly decreased after 15 to 20 days. It was systematically more abundant in the R_Ctrl compost. A possible reason for the absence of relation between gene quantification and N2O emissions might be that the real time PCR reveals the presence of the targeted microbial group but not their function. Denitrifying microorganisms may be present but not at work because of the presence of oxygen. Moreover, the involvement of fungi in denitrification during compost is not well documented.

Conclusion

This study shows that biochar's affects the nitrogen cycle differently depending on its chemical characteristics. It was hypothesized that biochars with neutral pH, high oxidation and numerous acid functions could adsorb N-NH4 + and regulate moisture when added to solid digestate. The biochar adsorption was likely to reduce N-NH4 + pool, which might directly contribute to reduce NH3 volatilization and indirectly to increase organic nitrogen and N-NOx. However, highly oxidized biochar increased N2O emissions compared to the control in late period of composting, limiting its environmental benefit. The higher N2O emissions were attributed to the nitrification and denitrification of the N-NH4 + initially adsorbed by the biochar. The influence of biochar over N2O increase should be investigated in future solid digestate studies to assess the real environmental benefits of biochar utilisation.

On the other hand, biochar with basic pH, lower oxidation and low surface acid functions increased NH3 volatilization, N-NOX concentration compared to the control and had similar N2O emissions and nitrogen immobilization than the control. It was hypothesized that the higher NH3 volatilization was generated by biochar capacity to increase aeration conditions without trapping N-NH4 + . The better aeration conditions might have contributed to the higher nitrification.

Furthermore, this study reports that bacteria and archaea took approximately 12 and 6 days, respectively, to colonize biochar and reach a similar concentration as in the composted organic matter.

Thereafter, biochar and composting total archaea and total bacteria followed a similar variation tendency, suggesting that microorganisms in biochar were subjected to the same environmental stressors as in the composted organic matter. Biochar colonization suggests that it can promote nitrogen immobilization in the beginning of composting by serving as a growing support for microorganisms.

Additionally, amoA analysis showed a higher concentration in biochar structure compared to that in compost organic matter. The colonization of nitrifying microorganisms in biochar justified the presence of N-NOx and the absence of N-NH4 + in its structure at the end of the experiment. This result suggests that biochar might offer better environmental conditions for the development of nitrifying microorganisms than compost, possibly thanks to the supply of N-NH4 + adsorbed in the beginning of compost. The N-NH4 + oxidation in biochar should be further studied to quantify its contribution to the global nitrification process in composting. 

Foreword

In the first chapter, biochar N-NH4 + adsorption has been identified as an important parameter affecting biochar action in composting. This parameter has been widely cited in the literature regarding NH3 emissions reduction during composting amended with biochar. Moreover, the results obtained in chapter 2 and 3 confirmed the importance of the ammonia adsorption on the nitrogen changes observed during solid digestates composting with biochar. Thus, biochar adsorption capacity should be further explored to explain and optimize biochar action in composting.

To bring new insights about this subject, chapter four had two goals: firstly, to estimate the biochar potential to adsorb N-NH4 + in a solid organic waste environment and study how biochar chemical modifications change ammonium adsorption capacity; and secondly, to study the correlation between the biochar's performance to reduce NH3 loss reduction during aerobic degradation and biochar N-NH4 + adsorption capacity.

To perform this work, it was first necessary to obtain biochars with different capacities to adsorb N-NH4 + . Literature shows that chemical modifications can change biochar potential to adsorb N-NH4 + in liquid solutions. This interesting approach was adopted in the present work. Thus, BC450 was chemically modified using KOH (BC450_KOH) and HNO3 (BC450_HNO3), and BCC was modified with HNO3 (BCC_HNO3). The tested biochars were characterised for pH, total oxygen and carbon, infrared spectroscopy, zeta potential and surface area. The biochars adsorption capacity was estimated by mixing the granular biochars (e.g. BC450, BC450_KOH, BC450_HNO3 and BC900) with solid digestates made of agricultural wastes (AW2) and organic fraction of municipal solid waste (OFMSW). After 48h the biochars were manually separated from digestate and solid:liquid extractions was performed on biochar granules. The N-NH4 + was quantified in the extraction solutions using ionic chromatography.

The digestates total N-NH4 + concentration and easily extractable N-NH4 + were estimated by Büchi distillation and 1M KCl extraction, respectively. Furthermore, the influence of biochar properties over NH3 emission reductions during aerobic degradation was tested using mixtures of AW2 and biochar with biochar to digestate ratio of 5%. Experiments without biochar were used as a control. An experimental device and set up similar to the one presented in chapter 2 was used.

The adsorption capacity test shows that BC900, BC450, BC450_KOH and BC450_HNO3 adsorbed 0.33, 1.25, 2.49 and 7.66 mgN-NH4/gBC when applied to AW2; and 0.41, 1.51, 3.51 and 10.24 mgN-NH4/gBC when applied to OFMSW. Statistical analysis showed a significant (p < 0.1) strong Pearson correlation between biochars adsorption capacity and its pH (r = -0.92) and atomic ratio TO/TC (r = 0.90). Biochars with lower pH and higher TO/TC are likely to have higher density of surface acid functions, which was indeed confirmed by infrared spectroscopy and by the lower zeta potential of these chars. Additionally, digestate type had a significant (p-value < 0.1) effect over biochar capacity to adsorb N-NH4 + . Interestingly, biochar could adsorb more N-NH4 + when applied to OFMSW. This digestate had higher easily extractable N-NH4 + (mean = 6.02 gN-NH4 + .kgDM -1 ) compared to AW (mean = 4.62 gN-NH4 + .kgDM -1 ) whereas an opposite tendency is observed for the total N-NH4 + (e.g. 9.16 gN-NH4 + .kgDM - 1 and 11.45 gN-NH4 + .kgDM -1 , respectively). This results suggests that the easily extractable N-NH4 + is a good estimator of the organic waste N-NH4 + available to be adsorbed by biochar. Thus, it is likely that digestates with higher easily extractable N-NH4 + might benefits more from biochar capacity to adsorb N-NH4 + .

The aerobic degradation results shows that biochars BC450, BCC_HNO3 and BC450_HNO3 reduced NH3 emissions by 13, 38 and 83% compared to control, while BC450_KOH, BCC and BC900 increased NH3 emissions by 5, 18 and 34%, compared to control. It is interesting to note that biochar HNO3 chemical modification could significantly increase BC450 and BCC performance to reduce NH3 emissions. It suggests that this acid modification of biochar properties is an interesting alternative to create tailored biochars aimed for NH3 emissions reduction. Additionally, a linear regression was searched between the granular biochars (e.g. BC450, BC450_KOH, BC450_HNO3 and BC900) potential to adsorb N-NH4 + and its NH3. Results show a significant (p-value = 0.043) strong linear correlation (R 2 = 0.79) between both variables. Regarding the linear regression model equation, it appears that increasing the biochar NH4 + adsorption capacity by 1 gNNH4 + /kg tends to reduce the NH3 emissions by 2.76% (gN-NH3/gTKNi). Thus, optimising biochar N-NH4 + adsorption capacity is a promising strategy to increase its capacity to reduce NH3 emissions during aerobic degradation like composting. It is important to note that the linear model cannot yet be used as prediction tool since its relevance is limited to the perimeter of the tested experimental conditions. However, the methodology presented in this work could be explored in further works to test the accuracy of granular BC N-NH4 + adsorption potential as a predictor of its potential to reduce NH3 losses during aerobic degradation of other organic wastes.

Introduction

Composting is a biological aerobic process used for treating a large variety of organic wastes, from animal manures to industrial residues [START_REF] Gajalakshmi | Solid waste management by composting: State of the art[END_REF]. This process changes the organic waste's properties through a reduction in moisture, hygienisation of pathogens, stabilisation of organic matter and synthesis of humic substances, leading to a marketable material for soil application [START_REF] De Guardia | Compostage et Composts Avancées scientifiques et techniques[END_REF]. Despite these benefits, composting also generates environmental impacts, notably through nitrogen emissions that should be reduced. Indeed, along the composting treatment organic nitrogen can be mineralized to its ammonia form and then stripped out of the composting medium. These ammonia emissions are generated by the displacement of the equilibrium NH4 + /NH3 to the gaseous form and favoured by the composting medium aeration supplied either by forced aeration (generally air blowing) or turning operations (de Guardia et al., 2010b). The inherent composting conditions, such as high temperature (>40°C), and the organic waste's properties, such as high pH (>8), contribute to NH3 production (Sanchez-Monedero et al., 2018). Thus, NH3 emissions are an inevitable aerobic degradation characteristic. On the other hand, the nitrification/denitrification microbiological process generates N2O and N2. Along composting, nitrification occurs through the Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 104 oxidation of ammonium (NH4 + ) by ammonia-oxidizing bacteria and archaea, which generates hydroxylamine (NH2OH), nitrite (NO2 -) and nitrate (NO3 -) [START_REF] Zeng | Impact of biodegradation of organic matters on ammonia oxidation in compost[END_REF]. These oxidized nitrogen forms can be transported to micro spots of anoxic environment, favouring the development of anaerobic microorganisms that use oxidized nitrogen as their final electron acceptor and produce N2O and N2 (Cáceres et al., 2018). These nitrogen losses occur mainly as gaseous emissions in the form of ammonia (NH3), nitrous oxide (N2O) and atmospheric nitrogen (N2), contributing to environmental problems such as acid rain, the formation of fine particles and global warming (Leip et al., 2015;Vallero, 2019).

Different strategies have been investigated to reduce nitrogen emissions, such as finding optimal operational conditions, such as aeration, or the use of various bulking agents. In recent years, supplementing the composting mixture with biochar has proven to be a promising strategy to capture nitrogen in composts. Literature reports nitrogen losses and NH3 emission reductions of 6-86% and 7-98%, respectively (Sanchez-Monedero et al., 2018). Different authors have attributed these reductions in N losses to the adsorption capacities of biochar. In this regard, [START_REF] Joseph | Microstructural and associated chemical changes during the composting of a high temperature biochar: Mechanisms for nitrate, phosphate and other nutrient retention and release[END_REF] hypothesised that when biochar is mixed with organic waste, it abadsorbs moisture with dissolved inorganic nitrogen, especially NH4 + , before its surface is covered with soluble carbon. Subsequently, microbiological or chemical reactions could oxidise the trapped NH4 + . In this way, the biochar would reduce the amount of free NH4 + , which could otherwise be volatilized as NH3. In addition, there are indirect benefits associated with the adsorption of NH4 + by biochar. Indeed, the high concentration of ammonium in some organic wastes such as digestate (Manu et al., 2021b) can be toxic to microorganisms. Thus, the adsorption of NH4 + onto biochar would create a better environment for microbial growth (Li et al., 2023), that also leads to a reduction of NH4 + available for volatilization. As so, ammonium adsorption on biochar has often been suggested to be related to NH3 emissions reduction in aerobic degradation (Agyarko-Mintah et al., 2017b;Li et al., 2023;Steiner et al., 2010).

Therefore, the capacity of biochar to adsorb ammonia-nitrogen in a solid environment has not been proved and the strengh of the relation between ammonium adsorption and the reduction of ammonia emissions has not been demonstrated. Indeed, the works available in the literature that have studied the capacity of biochar to adsorb NH4 + mainly present adsorption results in liquid solution using isothermal models [START_REF] Zhang | Evaluating biochar and its modifications for the removal of ammonium, nitrate, and phosphate in water[END_REF]. No work has yet attempted to estimate the potential of biochar to adsorb NH4 + in solid organic waste. Yet, solid organic waste represents a complex environment with varying moisture content and heterogeneous chemical concentrations, soluble organic matter and biological activity that could make previous models inaccurate. A new methodology is therefore needed to study the adsorption capacity of biochar in solid organic waste. Moreover, the confirmation of the relation between ammonium adsorption and the reduction of ammonia emissions would need Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 105 to test biochars with diverse ammonium adsorption capacities. In this regard, biochar chemical modifications could be a helpful tool. Biochar modifications aim to increase properties usually related to adsorption, such as surface area, ion exchange capacity and surface functional groups. Literature reviews show that, in liquid solutions, modified biochar can adsorb more ammonium (mean = 22.79 mgN/gBC, number of observations = 12) than unmodified ones (mean = 11.9 mgN/gBC, number of observations = 65) [START_REF] Zhang | Evaluating biochar and its modifications for the removal of ammonium, nitrate, and phosphate in water[END_REF]. It would thus be interesting to apply this approach to ammonium adsorption on biochar in solid organic waste. Closer investigation of the different modifications available shows that nitric acid (HNO3) and potassium hydroxide (KOH) modifications are interesting alternatives. It was reported that HNO3 and KOH modifications increased biochar NH4 + adsorption capacity by 26.25% and 68.5% (compared to the unmodified biochar) when tested in 40 and 10 mgNH4 + /l solutions, respectively [START_REF] Song | Exploring mechanism of five chemically treated biochars in adsorbing ammonium from wastewater: understanding role of physiochemical characteristics[END_REF][START_REF] Song | Potential of novel biochars produced from invasive aquatic species outside food chain in removing ammonium nitrogen: Comparison with conventional biochars and clinoptilolite[END_REF][START_REF] Vu | Removing ammonium from water using modified corncob-biochar[END_REF]. [START_REF] Vu | Removing ammonium from water using modified corncob-biochar[END_REF] suggested that the HNO3 modification increased NH4 + adsorption by increasing biochar surface chemical groups and total acidity, while [START_REF] Song | Exploring mechanism of five chemically treated biochars in adsorbing ammonium from wastewater: understanding role of physiochemical characteristics[END_REF] attributed KOH modification efficiency to an increase in biochar surface area and pore structure. These results suggest that physical and chemical adsorption mechanisms co-exist in biochar, as shown by [START_REF] Song | Exploring mechanism of five chemically treated biochars in adsorbing ammonium from wastewater: understanding role of physiochemical characteristics[END_REF] who studied biochar NH4 + adsorption in wastewater. Some authors highlighted that chemical characteristics such as cation exchange capacity (CEC) and surface acidity [START_REF] Gai | Effects of feedstock and pyrolysis temperature on biochar adsorption of ammonium and nitrate[END_REF][START_REF] Yang | Adsorption of ammonium in aqueous solutions by pine sawdust and wheat straw biochars[END_REF] had higher influence over biochar NH4 + adsorption in wastewater than the surface area [START_REF] Takaya | Phosphate and ammonium sorption capacity of biochar and hydrochar from different wastes[END_REF]. Thus, it is essential to understand which biochar's characteristics are related to its capacity to adsorb ammonium in organic waste in order to identify the main reactional mechanisms and optimize biochar production for supplementation of organic waste composting.

Considering the above context, the present work aimed to bring new insights into the comprehension of biochar N-NH4 + adsorption and its effects nitrogen losses during aerobic degradation of solid digestates. The first objective of this paper was to estimate the biochar potential to adsorb N-NH4 + in a solid organic waste environment and to study how biochar chemical modifications change ammonium adsorption capacity. The second goal was to study the correlation between the biochar's performance to reduce NH3 loss reduction during aerobic degradation and biochar N-NH4 + adsorption capacity.

Materials and methods

Studied substrates

Solid digestates, which are residues of anaerobic digestion, were studied in this work because one of their characteristics is the high content in ammonia-nitrogen. Two types of digestate were used. The first one was produced from the anaerobic digestion of a mix of agricultural and agro-industrial wastes (AW), such as cattle manure (20t) and slurry (20t) and lactoserum (12t). The complete list of organic Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 106 wastes used in AW production is available in Supplementary Materials -Chapter 4. The second one was collected in an industrial anaerobic digestion plant treating sorted organic fraction of municipal solid waste (OFMSW). In both cases, the solid digestate was collected directly after solid/liquid separation by a screw press, and it was stored at -20°C to preserve its chemical characteristics.

Three biochars were considered in this study. Two of them were produced by the Armines research centre of Ecole des Mines d'Albi (RAPSODEE) in rotary kiln using green waste pallets made from beech branches. Two temperatures of pyrolysis were considered: one biochar was produced in a low temperature range, 400-450°C (BC450), and a second at high temperature range, 700-900°C (BC900).

The kiln was fed with 6kg/h of biomass and had a residence time of 40 minutes. The third biochar is a retail biochar (5kg) distributed by a commercial company (BCC).

Biochar modifications

In order to increase the diversity of properties of the studied biochar, the raw biochars presented above have been subjected to chemical reaction. In this regard, an acid attack (HNO3) was used to activate BC450 and BCC, generating BC450_HNO3 and BCC_HNO3. Moreover, BC450 was also activated using a basic attack (KOH), generating a third modified biochar (BC450_KOH). These modifications were based on [START_REF] Song | Exploring mechanism of five chemically treated biochars in adsorbing ammonium from wastewater: understanding role of physiochemical characteristics[END_REF] and [START_REF] Shang | Adsorption of Ammonium in Aqueous Solutions by the Modified Biochar and its Application as an Effective N-Fertilizer[END_REF] works. Previous experiments (data not presented) showed that BC900 chemical and physical properties cannot be altered by any of the tested modifications.

The acid and basic activations consisted in soaking the biochars, at room temperature and under constant agitation, into a 6 or 3 mol/l HNO3 or KOH solution for 16 or 24h at 1:10 or 1:20 ratio (mass of biochar/volume of reactant solution) respectively. Afterward, the soaked biochar was washed until the washing solution achieve pH close to neutral. Biochars were then dried at 105°C for 24h and stored in closed opaque recipients and at ambient temperature.

Measurement of biochar capacity to adsorb NH4 +

Biochar was mixed with AW or OFMSW at 10% biochar to digestate ratio (fresh weight) in a 250ml beaker for 48h at room temperature. The beakers were sealed with Teflon to avoid NH3 volatilisation and drying. The contact period of 48h was chosen based on [START_REF] Prost | Biochar Affected by Composting with Farmyard Manure[END_REF] work. The authors showed that pores of biochar mixed with farmyard manure clogged with dissolved organic matter after two days, preventing major adsorption after this date.

After 48h, the biochar granules were manually separated from the digestate and the adsorbed NH4 + was extracted based on the norm NF ISO 14.256-2. The extractions consisted in soaking the biochar granules in 1M KCl solution for 1h under constant agitation at ambient temperature. Afterwards, the soaked biochar was separated by centrifugation at 12000 RPM. The extracted solution was filtered Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 107 through a 0.45µm polypropylene filter with glass fibber. The NH4 + content of the solution was then measured by ionic chromatography using Metrohm 850 Professional IC. This procedure was applied to BC450, BC450_KOH, BC450_HNO3 and BC900 but not to BCC and BCC_HNO3. Indeed the granulometry (powder) of these latter biochars prevented their utilisation in this test.

Aerobic degradation test

The influence of biochar properties over NH3 emission reductions during aerobic degradation was tested using mixtures of digestate AW and biochar with a biochar to digestate ratio of 5% (wet weight).

To perform aerobic degradation, a pilot composed of six 10l stainless steel reactors was used. The reactors are operated with controlled temperature (40°C) and aeration (70l/h). Part of the reactor outlet gas recirculates in the system to allow the homogenization of the air within the reacting cell.

The recirculation airflow was set to approximately 5l/min. The composition of the inlet and outlet gas is analysed using an in-line analyser ABB EL3020 that measures the concentration of carbon dioxide (CO2), oxygen (O2), methane (CH4) and nitrous oxide (N2O). In addition, the ammonia emitted by the cells was quantified in a parallel circuit containing two ammonia traps containing 200ml of sulphuric acid 1M, and they were replaced regularly. The ammonia traps were analysed by distillation in a Gerhardt vapodest 50. The aerobic degradation device and operational conditions were similar to those of [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF] and [START_REF] Zeng | Impact of biodegradation of organic matters on ammonia oxidation in compost[END_REF]. The complete scheme of the aerobic degradation pilot can be visualised in Supplementary Materials -Chapter 4.

The experiments had a duration of two weeks.

Digestates characterization

Analyses of the digestates included the determination of total Kjeldahl nitrogen (TKN), total NH4 + , easily extractable NH4 + , dry matter (DM), volatile solids (VS) and pH. The dry matter (DM) was obtained by drying the sample at 105°C for 48h, and the volatile solids (VS) concentration by loss-on-ignition at 550°C for 5h. The total Kjeldahl nitrogen (TKN) was determined by distillation in a Gerhardt Vapodest 50 after sample mineralisation with sulfuric acid 98% (v:v) and copper tablets in a Mineralization Bloc Kjeldatherm KT followed, according to the norm NF EN 13342.

The total ammoniacal nitrogen (N-NH4 + ) content was determined in Büchi distillation Unit K-350. To perform Büchi distillation, samples were basified with magnesium hydroxide right before being inserted into the device. The distillation was performed with water vapour for approximately 3 minutes. Easily extractable N-NH4 + was calculated through 1M KCl extraction at 1:10 (w:w, wet weight) ratio during 1h. The extracted solution was filtered through a 0.45µm polypropylene filter with glass fibber and analysed using Metrohm 850 Professional ionic chromatography. It is expected that the The pH was measured by mixing digestate with deionized water at 1:5 (w:w, wet weight) ratio and performing agitation through 1h, according to the norm NF EN 13037. Afterwards, the pH was measured using Mettle Toledo Five Easy. All previous mentioned analyses were performed in triplicate (if not attested otherwise), except ammonia traps analysed in duplicate. The ammonia traps samples were homogeneous, and the individual analyses differed less than 0.5% from the mean.

Biochar characterization

Biochars were characterized for TKN, DM, VS and pH using the same methodology applied to digestates. In addition, biochar's elemental composition (carbon, nitrogen, sulfur and oxygen), surface area, Fourier transform infrared spectroscopy (FTIR) and zeta potential were analysed. The elemental analysis was performed using an elemental analyzer flash 2000. Additionally, the total oxygen and total carbon results from the elemental analysis were converted to number of atoms and the atomic ratio TO/TC was calculated. The specific surface area was determined using a Micromeritics 3Flex analyser with nitrogen as the sorbent gas and applying the model Brunauer-Emmett-Teller (BET). Both analyses were done by the laboratory RAPSODEE. The FTIR analysis was done in the wavelengths region from 4000 to 400 cm -1 with a spectral resolution of 4cm -1 using a Nicolet iS5 with ATR iD7 module.

Biochar zeta potential was inferred from streaming potential measurement, which is a versatile technique for characterising the electrical surface properties of materials of different geometries such as polymer films [START_REF] Szymczyk | Tangential streaming potential as a tool in modeling of ion transport through nanoporous membranes[END_REF], porous materials [START_REF] Fievet | A new tangential streaming potential setup for the electrokinetic characterization of tubular membranes[END_REF] or particles [START_REF] Szymczyk | Electrokinetic characterization of porous plugs from streaming potential coupled with electrical resistance measurements[END_REF]. Experiments were carried out with a SurPASS electrokinetic analyzer (Anton Paar GmbH).

A porous plug was formed with biochar particles of millimetric dimensions. 

Data analysis

At the end of the adsorption tests, the influence of digestate type (AW or OFMSW), biochar type (BC450, BC450_HNO3, BC450_KOH, BC900) over biochar NH4 + adsorption was studied using using oneway and two-way ANOVA. The differences in biochar NH4 + adsorption capacity obtained in the adsorption tests and the differences in aerobic degradation NH3 emissions were investigated using two tailed welch t-test.

To compare nitrogen losses from different reactors, the NH3 emissions (NH3e) and NH3 emissions reductions (NH3er) were defined according to Equation 3. The confidence level of all statistical analysis was defined at 90%. All statistical analyses were done using the software R Studio version 3.5.1.
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3 Results and Discussion

Substrates characteristics

The substrate characteristics are presented in Table 1.

Table 1 Physicochemical characterization of substrates SD = standard deviation. FW = fresh weight. ND = not detected. NA = not available. Analysis with less than three repetitions had all their values showed in the table. AW = digestate originated from agricultural wastes, OFMSW = digestate originated from organic fraction of municipal solid waste, BC450 = biochar produced at 450°C, BC450_HNO3 = BC450 modified with HNO3, BC450_KOH = BC450 modified with KOH, BC900 = biochar produced at 900°C, BCC = commercial biochar, BCC_HNO3, BCC modified with HNO3. DM = dry mater, VM = volatile mater, Easily extractable N-NH4 + = ammoniacal nitrogen extracted with 1h KCl extraction (more precisions in materials and methods), N-NH4-Büchi = ammoniacal nitrogen quantified through Büchi distillation (more precisions in materials and methods).

Studied digestates differed in their nitrogen composition. Digestate AW had higher TKN and N-NH4 + -Büchi than OFMSW. As TKN is composed of organic nitrogen and ammoniacal nitrogen (N-NH4 + ), then characterization results show that AW TKN is composed of a higher proportion of mineral nitrogen (45.6%) compared to OFMSW (37.5%). In addition, Table 1 shows that the values of ammoniacal nitrogen calculated by Bushi or 1h KCl extraction differed. AW had higher Bushi N-NH4 + but lower easily extractable N-NH4 + compared to OFMSW. Thus, it is likely that AW N-NH4 + is more linked to the organic matter structure than OFMSW N-NH4 + . The analysis of biochar characteristics shows that the higher temperature used for the production of the BC900 contributes to degrade more OM during pyrolysis, consequently creating a larger amount of ashes, a lower percentage of oxygen, a higher percentage of carbon and a higher surface compared to BC450. Similar results were reported in the literature [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF][START_REF] Tag | Effects of feedstock type and pyrolysis temperature on potential applications of biochar[END_REF]. BCC had an elemental composition (TC, TH, TN and TO) and pH similar to BC900 (Table 1), suggesting that similar pyrolysis conditions might have been employed in its production.

The chemical reactions applied to biochars effectively changed BC450 and BCC chemical characteristics. Chemical modifications (HNO3 and KOH) reduced the ashes contents compared to the original biochars, generating an increase in the proportion of VM (Table 1). The reduction in ashes content might have contributed to decrease biochar pH. Moreover, Table 1 shows that KOH modification had small impact over BC450 elemental analysis and surface area. The KOH modification applied in this study differed from the one presented in the literature by avoiding catalyzation step usually performed at high temperature (~500°C) and in an oxygen-limited environment [START_REF] Ma | Biochars derived from by-products of microalgae pyrolysis for sorption of gaseous H2S[END_REF][START_REF] Song | Exploring mechanism of five chemically treated biochars in adsorbing ammonium from wastewater: understanding role of physiochemical characteristics[END_REF]. The lack of a catalyzation step in this study might have limited the effect of KOH modification.

The pH analysis of biochars (Table 1) shows that BC900 and BCC had the highest pH with values close to 9. The lack of acid groups and the ashes content might have contributed to this result. Additionally, BC450_KOH reduced BC450 pH from 6.7 to 5.5. This result could be due to a reduction in ash content or functionalization of biochar surface. In addition, the HNO3 modifications reduced the pH of the biochar to 2.5 and 3.0 for BC450_HN03 and BCC_HNO3 respectively. [START_REF] Yakout | Monitoring the changes of chemical properties of rice straw-derived biochars modified by different oxidizing agents and their adsorptive performance for organics[END_REF], reported similar results concerning HNO3 modifications. The authors modified rice straw with 65% nitric acid at 60°C.

The modification reduced biochar pH to values ranging from 3.4 to 3.2, while the non-modified biochar had pH close to 9. The pH is affected by the deprotonation of acid and basic groups on the biochar surface, in liquid. Thus, this analysis suggests that studied biochars differed by their surface functions.

The elemental analysis supports this idea. Table 1 shows that HNO3 modification increased TO and TN and reduced TC and TH percentages when applied to BC450 or BCC. These changes increased the atomic ratio TO/TC by 41% and 111% for BC450 and BCC, respectively, suggesting that HNO3 modification increased biochar oxidation [START_REF] Wang | Chemical aging changed aggregation kinetics and transport of biochar colloids[END_REF]. Similar results were reported by [START_REF] Shang | Adsorption of Ammonium in Aqueous Solutions by the Modified Biochar and its Application as an Effective N-Fertilizer[END_REF]. The authors modified spruce sawdust biochar produced at 400°C using 6M HNO3 chemical modification. Their elemental analysis showed that HNO3 modified biochar increased TO and TN in 7.4 and 3.3% compared to the original biochar. The increase in TO and TN might have been partially generated by residual HNO3 in biochar pores. In addition, it has been shown that HNO3 can Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 112 functionalise the biochar surface [START_REF] Mehmood | Comparative efficacy of raw and HNO3-modified biochar derived from rice straw on vanadium transformation and its uptake by rice (Oryza sativa L.): Insights from photosynthesis, antioxidative response, and gene-expression profile[END_REF][START_REF] Shang | Adsorption of Ammonium in Aqueous Solutions by the Modified Biochar and its Application as an Effective N-Fertilizer[END_REF], resulting in increased oxygen and nitrogen contents.

A more detailed analysis of biochar functionalization can be achieved through FTIR (Fig. 1) Fig. 1 Fourier transform infrared spectra from (A) BCC, BCC_HNO3 and BC900. (B) BC450, BC450_HNO3 and BC450_KOH Fig. 1A firstly shows that BC900 and BCC had similar FTIR spectra marked by the lack of detectable peaks. The similarity between both spectra reinforces the idea that these biochars had similar production conditions. Moreover, it can be assumed that BC900 high pyrolysis temperature degraded the majority of surface chemical functions. This hypothesis could be verified by TGA-DSC analysis in future studies.

Contrastingly, FTIR spectrum obtained with BC450 (Fig. 1B) showed three identifiable peaks in the functional group region. The first peak at 3000-2800 cm -1 is attributed to the asymmetric and symmetric C-H stretching vibrations of the methyl (-CH3-) and methylene (-CH2-) [START_REF] Vu | Removal of ammonium from groundwater using NaOH-treated activated carbon derived from corncob wastes: Batch and column experiments[END_REF]. The second peak close to 1700 cm -1 is attributed to carboxylic and lactonic groups (C═O) [START_REF] Tran | Activated carbons from golden shower upon different chemical activation methods: Synthesis and characterizations[END_REF][START_REF] Vu | Removal of ammonium from groundwater using NaOH-treated activated carbon derived from corncob wastes: Batch and column experiments[END_REF]. Lastly, the peak close to 1650 cm -1 is attributed to (C═C) double bonds in aromatic rings [START_REF] Tran | Activated carbons from golden shower upon different chemical activation methods: Synthesis and characterizations[END_REF][START_REF] Vu | Removal of ammonium from groundwater using NaOH-treated activated carbon derived from corncob wastes: Batch and column experiments[END_REF].

Additionally, BC50_KOH FTIR spectrum was not notably different from the spectrum obtained with BC450 concerning the previous described peaks. On the other hand, BC450_HNO3 reduced the methyl (-CH3-) and methylene (-CH2-) peak and increased carboxylic and lactonic peak, compared to BC450. Furthermore, the HNO3 modification applied to BCC generated a detectable but minor change on the carboxylic and lactonic peak. M. T. [START_REF] Vu | Removal of ammonium from groundwater using NaOH-treated activated carbon derived from corncob wastes: Batch and column experiments[END_REF], reported similar results. The authors modified corncob biochar with 4M HNO3 and observed the appearance of FTIR peak at 1705cm -1 , which was attributed to carboxylic acid. The FTIR reinforces the conclusion of the elemental and pH analyses, suggesting that modification with HNO3 increases the acid groups on the biochar surface.

Since these acid groups can deprotonate, their presence can also be revealed by determining the zeta potential of biochars. Figure 2 According to figure 2, the BC900 biochar was less charged than BC450 and BC450_KOH, whatever the pH of the measuring solution. It is due to the higher pyrolysis temperature used to produce BC900, which reduced the density of surface acid groups [START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF]W. Yang et al., 2020). Thus zeta potential values corroborate FTIR results. It can be noted, however, that zeta potential analysis Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 114 indicates that the surface of BC450_KOH was more negatively charged than BC450 while FTIR did not show major differnces between these two biochars. Surprisingly, it was found that the zeta potential of BC450_HNO3 decreased (in absolute value) with increasing pH (except for pH below 3.2). Although this behavior can be explained in some cases by an increase in the electrical conductivity of the solution, this is only expected at very high pH values [START_REF] Mouhoumed | Physico-chemical characterization of polyamide NF / RO membranes : Insight from streaming current measurements[END_REF], which was not the case in the present work. This behavior has already been reported in the literature and attributed to swelling effects with pH [START_REF] Luxbacher | The zeta potential for solid surface analysis: a practical guide to streaming potential measurement[END_REF], which conceptually would be equivalent to a shift of the hydrodynamic slip plane with pH [START_REF] Uetani | Zeta Potential Time Dependence Reveals the Swelling Dynamics of Wood Cellulose Nanofibrils[END_REF]. In this case, the concept of zeta potential loses its meaning. Indeed, during the electrokinetic titrations BC450_HNO3 particles tended to partially disaggregate and colloidal particles were released into the measuring solution during streaming potential measurements. The zeta potential of a sample of the solution containing colloidal particles from BC450_HNO3 was the determined by electrophoretic light scattering. A value of -35.4 ± 1.6 mV was obtained at pH 3.5, which was higher (in absolute value) than the one measured on the biochar. Colloidal biochar particles are expected to bear the same chemical groups as bulk biochar (W. Yang et al., 2020) as confirmed by measurements made on colloidal particles released by BC450. Indeed, electrophoretic light scattering measurements led to a zeta potential value of -19.3 ± 3.1 mV at pH 3.5, which is in good agreement with the streaming potential results reported in Fig. 2 (it is worth mentioning that no colloidal particles were detected in the solutions used to characterize BC450_KOH and BC900). Considering the colloidal biochar zeta potential as an estimation of the bulk biochar zeta potential, it is possible to affirm that these additional electrophoretic light scattering results suggest that BC450_HNO3 was more (negatively) charged than the other three biochars and that HNO3 modification increased the amount of acid groups in BC450. Similar results were reported by [START_REF] Wang | Chemical aging changed aggregation kinetics and transport of biochar colloids[END_REF]. The authors modified pinewood biochar produced at 300 and 600°C with HNO3 and pulverized the chars to study its colloidal properties. It was reported that HNO3 reduced zeta potential in approximately 6mv. This result was attributed to an increase in negatively charged oxygen-containing functional groups.

Based on the previous analysis, it is possible to affirm that the initial biochars chosen for the present study and the ones obtained after chemical modifications have high variability in their chemical characteristics. They are thus expected to generate different NH4 + adsorption and NH3 loss quantities during their utilization with solid digestate.

Ammonia adsorption capacity of biochar in a solid digestate environment

The results from biochar adsorption capacity when mixed to solid digestate are presented on Fig. 3. A two-way ANOVA was conducted to examine the influence of biochar and digestate type on ammonium adsorption. A statistically significant interaction was found between biochar type and digestate (F(3,24) = 5.46, p-value = 0.005, η 2 g = 0.41), indicating that the outcome of biochar ammonium adsorption capacity depends not only on biochar properties, but also on digestate characteristics. Therefore, the analysis of the simple main effects (biochar and digestate type) was studied individually.

A one-way ANOVA was conducted to study how digestate type influenced each biochar adsorption capacity individually. This analysis shows that there is a significant difference (p-value < 0.1) between the amounts of ammonium adsorbed by the biochars depending on whether they are applied to AW or OFMSW. Fig. 3 shows that all the biochars adsorbed more ammonium when applied to OFMSW.

The quantity of N-NH4 + adsorbed by biochars was affected differently by the digestate change. On this subject, BC450_KOH, BC450_HNO3, BC450 and BC900 adsorbed 41, 34, 21 and 26% more NH4 + when applied to OFMSW compared to AW, respectively. The higher biochar NH4 + adsorption when applied to OFMSW might be explained by the digestates chemical characteristics. The observation of Table 1 shows that OFMSW had higher easily extractable N-NH4 + (mean = 6.02 gN-NH4 + .kgDM) compared to AW (mean = 4.62 gN-NH4 + .kgDM) whereas an opposite tendency is observed for the total N-NH4 + (e.g. 9.16 gN-NH4 + /kgDM and 11.45 gN-Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 116 NH4 + /kgDM, respectively). This results show that the easily extractable N-NH4 + is a good estimator of the organic waste N-NH4 + available to be adsorbed by biochar. Thus, the differences in N-NH4 + mobility in the organic waste structure may play an important role in biochar adsorption performance. Having in mind that N-NH4 + is dissolved in water, it is likely that water mobility analysis with a method such as fast field cycling nuclear magnetic resonance relaxometry, might help to better understand the factors affecting biochar N-NH4 + adsorption.

The differences between biochars capacities to adsorb NH4 + were studied for each digestate individually (AW or OFMSW) using a one-way ANOVA. The results show that biochar type had a significant effect over ammonium adsorption whether applied to AW (F(3, 12) = 313, p-value = 1.17e - 11 , η 2 g = 0.99) or OFMSW (F(3, 12) = 96, p-value = 1.15e -8 , η 2 g = 0.96). A more in-depth analysis was done by calculating all pairwise comparisons between the different biochars (BC450, BC450_HNO3, BC450_KOH and BC900) using a hypothesis test (T-Test). It showed that the NH4 + adsorption was significantly different (p-value adjusted < 0.1) for all biochars (Fig. 3).

Biochar BC900 adsorbed the lower amounts of NH4 + , with mean adsorption of 0.32 and 0.41 mgN-NH4 + /kgBC when applied to AW and OFMSW, respectively. The higher surface area observed in BC900 compared to other biochars suggested a better BC900 performance than the one observed. Surface area is considered as a critical parameter for adsorption because it relates to the density of the adsorption site per unity of mass (Zhang 2020). Additionally, N-NH4 + adsorption sites are usually surface acid functions [START_REF] Zhang | Evaluating biochar and its modifications for the removal of ammonium, nitrate, and phosphate in water[END_REF]. Thus, in spite of its higher surface area, BC900 was not characterised by a higher density of adsorption sites, compared to other biochars, due to its considerably lower surface acid functions.

Moreover, the hypothesis test results show that chemical activations applied to BC450 significantly increased the quantity of adsorbed ammonium. In this regard, BC450_HNO3 and BC450_KOH respectively increased NH4 + adsorption by 514 and 577%, and 99 and 137% compared to BC450, applied to AW or OFMSW. Thus, it shows that the acid modification had superior performances to increase biochar N-NH4 + adsorption. These results evidence the importance of biochar chemical characteristics over N-NH4 + adsorption. Furthermore, to optimize biochar NH4 + adsorption capacity, it is first necessary to identify the physicochemical properties related to this phenomenon. To answer this question, a Pearson correlation matrix was generated between biochar NH4 + adsorption capacity and biochar characteristics (Table 2).
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The observation of Table 2 shows significant correlations between Biochar N-NH4 + adsorption and biochar pH, TN and the Atomic ratio TO/TC. These correlations suggest that biochar chemical characteristics plays an important role in N-NH4 + adsorption during solid digestate aerobic degradation.

A more in depth analysis, shows that lower pH biochars tends to have smaller NH3 emissions, probably thanks to its higher amount of negative surface charges generated by higher proportion of acid surface functions (as discussed in sessions 3.1). This result is supported by the TO/TC atomic ratio, which is consider as an indicator of the density of acid functions in biochar. Thus, biochars with higher density of oxygen are more likely to adsorb more N-NH4 + during solid digestate aerobic degradation.

Interestingly, no significant surface area and biochar N-NH4 + adsorption was found. This correlation was expected because higher surface area usually increases materials' adsorption capacity by increasing their density of adsorption sites per unit of mass [START_REF] Zhang | Evaluating biochar and its modifications for the removal of ammonium, nitrate, and phosphate in water[END_REF], which should reduce ammonia emissions according to TO/TC correlation results. However, the observation of Table 1 shows that biochar with higher surface area had the lower TO/TC atomic ratio and previous discussion identified the increase in pyrolysis temperature as the cause of these changes (section 3.1). Thus, it is suggested that biochar surface area, and likely other physical characteristics, can have a role in NH3 loss reduction, but they are not the primary determinant parameter. Moreover, it is suggested that the study of methodologies to increase biochar surface area with minimal reduction in acid surface groups could be a promising strategy to further increase biochar performance in the reduction of NH3 losses in aerobic degradation.

Performance of ammonia trapping by biochars in an aerobic degradation test

Aerobic degradation experiments were done using digestate AW and biochars BC450, BC450_KOH, BC450_HNO3, and BC900 which adsorption capacity was previously estimated. In addition, BCC and BCC_HNO3 were also tested, aiming to confirm the influence of nitric acid modification over ammonia emissions reduction during aerobic degradation. 

Oxygen consumption and aeration

During aerobic degradation, experimental conditions such as aeration can greatly affect ammonia emissions [START_REF] De Guardia | Influence of aeration rate on nitrogen dynamics during composting[END_REF]. High aeration rates can lead to an increase in NH3 emissions through striping. On the other hand, low aeration rates can hinder oxygen availability in the reactors and slow down microbial metabolism, which can affect in return N-immobilization and ammonification. To ensure that the differences observed on ammonia emissions during the experiments were only related to biochar adsorption, it was firstly necessary to investigate the impact of the aeration variations (measured through gas counters) on oxygen consumption, which is closely related to microbial metabolism during aerobic degradation. The mean aeration and total oxygen consumption are shown in Table 3. The results presented in Table 3 show that the aeration rate variability within the treatments was lower than 10.0%. Moreover, the whole treatment dataset presented a mean aeration of 69.2 l/h with a coefficient of variation of 6.2%. This low variation suggests that this factor did not had major influence over the results. An in depth analysis of the results shows that one repetition from BC450_HNO3 presented aeration rate of 58.98 l/h, which was lower than the dataset mean (69.2 l/h) and lower than the other three repetitions values (e.g. 72.4, 73.4 and 72.7 l/h). The anomalous aeration treatment here cited was taken into account in the following NH3 emissions analysis.

Furthermore, the total oxygen consumption was analysed. A first observation shows that variability of results for each treatment condition was smaller than 5%, attesting the good repeatability of the experiment. In addition, the biochar effect over total oxygen consumption was investigated using pairwise t-test. No significant difference (p-value > 0.1) was found between control and biochar Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 119 treatments. These results show that biochar supplementation did not influenced the aerobic biodegradability or microbial aerobic activity.

The previous analysis shows that operational parameters and composting microbial activity had small variability between the experiments, which means that differences in NH3 emissions, discussed in the next session, are likely related to biochar action.

Impact of biochar adsorption capacities over ammonia emissions during aerobic degradation

Figure 4 presents the results of ammonia emissions depending on the type of added biochar. Furthermore, a pairwise Welch t-test was conducted to study the differences between the experiments. The emissions of NH3 measured in experiments with mixtures containing biochars BC450, BC450_HNO3, BCC_HNO3 and BC900 were significantly different (p-value < 0.1) from the ones measures in the control experiment. The control emitted 20.96% (SD = 1.30) of its initial TKN as NH3, while the treatments BC450, BC450_HNO3 and BCC_HNO3 reduced this value from 13.2%, 83.03% and 37.8%, respectively. On the other hand, BC900 increased NH3 emissions from 30.21% (SD = 1.91).

Additionally, BC450_HNO3 experiment with low aeration (previous identified) did not affect the identification of the previous mentioned significant effect. Finally, BC450_KOH and BCC experiments did not significantly differ from the control. Nevertheless Fig. 4. shows that one experiment of the BC450_KOH triplicate led to extremely higher NH3 emissions than the two others. This extreme point was the highest NH3 emissions observed during the experiments, achieving 36.72%. For comparison, the other two repetitions had mean NH3 emissions of 14.65%, and the mean of the whole experimental dataset was 18.12%. No apparent differences appeared in the experimental conditions between BC450_KOH triplicates. However, digestate is a heterogeneous substrate, and the small reactional Moreover, the comparison between BC450 and its modifications shows that nitric acid chemical activation significantly reduced the NH3 emissions by 80.4%. On the other hand, no significant difference was found between BC450 and KOH modification, when considering the outlier point. The efficiency of HNO3 activation was confirmed by experiments with BCC and BCC_HNO3, where the modified biochar reduced NH3 losses by 92% compared to BCC.

Based on these results, it clearly appears that differences in biochar adsorption capacity led to a variation in biochar efficiency to reduce ammonia emissions along aerobic degradation. To quantify the correlation between biochar adsorption potential and NH3 emissions, a linear regression was thus calculated between NH3 emissions (%TKNi) and biochar NH4 + adsorption potential (gN-NH4 + /kgBC). The results are presented in Fig 5. The Fig. 5 shows a significant (p-value = 0.043) strong linear correlation (R 2 = 0.79) between both variables. Regarding the linear regression model equation, it appears that increasing the biochar NH4 + adsorption capacity by 1 gNNH4 + /kg tends to reduce the NH3 emissions by 2.76% (gN-NH3/gTKNi). Thus, optimising biochar NH4 + adsorption capacity is a promising strategy to increase its capacity to reduce

Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 121 NH3 emissions during aerobic degradation like composting. It is important to note that the linear model presented in Fig. 5 is based on a limited set of controlled experimental conditions and cannot yet be used as a prediction tool. However, the methodology presented in this work could be explored in further works to test the accuracy of granular BC N-NH4 + adsorption potential as a predictor of its potential to reduce NH3 losses during aerobic degradation of other organic wastes.

Conclusion

This study successfully estimated biochar N-NH4 + adsorption in a solid organic waste environment. This biochar property was significantly correlated with biochar NH3 emissions reduction (compared to control) during aerobic degradation. This correlation shows that biochar N-NH4 + adsorption might be a good predictor of biochar NH3 emissions reduction during aerobic degradation.

Furthermore, biochar chemical characteristics, such as pH and TO/TC atomic ratio, showed strong significant correlations with biochar N-NH4 + adsorption. These characteristics were found to affect biochar surface acid groups and electrical properties. The authors suggest that future research aiming to enhance biochar capacity to reduce NH3 emissions during composting should focus on optimizing its chemical characteristics over physical characteristics.

Among tested chemical modifications, the use of HNO3 proved to be a promising strategy to optimize biochar capacity to reduce NH3 emissions. This modification increases biochar TO/TC atomic, surface acid functions and reduced its zeta potential compared to the non-modified char.

Conclusions and Research perspectives
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Conclusions

The COMBINeD thesis studied different aspects of biochar utilisation for nitrogen loss reduction during the solid digestate composting. The results discussed in this manuscript provided conclusions and research perspectives that contribute to the advancement of this research field.

The first step of this work was to perform statistical analysis of the literature data about nitrogen loss reduction during composting with biochar and to search for the latest knowledge of biochar action on composting. This bibliographic research allowed the identification of four research gaps summarised as follows:

a. small amount of evidence about biochar capacity to reduce total nitrogen losses, ammonia and nitrous oxide emissions during solid DG composting.

b. the reduction of total nitrogen losses and ammonia emissions were poorly explained by BC and organic wastes most used chemical characterisation.

c. no evidence is available about how the biochar affects the evolution nitrogen cycle during solid DG composting.

d.

the BC adsorption capacity is often cited as an important parameters for its effects on composting NH3 emissions reduction. However, the quantification of biochar adsorption capacity has not yet been quantified in a composting environment, nor used to optimise biochar performance.

This work contributed to fill each one of these research gaps.

The results in Chapters 2, 3 and 4 represent 34 composting experiments of solid digestate amended with biochar and 11 control treatments (i.e. including aerobic degradation and composting tests). This number of trials allowed us to answer research gap 'a': Can biochar reduce total N losses and NH3 emissions during solid digestate composting and aerobic degradation? However, the performance of biochar depends on its characteristics, as shown in Chapter 2, and the use of a poorly adapted biochar could even increase NH3 and N2O emissions, as shown in Chapters 3 and 4.

In this context, the results presented in this manuscript led us to the conclusion that biochars with higher surface acid functions and, consequently, a more negatively charged surface, are more suitable to reduce NH3 emissions. The first suggestion that led to this conclusion was presented in Chapter 1.

Statistical analysis of literature data identified a significant (p-value < 0.1) negative Pearson correlation of -0.57 between NH3 emission reduction and biochar CT. This correlation was interpreted as an indication that biochar with higher acid surface functions may have a greater NH3 emission reduction.

Conclusion and Research perspectives 124

The experimental work developed in Chapters 2 and 3 confirmed the suggestions from the statistical analysis of the literature. My work demonstrated that biochar with lower TC and higher acid surface functions could reduce NH3 emissions compared to the control during aerobic degradation of solid digestate and during composting. On the other hand, biochars with higher TC and non-detectable surface acid functions (i.e. using infrared spectroscopy) have not significantly affected NH3 emissions during aerobic degradation of solid digestate and may even increase NH3 emissions during composting.

Based on these results, biochar surface functions were identified as an important parameter affecting NH3 loss during composting of solid digestate and possibly TN loss. This contributes to fill the knowledge gap 'b'.

Moreover, the results gathered in chapter 2 showed that the ability of biochar to reduce NH3 losses also depended significantly on the nature of the digestate. This led to the conclusion that the characteristics of the solid digestate are important parameters for estimating the benefit of applying biochar to digestate composting. The results of Chapters 2 and 4 allow us to propose hypotheses on the characteristics of the solid digestate that could explain its significant effect on biochar performance. In particular, Chapter 2 allowed us to hypothesise that biochar would be more useful in reducing ammonia emissions when applied to the treatment of digestate with low biodegradability and low intrinsic nitrogen immobilisation capacity. In addition, Chapter 4 showed that the N-NH4 + adsorption capacity of biochar was higher when applied to solid digestate with higher N-NH4 + mobility in the organic waste structure (i.e. estimated by water and Büchi extraction). However, further studies are needed to confirm this hypothesis. These assumptions about the characteristics of the digestate also contribute to filling the knowledge gap 'b'.

In Chapter 4, the role of the N-NH4 + adsorption on the reduction of NH3 losses during aerobic degradation was better understood. The experimental results show that biochars with higher surface acidity (studied by pH, TO/TC atomic ratio, infrared spectroscopy and zeta potential) are related to a higher capacity of the biochar to abadsorb N-NH4 + from the solid digestate at the beginning of composting. N-NH4 + adsorption by biochar is significantly correlated (p-value = 0.043, R 2 = 0.79) with NH3 emissions from solid digestate (% of initial total N) during aerobic degradation. To our knowledge, this result is the first to quantify the importance of biochar's N-NH4 + adsorption capacity on NH3 loss in a composting environment. In addition, it was shown that biochar modification with HNO3 can significantly increase the acidity of the biochar surface, thereby increasing the capacity of the biochar to abadsorb N-NH4 + and, consequently, increasing the reduction of NH3 emissions. These results show that improving the N-NH4 + adsorption capacity of biochar is a promising outcome for improving biochar performance. These results directly address the knowledge gap "d". This last hypothesis illustrates how, despite the promising environmental benefits presented regarding the impact of biochar on NH3 emissions, the COMBINeD thesis also raises awareness of the potentially undesirable effects of using biochar when composting solid digestates. The limited amount of data produced on this topic does not allow us to make further conclusions and shows that the influence of biochar on N2O emissions is an important research topic to identify the real environmental benefits of biochar use. This topic is discussed in more detail in the Research Perspectives section.

The knowledge provided by this PhD is summarised in Fig. 1. 

Direct complement to the PhD work

Firstly, I would like to discuss the research perspectives directly related to the hypothesis and limitations presented in Chapters 2 to 4.

The interaction between biochar and other bulking agents and its impact on nitrogen loss during solid digestate composting was identified as an interesting research perspective. During my PhD work, the action of biochar was studied in isolation from conventional bulking agents such as green waste, straw or wood chips. However, the use of biochar on an industrial composting scale will probably be in combination with other bulking agents, as the fine grain size of biochar seems to be insufficient to ensure ideal aeration. In addition, these bulking agents can also provide the composting mixture with biodegradable carbon (Chowdhury et al., 2014) and have an adsorbing effect for N-NH4 + [START_REF] Zeng | Improving composting as a post-treatment of anaerobic digestate[END_REF], thus affecting the nitrogen cycle. Therefore, bulking agents could affect the performance of biochar to reduce TN losses, NH3 and N2O emissions. It is therefore essential for the future to study the coupled effect of biochar and the type of bulking agent.

Another important research perspective concerns the biochar effect on N2O emissions during solid digestate composting. In Chapter 3, it was reported that BC450 addition to solid digestate increased N2O emissions by approximately 230% calculated as gN-N2O.kgTNi-1, or 2900% calculated as gN-N2O.kgTNi-1, compared to the control (section 3.3). The latest literature results show that biochar addition to solid digestate composting can increase (Li et al., 2023) or decrease (Chowdhury et al., 2014;Li et al., 2023) global warming potential (Leip et al., 2015), further research is needed to explain the biochar effect over N2O emissions and, consequently, contribute to better defining the actual environmental benefits of using biochar during solid digestate composting. Based on my PhD results, I suggest some research pathways. As shown in Chapter 4, biochar can adsorb N-NH4 + at the beginning of composting, and, as shown in Chapter 3, the adsorbed N-NH4 + can be nitrified along the composting progress. Based on these results, I hypothesise that N-NOx in biochar could also be available for denitrifying microorganisms, contributing to increasing N2O emissions. This hypothesis could be checked by analysing the evolution of nitrogen fractions inside biochar. To do so, the composting samples with The influence of biochar soluble carbon over the nitrogen cycle is identified as a third research perspective. It has been shown in Chapter 2 that BC450 addition in 5 and 10% ratio (wet weight) to the solid digestate increased the reactors' soluble carbon concentration (in fresh weight) by approximately 13.7 and 26.4% compared to control (section 3.2). Furthermore, it has been discussed in Chapter 2, section 3.3.1 that if BC450 soluble carbon were easily biodegradable, it would contribute to an increase in Norg. However, no significant difference was observed in the Norg increase between the reactors, which led to the hypothesis that biochar soluble carbon was slowly biodegradable. On the other hand, it was reported in Chapter 3 that the reactor containing the mixture with 5% BC450 (wet weight) and 95% solid digestate had a higher Norg increase than the control, which contradicts the results from Chapter 2. The higher temperatures and experimental time, compared to the aerobic degradation experiment, might have contributed to the degradation of BC450 soluble carbon. Considering the importance of N-NH4 + immobilisation to achieve reduction of ammonia emissions, it is important to clarify the influence of BC450 soluble carbon on the immobilisation process. To achieve this goal, BC450 could first be sequentially washed with deionised water until no soluble carbon would be detected in the extraction water, ensuring that BC450 would not have soluble carbon in its pores. After each extraction, the washing water could be analysed using elemental analyser Shimadzu and HPLC to test if soluble carbon was still present and to possibly identify the carbon species, respectively. After obtaining the washed BC450, its capacity to reduce NH3 emissions, TN losses and increase N immobilisation during solid digestate composting could be compared to unwashed BC450 using similar pilot, experimental conditions set up and chemical analysis as presented in Chapter 3 (sections 2.2 and 2.3). Comparing washed and non-washed BC450 results could help estimating the role of soluble carbon over global biochar effects during composting. It must be highlighted that production parameters such as pyrolysis temperatures and type of pyrolysed substrate affect the amount of soluble carbon in the biochar. Thus, this experiment could help identify whether biochar soluble carbon is an important parameter to consider when producing biochar designed to be applied in composting.

Finally, the biochar particle size influence on nitrogen losses during solid digestate composting is an interesting parameter to be investigated in future research. Yang et al. (2020) showed in their review
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The authors also highlighted that biochar colloids artificially created through physical disintegration tend to have both chemical characteristics (e.g. zeta potential and surface oxygen-containing functional groups) higher than the grains of biochar. Considering the influence of these chemical characteristics over N-NH4 + adsorption, as demonstrated throughout my PhD work, it is expected that adding ground biochar to solid digestate composting would reduce NH3 emissions compared to granular biochar. This theory could be tested by grinding one or more of the already available granular biochars (e.g. BC450, BC450_KOH, BC450_HNO3) and adding the obtained powder biochar to digestate AW (already available). Then an aerobic degradation experiment would have to be performed with the obtained mixture (powder biochar + AW) using similar pilot and experimental conditions set up as presented in chapter 4 (Section 2.3). The obtained results from the powder biochar experiment could be compared to the respective granular biochar results already presented in Chapter 4.

Long term research perspectives

In addition to these four research perspectives previously discussed, it is possible to identify broader perspectives by regarding these PhD results as a contribution to creating a valorisation chain coupling biological and thermal organic waste treatments. In this larger context, one interesting approach to be studied is the addition of biochar to solid digestate storage. Many agricultural aerobic digestion sites do not compost their solid digestat. Instead, solid digestat is stored prior to soil application.

Uncontrolled organic matter degradation and nitrogen losses likely occur during this period. As an example, it has been reported that 29 to 35% of total TKN was lost, partially as NH3 and N2O emissions respectively, during cattle and pig slurry solid digestate storage (Perazzolo et al., 2015). These results

show the need to study strategies to limit the environmental impact of solid digestate storage. The results from my PhD show that biochar can adsorb N-NH4 + from solid digestate after two days in contact with it. It suggests thus that biochar N-NH4 + adsorption capacity could potentially help to reduce solid digestate NH3 emissions during storage. However, further questions arise about how this possible N-NH4 + retention generated by biochar adsorption would influence N2O emissions.

Secondly, the end of the valorisation chain coupling anaerobic digestion, composting and pyrolysis is the soil spreading of the final product (e.g. compost) as a fertiliser or soil amendment. Studying the agronomical benefits and risks of applying this product in the soil is essential in this context. Literature suggests that the mixture of biochar compost is more effective in improving soil properties and crop yields than biochar application alone (Agegnehu et al., 2017). However, many questions must be answered before broader biochar or biochar compost utilisation in soil. Different authors highlight the lack of long-term studies (>5 years) of biochar compost mixtures in different agro-climatic zones Conclusion and Research perspectives 130 (Agegnehu et al., 2017;X. xia Guo et al., 2020). Considering that biochar has a slow decomposition time in soil, it is crucial to identify biochars long-term effects on soil to ensure that long-lasting environmental problems will not be created. Additionally, it is necessary to study the safe limits for repetitive biochar application in the same agricultural parcel.

Lastly, in my opinion the creation of a prediction mechanistic model for biochar action in compost would be the largest and ultimate goal for this research field. However, based on the recent literature advances I dare affirm that this goal is not close to be achieved. In the meantime, I judge necessary to create quick and easy tests to estimate biochar action in compost. The development of such tests could help the production and commercialisation of biochar. Industrial biochar buyers could do quick screening test to ensure that the chosen biochar has the desired effect on composting without the need to perform a complete composting experiment, which can be costly and time consuming. On the other hand, biochar producers could identify the main effects of their products and advertise biochar based on these results. The results from chapter four give indications that biochar adsorption capacity could be a key parameter to create this kind of prediction test. As shown, this parameter affects directly the N-NH4 + pool, NH3 emissions and it is likely to affect the nitrification and denitrification during composting. I suggest to create a test to predict biochar NH3 and N2O emissions reduction in composting based on the biochar N-NH4 + adsorption capacity. To create such a test, It would be first necessary to estimate biochar N-NH4 + adsorption. The methodology to assess adsorption capacity presented in chapter four has the limitation to only be possible to be applied to granular biochar. Thus, a new methodology needs to be created for powder biochar. As results from Chapter 4 show that biochar N-NH4 + is likely correlated to organic waste easily extractable N-NH4 + (e. g. water or 1M KCl extractable N-NH4 + after 1h), and not total N-NH4 + , I suggest the following methodology to estimate N-NH4 + adsorption from all chars. First, perform a water extraction from the organic waste aiming to extract the N-NH4 + . After filtering, collect a liquid sample and quantify the N-NH4 + . Add biochar to the filtered liquid. After biochar reach the equilibrium with the solution, collect a second liquid sample and measures its N-NH4 + . The quantity of N-NH4 + adsorbed by biochar can be estimated by a mass balance using the N-NH4 + quantified in the two samples. After estimating biochar N-NH4 + adsorption capacity, it would be necessary to estimate how it performs in composting using the same organic waste previously used. A similar experimental plan to the one used in Chapter 3 could be applied to estimate NH3 and N2O emissions changes compared to control during composting. After acquiring enough data points, a linear model could be used to correlate biochar N-NH4 + adsorption capacity and biochar NH3 emission reduction in composting (or N2O emissions). It would be necessary to produce enough observations points to acquire an acceptable level of prediction. After that, biochar capacity to reduce NH3 and N2O emissions could be estimated based on its N-NH4 + adsorption capacity test. TKN i/f , NH 4 + i/f , NH 3e , Csol i, Gas analysis, DM i, VM i AW_10BC900_2 TKN i/f , NH 4 + i/f , NH 3e , Csol i, Gas analysis, DM i, VM i OFMSW_Ctrl_1 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_Ctrl_2 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_5BC450_1 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_5BC450_2 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_10BC450_1 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_0Ctrl_3 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_0Ctrl_4 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_5BC900_1 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_5BC900_2 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f OFMSW_10BC900_1 TKN i/f , NH 4 + i/f , NH 3e , , Csol i, Gas analysis, DM i/f, VM i/f X_Y_Z: X = digestate type, Y = ratio and biochar type, Z = experimental repetition number. TKN = total kjeldahl nitrogen, NH4 + = reactors ammonium content, NH3e = reactors ammoniac emissions, Csol = soluble carbon, Gas analysis = CO2, O2, N2O and CH4, DM = dry mater, VM = volatile mater, subscript i/f = analysis effectuated at the beginning and at the end of the experiment, subscript i = analysis effectuated only at the beginning of the experiment. (Pieroni et al., 2019).

Dans ce contexte, la digestion anaérobie se présente comme une technologie importante qui pourrait être insérée dans différents cycles de production comme un moyen de valoriser les déchets organiques par la production de méthane. En outre, la digestion anaérobie génère également du digestat (digestat), un sous-produit contenant une forte proportion d'azote minéral, en particulier d'ammonium, de phosphore et de matière organique (Alburquerque et al., 2012;Makdi et al., 2012). La composition chimique du digestat et notamment sa forte teneur en nutriments, en fait un produit valorisable agronomiquement contribuant ainsi à un modèle d'économie circulaire (Wang et al., 2023). Grâce à ces avantages, la digestion anaérobie a connu une forte croissance dans le monde entier. La production annuelle de biogaz en Europe a atteint 2,3 milliards de m 3 à la fin de 2018 et devrait atteindre 64,2 milliards de m 3 d'ici 2050 (Brémond et al., 2021).

Malgré ces estimations optimistes, ce secteur doit être optimisé pour parvenir à une croissance durable et limiter ses impacts environnementaux. En particulier, la gestion des quantités croissantes de digestats pourrait représenter un goulet d'étranglement. L'application directe de digestat dans le sol est limitée à des périodes réglementées et peut également être limitée par l'humidité élevée, une biodégradabilité résiduelle importante et des composés phytotoxiques (Teglia et al., 2011). Par conséquent, le digestat est souvent post-traité avant d'être appliqué au sol.

La première étape la plus courante de la chaîne de valorisation des digestats est une séparation solideliquide (Monfet et al., 2018). La fraction liquide peut contenir environ 70 à 90% de l'azote soluble et 60 à 80% du pentoxyde de phosphore total initialement contenu dans le digestat brut. Elle peut être utilisée directement comme engrais organique ou être post-traitée par filtration sur membrane, précipitation de struvite ou stripping d'ammoniac (Lamolinara et al., 2022;Monfet et al., 2018). La fraction solide des digestat est riche en matière organique et contient encore des quantités significatives d'azote minéral (3,6 à 12,9 mgN-NH3/gDM) (Chowdhury et al., 2014;Li et al., 2023;Tambone et al., 2017;Teglia et al., 2011). Ce matériau peut être directement utilisé comme amendement du sol dans les exploitations agricoles voisines (Fernández-Bayo et al., 2017;Lu & Xu, 2021). Cependant, la période autorisée pour l'épandage sur sol agricole des digestats est relativement restrainte et les sites de digestion anaérobie centralisés produisent souvent plus de digestat que la demande de fertilisation des agriculteurs locaux (Chowdhury et al., 2014). En raison de ces facteurs, la fraction solide doit être stockée pendant de longues périodes ou transportée vers d'autres lieux d'application. La teneur élevée en humidité (20-30 % de la MS)

et la biodégradabilité résiduelle de la fraction solide du digestat peuvent entraver son stockage et son transport (Lu & Xu, 2021;Teglia et al., 2011). Par conséquent, un post-traitement des digestats solides est souvent nécessaire.

Le compostage est souvent utilisé pour le post-traitement des déchets solides en raison de sa robustesse.

Ce processus induit la dégradation biologique de la matière organique, la réduction de l'humidité, l'élimination des pathogènes et la production de substances humiques, créant un produit final stable qui convient à l'application au sol (Cáceres et al., 2018) Monedero et al., 2018). Le biochar est le produit solide obtenu par la conversion thermochimique de la biomasse dans un environnement limité en oxygène par le biais d'un processus appelé pyrolyse (Tomczyk et al., 2020). Le biochar a été défini de manière générale comme tous les types de chars produits à plus de 250°C et destinés à des applications dans le sol ou l'environnement (E. Thies & Rillig, 2015). La littérature rapporte que l'application de biochar pendant le compostage de différents déchets organiques, tels que les résidus animaux et les boues d'épuration, a permis de réduire les pertes d'azote de 0 à 86 % pendant le compostage au cours du compostage (Hestrin et al., 2020;Sanchez-Monedero et al., 2018) Le chapitre 4 a quant à lui permis de mieux comprendre le rôle de l'adsorption de N-NH4 + sur la réduction des pertes de NH3 lors de la dégradation aérobie. Les résultats expérimentaux montrent que les biochars ayant une acidité de surface plus élevée (étudiée par le pH, le rapport atomique TO/TC, la spectroscopie infrarouge et le potentiel zêta) sont liés à une plus grande capacité du biochar à absorber le N-NH4 + du digestat solide au début du compostage. La sorption de N-NH4 + par le biochar est significativement corrélée (valeur p = 0,043, R2 = 0,79) avec les émissions de NH3 du digestat solide (% de l'azote total initial) pendant la dégradation aérobie. A notre connaissance, ce résultat est le premier à quantifier l'importance de la capacité d'adsorption N-NH4 + du biochar sur la perte de NH3 dans un environnement de compostage.

De plus, il a été démontré que la modification du biochar avec HNO3 peut augmenter de manière significative l'acidité de la surface du biochar, augmentant ainsi la capacité du biochar à absorber le N- calculées en gN-N2O.kgTNi-1, par rapport au contrôle. Les résultats récents de la littérature montrent que l'ajout de biochar au compostage de digestat solide peut augmenter (Li et al., 2023) ou diminuer (Chowdhury et al., 2014;Li et al., 2023) Dans ce contexte plus large, une approche intéressante à étudier est l'ajout de biochar au stockage du digestat solide. De nombreux sites de digestion aérobie agricole ne compostent pas leur digestat solide.

Au lieu de cela, le digestat solide est stocké avant d'être épandu sur le sol. Une dégradation incontrôlée de la matière organique et des pertes d'azote se produisent probablement pendant cette période. A titre d'exemple, il a été rapporté que 29 à 35% du TKN total était perdu, en partie sous forme d'émissions de NH3 et de N2O respectivement, pendant le stockage du digestat solide de lisier de bovins et de porcs (Perazzolo et al., 2015). Ces résultats montrent la nécessité d'étudier des stratégies pour limiter l'impact environnemental du stockage des digestats solides. Les résultats de ma thèse montrent que le biochar peut absorber le N-NH4 + du digestat solide après deux jours de contact avec celui-ci. Cela suggère donc que la capacité d'adsorption du N-NH4 + du biochar pourrait potentiellement aider à réduire les émissions de NH3 du digestat solide pendant le stockage. Cependant, d'autres questions se posent sur la manière dont cette rétention possible de N-NH4 + générée par l'adsorption du biochar influencerait les émissions de N2O.

Deuxièmement, la fin de la chaîne de valorisation associant la digestion anaérobie, le compostage et la pyrolyse est l'épandage sur le sol du produit final (par exemple, le compost) en tant qu'engrais ou amendement du sol. Dans ce contexte, il est essentiel d'étudier les avantages et les risques agronomiques de l'application de ce produit dans le sol. La littérature suggère que le mélange de biochar et de compost est plus efficace pour améliorer les propriétés du sol et les rendements des cultures que l'application de biochar seul (Agegnehu et al., 2017). Cependant, il faut répondre à de nombreuses questions avant d'élargir l'utilisation du biochar ou du compost de biochar dans le sol. Différents auteurs soulignent le manque d'études à long terme (>5 ans) sur les mélanges de compost et de biochar dans différentes zones agroclimatiques (Agegnehu et al., 2017;Guo et al., 2020). Étant donné que le biochar a un temps de Keywords : Composting, biochar, anaerobic digestion, nitrogen emissions Abstract: Waste valorisation by anaerobic digestion is encouraged by EU policies. However, this sector needs to be optimized to achieve sustainable growth. The reduction of nitrogen losses during the composting of the solid digestate represents an important point of improvement due to the environmental impacts and the loss of agronomic value of the final product. Different strategies have been studied in the literature to minimize nitrogen losses during the composting of other organic waste. Among them, the amendment with biochar has shown promising results. In this context, my thesis work aims to study the use of biochar as a strategy to reduce nitrogen losses during the composting of solid digestate. The exploratory study of the action of biochar using an aerobic degradation pilot showed that the extent of the reduction of nitrogenous emissions by biochar depends on its characteristics, in particular its oxidation state, as well as those of the digestate, especially its biodegradability. Efforts were then devoted to understanding how biochar alters the evolution of the nitrogen cycle through the composting process. The results suggest that biochar can contribute to the reduction of ammonia emissions, increase organic nitrogen and oxidized nitrogen as well as nitrous oxide emissions. The last part of this research work showed the existence of the correlation between the ability of biochar to absorb ammoniacal nitrogen from the digestate and the reduction of ammonia emissions during the composting of the digestate.
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 1 Fig. 1 Scheme of the nitrogen cycle during composting.
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 2 Fig. 2 COMBINeD research plan.

Fig. 1

 1 Fig. 1 Boxplot distribution for biochar characteristics. a. pyrolysis temperature, b. pH, c. total nitrogen and d. total carbon. sd = standard deviation

Fig. 2

 2 Fig. 2 Boxplot distribution for the variables a. composting mixtures total nitrogen and b. total carbon

Fig. 3

 3 Fig. 3 Boxplot distribution for the variable bulking agent. a: N2OER dataset (mean=45.0% ; standard deviation=35.9% ). b: NH3LR dataset (mean= 173.8%; standard deviation=131.7% ). c: TNLR dataset (mean =40.3%; standard deviation=41.6%)

Fig. 4

 4 Fig.4Boxplot for the variables a. total nitrogen loss reduction (mean=26.2%, sd=16.7%), b. ammonia emissions reduction (mean=46%, sd=26.4%) and c. nitrous oxide emissions reduction (mean=46.1%, sd=31.1%) sd = standard deviation.

Fig. 5

 5 Fig. 5 Variable parameters maps for a. TNLR and b. NH3ER

Fig. 6

 6 Fig. 6 Scatter plot distribution for a. Biochar ratio and total nitrogen loss reduction, b. biochar production temperature and total nitrogen loss reduction Whereas Fig. 6a does not seem being influenced by an outlier value, Fig 6b shows that the linear correlation between TNLR and composting duration might be influenced by the outlier observed at the TNLR value of 88.8%. This point corresponds to the work of López-Cano et al. (2016), as previously mentioned. The author's experimental design used a longer composting period and higher biochar synthesis temperature compared to the mean of the dataset, 217 days versus 51.8 days and 650°C

Fig. 7

 7 Fig. 7 Scatterplots distributions for a. NH3ER and Biochar total carbon, b. NH3ER and Structuring material ratio, c. NH3ER and Composting mixture total carbon. NH3ER = ammonia emissions reduction Fig. 7a shows that two groups of individuals are formed in the data distribution. The first group presents biochars with total carbon values of 10.6% and 21.7% and corresponds to by Zhang et al.(2021) results. The rest of the dataset forms the second group. The biochars used byZhang et al. (2021) 

Equation 2 .

 2 TKNi = Total TKN initially introduced in the cell (gN-NH4), TKNf = Total TKN measured in the cell at the end of the treatment (gN-NH4), TNLbc = TKNloss in treatments with biochar (%), TNLc = TKNloss in treatments without biochar (%), NH3 stripped = NH3 captured in acid traps (gN-NH4), NH3C = NH3 loss in control (%), NH3BC = NH3 loss in biochar treatment (%).
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 1 Fig. 1 Fourier transform infrared spectra from (A) BC450 and (B) BC900.

Fig. 2

 2 Fig. 2 Respirometric graphs. . X_Y_Z: X = digestate type, Y = ratio and biochar type or control (without biochar), Z = experimental repetition number. For clarity of the graphs, only one repetition is presented for each experiment. All respirometric curves can be found in Supplementary Materials I -Chapter 2.
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 2 Fig. 3 Organic nitrogen increase expressed as percentage of initial Norg. Norg = organic nitrogen, AW = solid digestate issued from agricultural waste, OFMSW = solid digestate issued from organic fraction of municipal solid waste. Ctrl = Control treatment without biochar. Number before biochar nomenclature indicate the application rate. To not hinder the interpretation the outlier point AW_10BC450 is not shown. This experimental point had 91% increase in N_org.

Fig. 4

 4 Fig. 4 TKN losses expressed as % of total initial nitrogen. AW = solid digestate produced by agricultural waste, OFMSW = solid digestate produced by organic fraction of municipal solid waste, Ctrl = control treatments (no biochar added), BC450 = biochar produced at 450°C, BC900 = biochar produced at 900°C. '*' = significant difference between means (p < 0.1).

Fig. 5

 5 Fig. 5 Ammonia losses expressed as % of total initial nitrogen. AW = solid digestate produced by agricultural waste, OFMSW = solid digestate produced by organic fraction of municipal solid waste, Ctrl = control treatments (no biochar added), BC450 = biochar produced at 450°C, BC900 = biochar produced at 900°C. '*' = significant difference between means (p < 0.1).

Fig. 6

 6 Fig. 6 Ammonia mean emission profile for (A) AW experiments, (B) OFMSW experiments.

  Contrastingly, to BC450, BCC increased NH3 emissions and the proportion of TNi transformed in N-NOx by approximately 35.5% and 40% compared to the control. Additionally, N2O emissions and changes in Norg were similar to control. It was hypothesised that BCC increased NH3 emissions due to the absence of surface functions, as concluded from biochar chemical characterisation, which has hindered the capture of N-NH4 + . At the same time, it might have improved composting aeration by reducing the reactor moisture, contributing to increase NH3 volatilisation and N-NOx content.

  deviation. FW = fresh weight. ND = not detected. NA = not available. Analysis with less than three repetitions have all their values showed in the table. DM = dry mater, VM = volatile mater, NA = not available, ND = not detected.

Fig. 1

 1 Fig. 1 Moisture evolution. Percentage expressed in fresh weight.

Fig. 2

 2 Fig. 2 A -Changes in A. Oxygen uptake rate (mmolO2.KgVM -1 .h -1 ) and B. Temperature (°C) At the beginning of composting, the reactors rO2 and temperature increased and reached peak values (38.6, 54.1 and 42.4 mmolO2.kgVM -1 .h -1 and 40.7, 46.7 and 43.9°C for reactors R_Ctrl, R_BC450 and R_BCC, respectively) within approximately 4.3 days. This first increase is often attributed to easily

  Different nitrogen fractions were monitored over time to understand better the impact of biochar addition on nitrogen evolution during solid digestate composting. Results are shown in Fig 3.

Fig. 3

 3 Fig.3Nitrogen mass balance. TNi = initial total nitrogen. See Fig.4for N2O emissions that represented a too small percentage of TNi to be included here.

Firstly,

  Fig 3 shows that N-NH4 + content in the composted mixture decreased from 0 to 40 days. During this period, initial N-NH4 + reduced by 67, 57 and 65% in R_CTRL, R_BC450 and R_BCC, respectively.

Fig. 4

 4 Fig. 4 Nitrous oxide emissions expressed as percentage of total initial nitrogen.

Fig. 5

 5 Fig. 5 Evolution of group of microorganisms. TA = total archaea, TB = total bacteria, TF = total fungi.
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 6 Fig.6Copy numbers of the bacterial and archaeal nitrifying gene amoA and of the bacterial denitrifying genes nirS and nosZ during the composting of R_Ctrl, R_BCC and R_BC450.
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 7 Fig. 7 Comparison between the bacterial (AOB) and archaeal (AOA) amoA genes in biochar BC450 and in compost R_BC450 during composting.
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 4 Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 108 harsher extraction conditions used in Büchi distillation compared to KCl extractions, might estimate the total ammoniacal nitrogen. At the same time, it is expected that KCl extractions would estimate the more labile fraction of total ammoniacal nitrogen.

  It was further surrounded by two Ag/AgCl flow electrodes allowing circulation of the measuring solution (0.001 M KCl) between the particles and measurement of the streaming potential generated by the application of pressure ramps (0-300 mbar) through the porous plug. All experiments were performed at T = 20 ± 2 °C and duplicated. The pH of the measuring solution was adjusted with 0.05 M HCl and KOH solutions. The zeta potential (ζ) of biochars was determined from experimental streaming potential (Vs) values from the well-known Helmholtz-Smoluchowski (Equation 1): ζ = ∆𝑉 𝑠 ηλ 0 𝜀 0 𝜀 𝑟 ∆𝑃 Equation 1. Helmholtz-Smoluchowski equation. Where η is the viscosity of the measuring solution, λ 0 its electric conductivity, 𝜀 𝑟 its dielectric constant, 𝜀 0 is the vacuum dielectric permittivity and ∆𝑃 is the hydrostatic pressure difference applied through the porous plug formed by the biochar particles. Chapter 4: Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 109 Some biochars were found to release colloidal particles (generated during the pyrolysis process or post modifications (W. Yang et al., 2020)) into the measuring solution during streaming potential experiments. The zeta potential of these particles was determined from their electrophoretic mobility measured by electrophoretic light scattering (Wallis zeta potential analyzer, Cordouan Technologies), considering the Smoluchowski equation for electrophoretic mobility (𝑢 𝐸 ): Smoluchowski equation for electrophoretic mobility. Where η is the viscosity of the measuring solution, 𝜀 𝑟 its dielectric constant, 𝜀 0 is the vacuum dielectric permittivity.

  TKNi = Total TKN initially present in the cell (gN-NH4), NH3 stripped = NH3 captured in acid traps (gN-NH4 + ), NH3C = NH3 emissions in control (%), NH3BC = NH3 emissions in biochar treatment (%), NH3e = NH3 emissions, NH3er = NH3 emissions reduction.Furthermore, the influence of biochar NH4 + adsorption (e.g. estimated by the adsorption tests) over aerobic degradation NH3 emissions (e.g. estimated through aerobic degradation tests) was estimated using a Pearson correlation and linear regression. Additionally, the investigation of biochar characteristics related to biochar NH4 + adsorption and aerobic degradation NH3er was done using a Pearson Correlation Matrix.
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  indeed shows that biochars are negatively charged over the whole pH range considered in the streaming potential experiments.

Fig. 2

 2 Fig. 2 Zeta potential of BC450, BC450_KOH, BC450_HNO3 and BC900 inferred from streaming potential measurements vs. pH All studied biochars were characterized by isoelectric points lower than pH 3, which is in good agreement with data reported in the recent review article published by W. Yang et al. (2020).

Fig. 3

 3 Fig. 3 Ammonium adsorbed in different biochars when applied to digestate made from agricultural wastes (AW) or digestate made from organic fraction of municipal solid waste (OFMSW). Red triangles indicates the mean result of each experimental condition. * indicates significant difference between the mean values (p-value < 0 .1). Black dots represent each experimental result.

  Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 118

  consumption means, standard deviation and coefficient of variation from aerobic degradation experiments. n = number of observations, SD = standard deviation, CV = coefficient of variation, VMi = initial digestate volatile mater.

Fig. 4

 4 Fig. 4 Ammonia emissions expressed as percentage of Total Kjeldahl Nitrogen. Ctrl = control treatment, without biochar (n = 3), BC450 (n = 3), BC450_KOH (n = 3), BC450_HNO3 (n = 4), BCC_HNO3 (n = 2), BC900 (n = 2), BCC (n = 3), n = number of observations. Red triangles indicates the treatments means.
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 4 Biochar ammoniacal nitrogen sorption optimisation by targeting biochars functions and physical characteristics ___________________________________________________________________________________________ 120 volume (10l) used increases the risks of having the results impacted by this inherent digestate characteristic. The comparison between control NH3 emissions and BC450_KOH without this outlier point shows a significant difference (p-value = 0.049).

Fig. 5

 5 Fig. 5 Linear regression between Biochar ammonium adsorption and NH3 emissions during aerobic biodegradation of AW. Vertical and horizontal bars represents the standard errors from NH3 emissions and BC N-NH4 + adsorption, respectively. NH3emissions = -2.76.BCNNH4sorption + 25.47, R 2 = 0.79, p-value = 0.043. The complete linear regression table can be visualized in the Supplementary Materials -Chapter 4.

  body of knowledge and evidence gained in this PhD work allows me to propose a theoretical mechanism to explain the effects of biochar on the evolution of the nitrogen cycle in solid waste composting and to address the knowledge gap 'c'. The action of biochar can be summarised as follows.Shortly after mixing with the solid digestate, the biochar adsorbs N-NH4 + from the solid digestate (depending on the biochar characteristics). The capture of N-NH4+ in the biochar pores changes the size of the N-NH4 + pool available for volatilisation and directly reduces the amount of NH3 emissions, as shown in Chapter 4. The capture of N-NH4 + by the biochar could also have a secondary effect in reducing the toxicity of high concentrations of N-NH4 + in the compost environment (outside the biochar pores). Improving the composting environment would promote greater immobilisation of N-NH4 + thereby helping to reduce NH3 emissions, as shown in Chapter 3. As composting progresses and conditions become favourable for the development of denitrifying microorganisms, the N-NH4 + initially trapped in the biochar is likely to oxidise, contributing to a higher N-NOx concentration compared to the control, as shown in Chapter 3. Subsequently, the nitrate accumulated in the biochar could be denitrified when conditions become favourable for denitrifier development. This increase in N-NOx in biochar composting could contribute to higher N2O emissions than in the control, as observed in the results of Chapter 3.

Fig. 1

 1 Fig. 1 Summarised knowledge provided by COMBINeD work. *Hypothesis. **Equation based in four observations.

  N2O emissions. Due to the low number of composting experiments performed in my PhD and the limited number of research papers addressing this topic, it is not yet possible to explain the variability in N2O emissions results. Due to the important environmental impact generated by N2O

  the Chapter 3 experiment (and still stored at -20°C) could be used to obtain biochars granules at different composting stages. After separating the biochar from digestate, the granules could be sequentially extracted until no N-NH4 + or N-NOX would be detected in the extraction solution. If a reduction of N-NOX concentration in biochar coincided with the N2O emissions peak, it would mean that BC450 could directly contribute to increase N2O emissions. Further research would still be needed to identify biochar characteristics and experimental conditions to avoid N2O emissions.

Fig. 1 .

 1 Fig. 1. Scheme of aerobic degradation pilot.

Fig 4 .

 4 Fig 4. Evolution of different nitrogen fractions during composting. A. Reactors ammonium content, B. Ammonia emissions, C. Oxidised nitrogen, D. Cumulative nitrous oxide emissions. E. Total nitrogen concentration. R1 : control experiment, R2 : BC450 experiment, R3 : BC_C experiment

  En outre, les granulés BC450 contenaient 0,37 mgN-NOx.gBC -1 , et N-NH4 + n'a pas été détecté. Il faut noter que la méthodologie d'extraction n'a pu extraire qu'une partie des N-NOx de BC450, ce qui suggère que les N-NOx de ce réacteur ont été sous-estimés. Sur la base de ces résultats, l'hypothèse a été émise que le BC450 pouvait absorber le N-NH4 + du digestat solide, contribuant ainsi à réduire la volatilisation du NH3 au cours des premières étapes du compostage. L'adsorption de N-NH4 + par le BC450 est ainsi susceptible de réduire la toxicité provoquée par une concentration élevée de N-NH4 + dans l'environnement du compost (c'est-à-dire en dehors du biochar), ce qui pourrait contribuer à une augmentation de la croissance microbienne et de la teneur en Norg. Les résultats microbiologiques montrent également que le BC450 a augmenté le Norg en servant de support de croissance pour les micro-organismes. En outre, le N-NH4 + présent dans la structure BC450 a été transformé en N-NOx par les micro-organismes nitrifiants, comme le montre le nombre plus élevé de copies du gène amoA par rapport au compost. La concentration plus élevée de N-NOx dans les réacteurs BC450 pourrait avoir contribué à l'augmentation des émissions de N2O, et il est possible que le N-NOx présent dans les granules de biochar ait été accessible aux microorganismes dénitrifiants. L'augmentation des émissions de N2O générée par l'ajout de biochar contredit la plupart des publications, comme le montre le premier chapitre, et soulève des inquiétudes quant aux avantages environnementaux de l'utilisation du biochar. La section sur les perspectives discute des suggestions pour de futures recherches visant à étudier ce sujet.Contrairement au BC450, le BCC a augmenté respectivement les émissions de NH3 et la proportion d'azote total initial transformé en N-NOx d'environ 35,5 % et 40 % par rapport au contrôle. En outre, les émissions de N2O et les changements de Norg étaient similaires à ceux du contrôle. On a émis l'hypothèse que le BCC augmentait les émissions de NH3 en raison de l'absence de fonctions de surface, comme l'a montré la caractérisation chimique du biochar, qui a pu limité la capture de N-NH4 + . Dans le même temps, il a pu améliorer l'aération du compostage en réduisant l'humidité du réacteur, ce qui a contribué à augmenter la volatilisation du NH3 et la teneur en N-NOx.Cette étude montre que le biochar affecte le cycle de l'azote différemment en fonction de ses caractéristiques chimiques. On a émis l'hypothèse que le premier effet du biochar sur le compost est l'adsorption du N-NH4 + et de ses précurseurs, comme l'urée et l'acide urique, et que ce phénomène est probablement lié aux caractéristiques chimiques des biochars. Dans ce contexte, les biochars ayant un pH neutre, une oxydation élevée et de nombreuses fonctions acides pourraient absorber de plus grandes quantités de N-NH4 + et réguler l'humidité lorsqu'ils sont ajoutés au digestat solide, par rapport aux biochars à faible oxydation. L'adsorption des biochars est susceptible de réduire le pool de N-NH4 + du compostage, ce qui peut contribuer directement à la réduction des émissions de NH3. Par la suite, la réduction de la réserve de N-NH4 + générée par le biochar peut avoir des effets secondaires sur l'évolution de la microbiologie, augmentant indirectement l'azote organique et les N-NOx. Malgré ces avantages, le biochar fortement oxydé pourrait augmenter les émissions de N2O par rapport au contrôle en fin de compostage, limitant ainsi son bénéfice environnemental. Sur la base de ces conclusions, il est possible d'observer que la capacité d'adsorption de N-NH4 + du biochar est un paramètre qui pourrait avoir un rôle majeur dans la manière dont il affecte le compostage. Ainsi, l'influence de ce paramètre sur les émissions de NH3 par dégradation aérobie a été étudiée plus en détail dans le chapitre suivant. Chapitre 4 : Optimisation de la capacité d'adsorption de l'azote ammoniacal dans le biochar pendant le compostage en ciblant les fonctions et les caractéristiques physiques du biochar Dans le premier chapitre, l'adsorption de N-NH4 + par le biochar a été identifiée comme un paramètre important affectant l'action du biochar dans le compostage. Ce paramètre a été largement cité dans la littérature concernant la réduction des émissions de NH3 lors du compostage amendé avec du biochar. De plus, les résultats obtenus dans les chapitres 2 et 3 ont confirmé l'importance de l'adsorption de l'ammoniac sur les changements d'azote observés lors du compostage de digestats solides avec du biochar. Ainsi, la capacité d'adsorption du biochar devrait être davantage explorée pour expliquer et optimiser l'action du biochar dans le compostage. Afin d'apporter de nouvelles connaissances sur ce sujet, le chapitre quatre a deux objectifs : premièrement, estimer le potentiel du biochar à absorber le N-NH4 + dans un environnement de déchets organiques solides et étudier comment les modifications chimiques du biochar changent la capacité d'adsorption de l'ammonium ; et deuxièmement, étudier la corrélation entre la performance du biochar à réduire la perte de NH3 pendant la dégradation aérobie et la capacité d'adsorption du N-NH4 + du biochar. Pour réaliser ce travail, il a d'abord été nécessaire d'obtenir des biochars ayant différentes capacités d'adsorption de N-NH4 + . La littérature montre que des modifications chimiques peuvent changer le potentiel du biochar à absorber le N-NH4 + dans des solutions liquides. Cette approche intéressante a été adoptée dans le présent travail. Ainsi, le BC450 a été modifié chimiquement en utilisant du KOH (BC450_KOH) et du HNO3 (BC450_HNO3), et le BCC a été modifié avec du HNO3 (BCC_HNO3). Les biochars testés ont été caractérisés en termes de pH, d'oxygène et de carbone totaux, de spectroscopie infrarouge, de potentiel zêta et de surface. La capacité d'adsorption des biochars a été estimée en mélangeant les biochars granulaires (par exemple BC450, BC450_KOH, BC450_HNO3 et BC900) avec des digestats solides composés de déchets agricoles (AW2) et de la fraction organique des déchets solides municipaux (OFMSW). Après 48h, les biochars ont été séparés manuellement du digestat et des extractions solides/liquides ont été réalisées sur les granules de biochars. Le N-NH4 + a été quantifié dans les solutions d'extraction par chromatographie ionique. La concentration totale en N-NH4 + des digestats et le N-NH4 + facilement extractible ont été estimés par distillation Büchi et par extraction au KCl 1M, respectivement. De plus, l'influence des propriétés du biochar sur la réduction des émissions de NH3 pendant la dégradation aérobie a été testée en utilisant des mélanges d'AW2 et de biochar avec un ratio biochar/digestat de 5%. Des expériences sans biochar ont été utilisées comme contrôle. Un dispositif expérimental similaire à celui présenté au chapitre 2 a été utilisé. Le test de capacité d'adsorption montre que BC900, BC450, BC450_KOH et BC450_HNO3 ont adsorbé 0,33, 1,25, 2,49 et 7,66 mgN-NH4 + /gBC lorsqu'ils ont été appliqués à AW2 ; et 0,41, 1,51, 3,51 et 10,24 mgN-NH4 + /gBC lorsqu'ils ont été appliqués à OFMSW. L'analyse statistique a montré une corrélation de Pearson significative (p < 0,1) entre la capacité d'adsorption des biochars et leur pH (r = -0,92) et le rapport atomique TO/TC (r = 0,90). Les biochars ayant un pH plus faible et un TO/TC plus élevé sont susceptibles d'avoir une plus grande densité de fonctions acides en surface, ce qui a été confirmé par la spectroscopie infrarouge et par le potentiel zêta plus faible de ces biochars.En outre, le type de digestat a eu un effet significatif (valeur p < 0,1) sur la capacité du biochar à absorber le N-NH4 + . Il est intéressant de noter que le biochar peut adsorber plus de N-NH4 + lorsqu'il est appliqué à OFMSW. Ce digestat avait plus de N-NH4 + facilement extractible (moyenne = 6.02 gN-NH4 + .kgDM -1 ) comparé à AW (moyenne = 4.62 gN-NH4 + .kgDM -1 ) alors qu'une tendance opposée est observée pour le N-NH4+ total (par exemple 9.16 gN-NH4 + /kgDM et 11.45 gN-NH4 + /kgDM, respectivement). Ces résultats suggèrent que le N-NH4 + facilement extractible est un bon estimateur du N-NH4 + des déchets organiques disponible pour être adsorbé par le biochar. Ainsi, il est probable que les digestats ayant un taux de N-NH4 + facilement extractible plus élevé puissent bénéficier davantage de la capacité du biochar à absorber le N-NH4 + .Les résultats de la dégradation aérobie montrent que les biochars BC450, BCC_HNO3 et BC450_HNO3 réduisent les émissions de NH3 de 13, 38 et 83% par rapport au contrôle, tandis que BC450_KOH, BCC et BC900 augmentent les émissions de NH3 de 5, 18 et 34% par rapport au contrôle. Il est intéressant de noter que la modification chimique HNO3 du biochar peut augmenter de manière significative la performance des BC450 et BCC pour réduire les émissions de NH3. Cela suggère que cette modification acide des propriétés du biochar est une alternative intéressante pour créer des biochars sur mesure visant à réduire les émissions de NH3. En outre, une régression linéaire a été recherchée entre le potentiel des biochars granulaires (par exemple BC450, BC450_KOH, BC450_HNO3 et BC900) à absorber le N-NH4 + et son NH3. Les résultats montrent une corrélation linéaire significative (valeur p = 0,043) et forte (R2 = 0,79) entre les deux variables. En ce qui concerne l'équation du modèle de régression linéaire, il apparaît que l'augmentation de la capacité d'adsorption du N-NH4 + du biochar de 1 gNNH4+/kg tend à réduire les émissions de NH3 de 2,76% (gN-NH3/gTKNi). Ainsi, l'optimisation de la capacité d'adsorption N-NH4 + du biochar est une stratégie prometteuse pour augmenter sa capacité à réduire les émissions de NH3 pendant la dégradation aérobie comme le compostage. Il est important de noter que le modèle linéaire ne peut pas encore être utilisé comme outil de prédiction car sa pertinence est limitée au périmètre des conditions expérimentales testées. Cependant, la méthodologie présentée dans ce travail pourrait être explorée dans d'autres travaux pour tester la précision du potentiel d'adsorption N-NH4 + du biochar granulaire en tant que prédicteur de son potentiel à réduire les pertes de NH3 pendant la dégradation aérobie d'autres déchets organiques.Conclusions et perspectivesLa thèse COMBINeD a étudié les différents aspects de l'utilisation du biochar pour la réduction des pertes d'azote pendant le compostage des digestats solides. Les résultats discutés dans ce manuscrit ont fourni des conclusions et des perspectives de recherche qui contribuent à l'avancement de ce domaine de recherche.La première étape de ce travail a consisté à effectuer une analyse statistique des données de la littérature sur la réduction des pertes d'azote pendant le compostage avec du biochar et à rechercher les connaissances les plus récentes sur l'action du biochar sur le compostage. Cette recherche bibliographique a permis d'identifier quatre verrous de connaissances auxquels la suite de la thèse à chercher à apporter des réponses. Les résultats des chapitres 2, 3 et 4 représentent 34 expériences de compostage de digestat solide amendé avec du biochar et 11 traitements de contrôle (c'est-à-dire incluant la dégradation aérobie et les tests de compostage). Ce nombre d'essais nous a permis de répondre au premier verrou relevé : l'absence de données concernant le compostage de digestats solide avec du biochar et l'interrogation associée sur la capacité du biochar à réduire les pertes totales d'azote et les émissions de NH3 pendant le compostage du digestat solide ? Cependant, la performance du biochar dépend de ses caractéristiques, comme le montre le chapitre 2, et l'utilisation d'un biochar mal adapté pourrait même augmenter les émissions de NH3 et de N2O, comme le montrent les chapitres 3 et 4. Dans ce contexte, les résultats présentés dans ce manuscrit nous ont amenés à la conclusion que les biochars ayant de nombreuses fonctions acides de surface et, par conséquent, une surface plus chargée négativement, sont plus appropriés pour réduire les émissions de NH3. La première indication qui a conduit à cette conclusion a été présentée au chapitre 1. L'analyse statistique des données de la littérature a permis d'identifier une corrélation négative significative (valeur p < 0,1) de Pearson de -0,57 entre la réduction des émissions de NH3 et le CT des biochars. Cette corrélation a été interprétée comme une indication que le biochar avec des fonctions de surface acide plus élevées peut avoir une plus grande réduction des émissions de NH3. Le travail expérimental développé dans les chapitres 2 et 3 a confirmé les suggestions issues de l'analyse statistique de la littérature. Mon travail a démontré que les biochars ayant un TC plus faible et des fonctions acides de surface plus élevées pouvaient réduire les émissions de NH3 par rapport au contrôle pendant la dégradation aérobie du digestat solide et pendant le compostage. D'autre part, les biochars ayant un TC plus élevé et des fonctions acides de surface non détectables (c'està-dire en utilisant la spectroscopie infrarouge) n'ont pas affecté de manière significative les émissions de NH3 pendant la dégradation aérobie du digestat solide et peuvent même augmenter les émissions de NH3 pendant le compostage. Sur la base de ces résultats, les fonctions de surface du biochar ont été identifiées comme un paramètre important affectant la perte de NH3 pendant le compostage du digestat solide et éventuellement la perte de TN. Ceci contribue à apporter des éléments de réponse à la question « quelles caractéristiques du biochar définissent sa capacité à réduire les émissions d'azote en compostage ?. Par ailleurs, les résultats rassemblés dans le chapitre 2 ont montré que la capacité du biochar à réduire les pertes de NH3 dépendait également de manière significative de la nature du digestat. Ceci a conduit à la conclusion que les caractéristiques du digestat solide sont des paramètres importants pour estimer le bénéfice de l'application du biochar au compostage. Les résultats des chapitres 2 et 4 nous permettent de proposer des hypothèses sur les caractéristiques du digestat solide qui pourraient expliquer son effet significatif sur la performance du biochar. En particulier, le chapitre 2 nous a permis d'émettre l'hypothèse que le biochar serait plus utile pour réduire les émissions d'ammoniac lorsqu'il est appliqué au traitement de digestats ayant une faible biodégradabilité et une faible capacité intrinsèque d'immobilisation de l'azote. En outre, le chapitre 4 a montré que la capacité d'adsorption de N-NH4 + du biochar était plus élevée lorsqu'il était appliqué à un digestat solide présentant une plus grande mobilité de N-NH4 + dans la structure des déchets organiques (c'est-à-dire estimée par l'extraction à l'eau). Toutefois, d'autres études sont nécessaires pour confirmer cette hypothèse.

  NH4 + et, par conséquent, augmentant la réduction des émissions de NH3. Ces résultats montrent que l'amélioration de la capacité d'adsorption de N-NH4 + du biochar est un résultat prometteur pour améliorer la performance du biochar. Ces résultats contribuent à répondre au dernier verrou relevé dans l'analyse de la littérature : «Quelle est la relation entre la capacité d'adsorption du N-NH4 + par le biochar et la réduction des émissions azotées en compostage ? ».Enfin, l'ensemble des connaissances et des preuves expérimentales acquises dans le cadre de ce travail de doctorat me permet de proposer un mécanisme théorique pour expliquer les effets du biochar sur l'évolution du cycle de l'azote dans le compostage des déchets solides. L'action du biochar peut être résumée comme suit. Peu après avoir été mélangé au digestat solide, le biochar adsorbe le N-NH4 + du digestat solide (en fonction des caractéristiques du biochar). La capture de N-NH4 + dans les pores du biochar modifie la taille du pool de N-NH4 + disponible pour la volatilisation et réduit directement la quantité d'émissions de NH3, comme le montre le chapitre 4. La capture de N-NH4 + par le biochar pourrait également avoir un effet secondaire en réduisant la toxicité des concentrations élevées de N-NH4 + dans le compost (en dehors des pores du biochar). L'amélioration de l'environnement de compostage favoriserait une plus grande immobilisation du N-NH4 + , contribuant ainsi à réduire les émissions de NH3, comme le montre le chapitre 3. Au fur et à mesure que le compostage progresse et que les conditions deviennent favorables au développement des micro-organismes dénitrifiants, le N-NH4 + initialement piégé dans le biochar est susceptible de s'oxyder, contribuant à une concentration plus élevée de N-NOx par rapport au contrôle, comme le montre le chapitre 3. Par la suite, le nitrate accumulé dans le biochar pourrait être dénitrifié lorsque les conditions deviennent favorables au développement des dénitrifiants.Cette augmentation des N-NOx dans le compostage du biochar pourrait contribuer à des émissions de N2O plus élevées que dans le contrôle, comme observé dans les résultats du chapitre 3.Cette dernière hypothèse illustre comment, malgré les avantages environnementaux prometteurs présentés concernant l'impact du biochar sur les émissions de NH3, la thèse COMBINeD sensibilise également aux potentiels effets indésirables de l'utilisation du biochar lors du compostage de digestats solides. La quantité limitée de données produites sur ce sujet ne nous permet pas de tirer d'autres conclusions et montre que l'influence du biochar sur les émissions de N2O est un sujet de recherche important pour identifier les avantages environnementaux réels de l'utilisation du biochar. L'application de biochar pendant le compostage, et en particulier le compostage du digestat, est encore un domaine de recherche encore récent. Mon travail de doctorat a permis d'identifier des hypothèses, des limites de recherche et de nouvelles questions. Elles sont présentées ci-après selon deux sections : les compléments directs du travail de doctorat et les perspectives à long terme.Perspectives de compléments directs de la thèse COMBINeD L'interaction entre le biochar et d'autres agents structurants et son impact sur la perte d'azote pendant le compostage de digestat solide a été identifiée comme une perspective de recherche intéressante. Au cours de mon doctorat, l'action du biochar a été étudiée indépendamment des agents struturants conventionnels tels que les déchets verts, la paille ou les copeaux de bois. Cependant, l'utilisation du biochar à l'échelle du compostage industriel se fera probablement en combinaison avec d'autres structurants, car la granulométrie fine du biochar semblent insuffisantes pour assurer une aération idéale.En outre, ces structurants peuvent également fournir au mélange de compostage du carbone biodégradable(Chowdhury et al., 2014) et avoir un effet adsorbant pour N-NH4 +[START_REF] Zeng | Improving composting as a post-treatment of anaerobic digestate[END_REF], affectant ainsi le cycle de l'azote. Par conséquent, les agents structurants pourraient affecter la performance du biochar à réduire les pertes de TN, les émissions de NH3 et de N2O. Il est donc essentiel pour l'avenir d'étudier l'effet couplé du biochar et du structurant.Une autre perspective de recherche importante concerne l'effet du biochar sur les émissions de N2O pendant le compostage du digestat solide. Dans le chapitre 3, il a été rapporté que l'ajout de BC450 au digestat solide augmentait les émissions de N2O d'environ 230% calculées en gN-N2O.kgTNi-1, ou 2900%

  les émissions de N2O. En raison du faible nombre d'expériences de compostage réalisées dans le cadre de mon doctorat et du nombre limité d'articles de recherche traitant de ce sujet, il n'est pas encore possible d'expliquer la variabilité des résultats des émissions de N2O. Cependant, en raison de l'impact environnemental important généré par le potentiel de réchauffement global du N2O, des recherches supplémentaires sont nécessaires pour expliquer l'effet du biochar sur les émissions de N2O et, par conséquent, contribuer à mieux définir les avantages environnementaux réels de l'utilisation du biochar pendant le compostage du digestat solide. Sur la base des résultats de mon doctorat, je propose quelques pistes de recherche. Comme le montre le chapitre 4, le biochar peut adsorber le N-NH4 + au début du compostage et, comme le montre le chapitre 3, le N-NH4 + adsorbé peut être nitrifié tout au long du processus de compostage. Sur la base de ces résultats, j'émets l'hypothèse que le N-NOx présent dans le biochar pourrait également être disponible pour les microorganismes dénitrifiants, contribuant ainsi à l'augmentation des émissions de N2O. Cette hypothèse pourrait être vérifiée en analysant l'évolution des fractions d'azote à l'intérieur du biochar. Pour ce faire, les échantillons de compost avec biochar collectés dans le cadre de l'expérience du chapitre 3 (et toujours stockés à -20°C) pourraient être utilisés pour obtenir des granulés de biochars à différents stades de compostage. Après avoir séparé le biochar du digestat, les granulés pourraient être extraits séquentiellement jusqu'à ce N-NH4 + ou N-NOx ne soit plus détecté dans la solution d'extraction. Si une réduction de la concentration de N-NOx dans le biochar coïncide avec le pic d'émissions de N2O, cela signifierait que le BC450 pourrait contribuer directement à l'augmentation des émissions de N2O. Des recherches supplémentaires seraient encore nécessaires pour identifier les caractéristiques du biochar et les conditions expérimentales permettant d'éviter ces émissions de N2O. L'influence du carbone soluble du biochar sur le cycle de l'azote est identifiée comme une troisième perspective de recherche. Il a été montré au chapitre 2 que l'ajout de BC450 dans des proportions de 5 et 10 % (poids humide) au digestat solide augmentait la concentration en carbone soluble des réacteurs d'environ 13,7 et 26,4 % par rapport au contrôle. En outre, il a été discuté dans le chapitre 2, que si le carbone soluble BC450 était facilement biodégradable, il contribuerait à une augmentation du Norg. Cependant, aucune différence significative n'a été observée dans l'augmentation du Norg entre les réacteurs, ce qui a conduit à l'hypothèse que le carbone soluble du biochar était lentement biodégradable. D'autre part, il a été rapporté dans le chapitre 3 que le réacteur contenant le mélange avec 5% de BC450 (poids humide) et 95% de digestat solide avait une augmentation de Norg plus élevée que le contrôle, ce qui contredit les résultats du chapitre 2. Les températures et la durée d'expérimentation plus élevées, par rapport à l'expérience de dégradation aérobie, pourraient avoir contribué à la dégradation du carbone soluble du BC450. Compte tenu de l'importance de l'immobilisation du N-NH4 + pour réduire les émissions d'ammoniac, il est important de clarifier l'influence du carbone soluble BC450 sur le processus d'immobilisation. Pour atteindre cet objectif, BC450 pourrait d'abord être lavé séquentiellement avec de l'eau déionisée jusqu'à ce qu'aucun carbone soluble ne soit détecté dans l'eau d'extraction. Après chaque extraction, l'eau de lavage peut être analysée pour vérifier si du carbone soluble est toujours présent et pour identifier éventuellement les espèces de carbone. Après avoir obtenu le BC450 lavé, sa capacité à réduire les émissions de NH3 et les pertes de TN et à augmenter l'immobilisation de l'azote pendant le compostage du digestat solide pourrait être comparée au BC450 non lavé en utilisant des conditions expérimentales et des analyses chimiques similaires à celles présentées au chapitre 3. La comparaison des résultats du BC450 lavé et non lavé pourrait aider à estimer le rôle du carbone soluble sur les effets globaux du biochar pendant le compostage. Il faut souligner que les paramètres de production tels que les températures de pyrolyse et le type de substrat pyrolysé affectent la quantité de carbone soluble dans le biochar. Cette expérience pourrait donc aider à déterminer si le carbone soluble du biochar est un paramètre important à prendre en compte lors de la production de biochar destiné à être utilisé pour réduire les émissions de compostage.Enfin, l'influence de la taille des particules de biochar sur les pertes d'azote lors du compostage de digestats solides est un paramètre intéressant à étudier dans le cadre de futures recherches.Yang et al. (2020) ont montré dans leur étude que les particules colloïdales de biochar ont tendance à avoir une proportion plus élevée de groupes fonctionnels contenant de l'oxygène en surface et un potentiel zêta plus faible que les granulés de biochar, grâce à leur surface plus élevée. Les auteurs ont également souligné que les colloïdes de biochar créés artificiellement par désintégration physique ont tendance à avoir des caractéristiques chimiques (par exemple, le potentiel zêta et les groupes fonctionnels contenant de l'oxygène en surface) plus élevées que les grains de biochar. Compte tenu de l'influence de ces caractéristiques chimiques sur l'adsorption du N-NH4 + , comme cela a été démontré tout au long de mon travail de doctorat, on s'attend à ce que l'ajout de biochar broyé au compostage de digestat solide réduise les émissions de NH3 par rapport au biochar granulé. Cette théorie pourrait être testée en broyant un ou plusieurs des biochars granulaires déjà disponibles (par exemple BC450, BC450_KOH, BC450_HNO3) et en ajoutant le biochar en poudre obtenu au digestat AW (déjà disponible). Ensuite, une expérience de dégradation aérobie devrait être réalisée avec le mélange obtenu (biochar en poudre + AW) en utilisant des conditions pilotes et expérimentales similaires à celles présentées dans le chapitre 4. Les résultats obtenus dans le cadre de l'expérience sur le biochar en poudre pourraient être comparés aux résultats du biochar granulaire déjà présentés au chapitre 4.Perspectives de recherche à long termeEn plus des quatre perspectives de recherche discutées précédemment, il est possible d'identifier des perspectives plus larges en considérant les résultats de cette thèse comme une contribution à la création d'une chaîne de valorisation couplant les traitements biologiques et thermiques des déchets organiques.

  décomposition lent dans le sol, il est crucial d'identifier les effets à long terme du biochar sur le sol pour s'assurer que des problèmes environnementaux durables ne seront pas créés. En outre, il est nécessaire d'étudier les limites de sécurité pour l'application répétée de biochar dans la même parcelle agricole.Enfin, à mon avis, la création d'un modèle mécaniste de prédiction pour l'action du biochar dans le compost serait l'objectif le plus important et ultime de ce domaine de recherche. Cependant, sur la base des récentes avancées de la littérature, il me semble que cet objectif n'est pas près d'être atteint. En attendant, il me semble nécessaire de créer des tests rapides et faciles pour estimer l'action du biochar dans le compost. Le développement de ces tests pourrait faciliter la production et la commercialisation du biochar. Les acheteurs industriels de biochar pourraient effectuer des tests de sélection rapides pour s'assurer que le biochar choisi a l'effet souhaité sur le compostage sans avoir à réaliser une expérience de compostage complète, qui peut être coûteuse et prendre du temps. D'autre part, les producteurs de biochar pourraient identifier les principaux effets de leurs produits et faire de la publicité pour le biochar sur la base de ces résultats. Les résultats du chapitre 4 indiquent que la capacité d'adsorption du biochar pourrait être un paramètre clé pour créer ce type de test de prédiction. Titre : Efficience des couplages compostage-biochar-digestion anaérobie pour réduire les émissions azotées des filières de valorisation des déchets organiques et produire des fertilisants Mots clés : Compostage, digestion anaérobie, biochar, émissions azotées Résumé : La valorisation des déchets par digestion anaérobie est encouragée par les politiques de l'UE. Cependant, ce secteur doit être optimisé pour parvenir à une croissance durable. La réduction des pertes azotées pendant le compostage du digestat solide représente un important point d'amélioration due aux impacts environnementaux et la perte de valeur agronomique du produit final. Différentes stratégies ont été étudiées dans la littérature pour minimiser les pertes d'azote pendant le compostage d'autres déchets. Parmi elles, l'amendement avec du biochar a montré des résultats prometteurs. Dans ce contexte, mon travail de thèse propose d'étudier l'utilisation du biochar comme stratégie pour réduire les pertes d'azote pendant le compostage des digestat solides. L'étude de l'action du biochar en utilisant un pilote de dégradation aerobie a montré que l'ampleur de la réduction des émissions azotées par le biochar dépend de ses caractéristiques, notamment son état d'oxydation, ainsi que celles du digestat, notamment sa biodégradabilité. Des efforts ont ensuite été consacrés à comprendre comment le biochar modifie l'évolution du cycle de l'azote. Les résultats suggèrent que le biochar peut contribuer à la réduction des émissions d'ammoniac, augmenter l'immobilisation d'azote et sa nitrification mais aussi les émissions de protoxyde d'azote. Enfin, la dernière partie de ce travail de recherche a montré l'existence d'une corrélation entre la capacité du biochar à absorber l'azote ammoniacal du digestat et la réduction des émissions d'ammoniac pendant le compostage du digestat. Title : COMBINeD: Efficiency of composting-biochar-anaerobic digestion couplings to reduce nitrogen emissions from organic waste recovery systems and produce fertilisers.
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Screening of parameters affecting solid digestate composting nitrogen emissions Table 1

  Physicochemical characterization of substrates .

Table 1

 1 Parameters selected for the Pearson parametric correlation analysis.

		Parameter	Abbreviation
		pH	pHB
		Synthesis temperature (°C)	T
	Biochar characteristics	Total carbon (%)	TCB
		Total nitrogen (%)	TNB
		Biochar ratio (w:w)	RatioB

Table 2 Pearson's parametric correlation analysis for TNLR and NH3ER datasets TNLR NH3ER

  

		correlation	p-value	correlation	p-value
	Days	0.559	0.0001	0.2137	0.101
	T	0.196	0.2733	-0.0816	0.5854
	pHB	0.26	0.137	-0.1782	0.2018
	RatioB	-0.291	0.065	-0.3188	0.013
	RatioBA	-0.179	0.3356	0.6321	5.02E-07
	TC	0.084	0.6639	-0.5931	4.51E-06
	TCB	-0.128	0.4863	-0.7381	1.91E-10
	TN	0.029	0.8586	-0.2966	0.02137
	TNB	-0.054	0.7703	-0.1233	0.35223

Table 1

 1 Physicochemical characterization of substrates

	Analysis	AW	OFMSW	BC450	BC900
	Dry mater (g/kg FW)	325.6 (SD = 0.5)	370.5 (SD = 2.2)	946.53 (SD = 0.60)	927.22 (SD = 0.65)
	Organic matter (g/kg DM)	821.0 (SD = 3.7)	867.5 (SD = 6.3)	899.73 (SD = 2.18)	710.00 (SD = 35.94)
	Ashes (g/kg DM)	171.3 (SD = 1.9)	125.8 (SD = 3.4)	100.23 (SD = 2.17)	289.99 (SD = 35.94)
	pH	9.76	8.68	6.67	9.95
	TKN (gN-NH4/kg DM)	18.15 (SD = 0.8) *	23.43 (SD = 0.35)	NA	2.41 (SD = 0.08)
	N-NH4 + (gN-NH4 + /kg DM)	7.66 (SD = 0.15)	9.16 (SD = 0.43)	ND	ND
	Soluble Carbon (gC/kgDM)	10.94 (SD = 0.25)	13.22 (SD = 0.26)	19.14 (SD = 1.61)	0.41 (SD = 0.41)
	Total carbon (%)	NA	NA	71.74	84.08
	Total hydrogen (%)	NA	NA	3.65	1.14
	Total nitrogen (%)	NA	NA	0.65	0.26
	Total oxygen (%)	NA	NA	23.96	14.56
	Surface area (m2/g)	NA	NA	1.12	157.84 (SD = 9.56)*
	Zn (mg/KgDM)	NA	NA	42.11	41.34
	Cd (mg/KgDM)	NA	NA	5.05	5.17
	Fe (mg/KgDM)	NA	NA	1262.63	1282.8
	Cu (mg/KgDM)	NA	NA	10.11	12.99
	Ni (mg/KgDM)	NA	NA	8.44	23.143
	Hg (mg/KgDM)	NA	NA	<100	<100
	Pb (mg/KgDM)	NA	NA	5.06	2.58
	Cr (mg/kgDM)	NA	NA	16.87	26.63
	* Values calculated in duplicate				

Table 2

 2 Total normalised O2 consumption.Chapter 2: Screening of parameters affecting solid digestate composting nitrogen emissions 64 a large part of the degradable organic matter, like sugars, proteins, cellulose and hemicellulose, is consumed, generating a final product with more recalcitrant organic matter, such as lignin, compared

	Digestate Biochar Ratio (%)	Number of experiments	O2 consumption (molO2.kgOM -1 )	Comparison to control (p-value)
	AW	Ctrl	0	2	8.03-9.54	-
	AW	BC900	5	3	11.06(SD = 0.97)	0.13
	AW	BC900	10	2	9.90-12.93	0.3
	OFMSW	Ctrl	0	4	18.93(SD = 0.37)	-
	OFMW	BC900	5	1	18.73	NA
	OFMSW	BC900	10	2	13.80-14.52	0.015
	OFMSW	BC450	5	2	20.29-20.22	0.004
	OFMSW	BC450	10	1	29.05	NA

Obs: Values compared using t test. SD = standard deviation, Ctrl = control, NA = not available Digestates differentiate from other waste usually treated by composting by the fact that it has undergone a first stage of microbiological degradation during anaerobic digestion. During this process,

Table 3

 3 Difference in means with 90% confidence level.

						Reduction
					Difference in	compared to
	Digestate Treatment 1 Treatment 2	Variable	means (%)	control (%)
	OFMSW	Ctrl	BC450	NH3 emission	5.40 ± 4.06	23.2
	AW	Ctrl	BC450	NH3 emission	13.30 ± 7.37	38.8
	AW	Ctrl	BC450	TKN loss	8.89 ± 8.12	27

Difference in means = mean treatment 1 -mean treatment 2 . Reduction compared to control = 100*(mean treatment 1mean treatment 2)/mean N losses treatment 1. OFMSW = digestate issue from organic fraction of municipal solid waste. AW = digestate issued from agricultural waste , Ctrl = control, BC450 = biochar produced at 450°C.

Table 3

 3 

shows that the addition of BC450 led to a reduction of NH3 emission and TKN losses between 23 and 39% compared to control. These results are consistent with literature results.

Chowdhury et al. (2014) 

and

Manu et al. (2021) 

reported maximum TN losses reduction of 20.9% and 42% and maximum NH3 emissions reduction of 42 and 50% compared to control, respectively, during solid digestate composting with biochar.

  . The authors studied the composting of two-phase olive mill waste with sheep manure. According to the authors, the two-phase olive mill is a semi-solid waste with high recalcitrance generated by its lignocellulosic nature. Its composting is characterised by limited nitrification and N losses that can reach up to 45%

of total initial nitrogen.

López-Cano et al. (2016) 

reported that adding a 4% biochar dose (dry matter) reduced total nitrogen losses by up to 89% compared to the control and they attributed this result to the capture of ammonium by the biochar. The nitrogen loss reduction observed in this work is the highest biochar nitrogen loss reduction reported in the literature to our knowledge. It is approximately three times higher than the mean N reduction observed in 16 other works (gathering 42 observations) (M.V Firmino et al., under revision) which differentiate from Lopez-Cano's work by the type of treated substrate (mainly manures with good biodegradability). It reinforces the idea that there is a relation

the composting of digestates.
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Table 1

 1 Physicochemical characteristics of substrates

		Digestate	BC450	BCC
		71.3	5.0	6.4-5.9
	Moisture (%)	(SD = 0.3)	(SD = 0.1)	
		825.42	899.7	918.9
	VM (g.kgDM -1 )	(SD =3.9)	(SD = 2.2)	(SD = 18.2)
			100.2	81.1
	Ashes (g.kgDM -1 )	NA	(SD = 2.2)	(SD = 18.2)
	pH	9.34	6.67	9.05
	TC (%)	NA	71.74	85.87
	TH (%)	NA	3.65	1.96
	TN (%)	NA	0.65	0.39
	TO (%)	NA	23.96	8.63
	Atomic ratio TO/TC	NA	0.29	0.09
	Surface area (m 2 /g)	NA	1.12	74.9

Table 3

 3 Aeration rate and oxygen consumption

						Total O2	Total O2	Total O2
			Aeration rate	Aeration	Aeration	consumption	consumption	consumption
	Experiment n	(l/h)	rate SD	rate CV (%)	(mmolO2/kgVMi)	SD	CV (%)
	Ctrl	3	69.3	2.9	4.2	5.49	0.06	1.1
	BC450	3	68.3	4.1	6.0	5.28	0.2	3.78
	BC450_KOH 3	68.3	3.4	4.9	5.44	0.07	1.32
	BC450_HNO3 4	69.4	7.0	10.0	5.56	0.05	0.83
	BC900	3	71.8	4.4	6.1	5.51	0.23	4.23
	BCC	3	66.3	5.0	7.6	5.42	0.11	1.97

Table 1 .

 1 Experimental dataset obtained. NH 4 + i/f , NH 3e , Csol i, Gas analysis, DM i, VM i AW_5BC900_2 TKN i/f , NH 4 + i/f , NH 3e , Csol i, Gas analysis, DM i, VM i AW_5BC900_3 TKN i/f , NH 4 + i/f , NH 3e , Csol i, Gas analysis, DM i, VM i AW_10BC900_1

	Treatment	Chemical analysis
	AW_Ctrl_1	TKN i/f , NH 4 + i/f , NH 3e , , Csol i Gas analysis, DM i, VM i
	AW_Ctrl_2	TKN i/f , NH 4 + i/f , NH 3e , , Csol i Gas analysis, DM i, VM i
	AW_5BC450_1	TKN i/f , NH 4 + i/f , NH 3e , , Csol i , DM i/f, VM i/f
	AW_5BC450_2	TKN i/f , NH 4 + i/f , NH 3e , , Csol i , DM i/f, VM i/f
	AW_10BC450_1	TKN i/f , NH 4 + i/f , NH 3e , , Csol i , DM i/f, VM i/f
	AW_Ctrl_3	TKN i/f , NH 4 + i/f , NH 3e , , Csol i , DM i/f, VM i/f
	AW_Ctrl_4	TKN i/f , NH 4 + i/f , NH 3e , , Csol i , DM i/f, VM i/f
	AW_5BC900_1	TKN i/f ,

Table 1 .

 1 Oxygen uptake rate and temperature peak values for treatments R1, R2 and R3.Values between parentheses indicates the time when each peak occurred.

		Reactor 1	Reactor 2	Reactor 3
	Peak 1 -rO2 (mmol.KgVM -1 .h -1 )	38.6 (4.37 days)	54.1 (4.08 days)	42.4 (4.04 days)
	Peak 2 -rO2 (mmol.KgVM -1 .h -1 )	50.1 (16.91 days)	58.8 (14.48 days)	71.5 (12.60 days)
	Peak 3 -rO2 (mmol.KgVM -1 .h -1 )	62.1 (24.62 days)	40.03 (25.29 days)	62.4 (17.58 days)
	Peak 4 -rO2 (mmol.KgVM -1 .h -1 )	-	52.50 (34.67 days)	-
	Peak 1 -T (°C)	40.71 (4.25 days)	46.71 (4.30 days)	43.85 (4.30 days)
	Peak 2 -T (°C)	41.12 (17.5 days)	50.48 (15.00 days)	48.23 (13.59 days)
	Peak 3 -T (°C)	37.2 (23.12 days)	37.70 (26.22 days)	48.13 (18.42 days)
	Peak 4 -T (°C)	-	36.25 (31.25 days)	-

Table 1 . Primer pairs and targets

 1 

	Target microorganisms	Primer	Sequence (5'->3')	Target gene	Amplicon size (bp)	Reference
	Total Bacteria	1055F 1392r	ATGGCTGTCGTCAGCT ACGGGCGGTGTGTAC	16S rRNA		Ferris et al. (1996)
	Total Archaea	ARC787F	ATTAGATACCCSBGTAGTCC	rRNA 16S		Yu et al.

Table 2 . Real time PCR amplification conditions

 2 IntroductionLes prévisions de raréfaction des ressources naturelles[START_REF] Di Santo | Climate Change and Natural Resource Scarcity: A Literature Review on Dry Farming[END_REF], de surpopulation et de changement climatique obligent l'espèce humaine à adapter ses modes de vie et de production. Dans ce scénario difficile, il est essentiel de modifier notre économie pour passer du modèle de production basé sur le "prendre, fabriquer et jeter"(Santibanez Gonzalez et al., 2019) à un modèle d'économie circulaire basé sur le bouclage des flux de matières et d'énergie

		Total bacteria	Total archaea	Total fungi		amoA AOB	amoA AOA
	Thermal cycles	Temp. (°C)	Time	Temp. (°C)	Time	Temp. (°C)	Time	Temp. (°C)	Time	Temp. (°C)	Time
	Initial										
	denaturatio	95	10 min	95	15 min	95	10 min	94	5 min	94	5 min
	n										
	Denaturatio n	95	30 sec	95	15 sec	95	15 sec	94	60 sec	94	45 sec
	Annealing	60	50 sec	50	20 sec	50	30 sec	56	30 sec	53	45 sec
	Elongation	72	30 sec	72	1 min	72	1min		72	1 min	72	1 min
	Cycles	45			45	35			40		45
				nirS		nirK			nosZ
	Thermal cycles	Temp. (°C)	Time	Temp. (°C)	Time	Temp. (°C)	Time
	Initial denaturation	95		3 min	95	3 min		95	5 min
	Denaturation	95		10 sec	95	10 sec		95	15 sec
			63			63				61	
			touchdown		touchdown		touchdown	
	Annealing			30 sec		30 sec			30 sec
		-1°C/cycle for		-1°C/cycle for		-1°C/cycle for	
			6 cycles		6 cycles			6 cycles	
	Denaturation	95		10 sec	95	10 sec		95	15 sec
	Annealing	58		30 sec	58	30 sec		56	30 sec
	Elongation	72		30 sec	72	30 sec		72	45 sec
	Cycles			35		35			35	

  . Malgré ces avantages, le compostage peut être responsable d'impacts environnementaux liés aux pertes d'azote. Ces pertes se produisent par le biais d'émissions gazeuses, telles que l'ammoniac (NH3) et le protoxyde d'azote (N2O), ou de lixiviats. Les émissions d'ammoniac peuvent être à l'origine d'eutrophisation, de pluies acides, de formation de particules fines et de nuisances pour les travailleurs du site de compostage(Leip et al., 2015). L'oxyde nitreux est un gaz à effet de serre puissant dont le potentiel de réchauffement global est 265-298 fois plus élevé que celui du dioxyde de carbone sur une période de 100 ans(Vallero, 2019). De plus, l'azote est un élément majeur pour le développement des plantes et sa perte réduit la valeur fertilisante du compost final.

Différentes stratégies ont été étudiées dans la littérature pour minimiser les pertes d'azote pendant le compostage. Parmi elles, l'amendement avec du biochar a montré des résultats prometteurs (Sanchez-

  'azote par le biochar et sa variabilité, et d'identifier les principaux paramètres affectant la capacité du biochar à réduire ces pertes d'azote. Les dernières théories mécanistes sur l'action du biochar dans le compostage ont été utilisées pour interpréter les résultats. Pour répondre à ces deux questions, il était nécessaire de générer des conditions expérimentales avec une variabilité suffisante des paramètres opérationnels pour assurer la robustesse des résultats. Les deux objectifs de recherche représentés ont donc été abordés dans le travail décrit au chapitre 2, par le biais d'un plan expérimental utilisant un pilote de dégradation aérobie pour simuler le compostage. pour optimiser la performance du biochar sur la réduction des pertes d'azote. Le point « d » a donc été exploré dans la quatrième phase de recherche, décrite au chapitre 4. Une méthodologie pour quantifier la capacité d'adsorption N-NH4 + des biochars en milieu solide est ainsi proposée, suivie par la modification chimique des biochars pour générer différentes capacités d'adsorption N-NH4 + . Une étude de la corrélation entre la capacité des biochars à réduire les pertes de NH3 et leur capacité d'adsorption N-NH4 + est développée. En conclusion, une évaluation des avancées des connaissances obtenues dans ce travail de thèse est proposée ainsi qu'une réflexion sur les recherches futures à mener. La première étape du travail de COMBINeD a été d'évaluer l'état des connaissances sur l'action du biochar au cours du compostage. Les objectifs de ce chapitre étaient d'analyser de manière statistique les données de la littérature sur la réduction des pertes d'azote par le biochar lors du compostage de déchets organiques solides afin de quantifier la réduction des pertes d'azote par le biochar et sa variabilité, et d'identifier les principaux paramètres affectant la capacité du biochar à réduire les pertes d'azote. Les résultats ont été interprétés sur la base des théories mécanistes les plus récentes concernant l'action du biochar dans le compostage. Ces éléments d'information étaient essentiels pour identifier les lacunes dans la littérature et définir les questions de recherche pour les chapitres suivants de ce doctorat. Malgré la grande variabilité des résultats, il est possible d'observer un effet positif global du biochar sur les émissions d'azote pendant le compostage, ce qui confirme l'intérêt d'étudier l'application du biochar dans le compostage des déchets solides. En outre, quatre verrous de connaissance sur le compostage des déchets solides avec du biochar ont été identifiées. Tout d'abord, un seul article de recherche s'intéressant au compostage de digestat solide avec du biochar était disponible lorsque ce travail a été effectué en 2019. La quantité limitée de résultats scientifiques sur la capacité du biochar à réduire les pertes totales d'azote, les émissions d'ammoniac et de protoxyde d'azote pendant le compostage des déchets solides nous a conforté dans la pertinence du sujet COMBINeD. Deuxièmement, les résultats de la corrélation de Pearson et de l'ACP montrent que la réduction des pertes totales d'azote et des émissions d'ammoniac est mal expliquée par la caractérisation chimique des déchets organiques la plus utilisée dans la littérature. En effet, une corrélation négative de Pearson de -Chapitre 2 -Etude des paramètres affectant les émissions d'azote lors du compostage de digestats solidesDans le premier chapitre, un manque de données sur la réduction des pertes d'azote pendant le compostage de digestat solide avec du biochar ont été identifiées. De plus, il a été mis en évidence la nécessité d'identifier les paramètres affectant la capacité du biochar à réduire les pertes d'azote pendant le compostage solide. Le présent chapitre a donc pour objectif de répondre à ces deux verrous. du BC900 (1,6 et 157,8 m 2 /g respectivement). On a donc émis l'hypothèse que les caractéristiques chimiques (oxygène total et fonctions acides) jouent un rôle plus important dans l'impact du biochar sur le cycle de l'azote au cours du compostage que les caractéristiques physiques (surface).Cette hypothèse a été approfondie dans le quatrième chapitre de la thèse.En outre, les résultats ont montré que BC450 réduit les émissions de NH3 de 23,2 % et 38,8 % par rapport au contrôle, qu'il soit appliqué aux OFMSW ou aux AW, respectivement. Cela met donc en évidence que la performance du biochar est affectée par les caractéristiques du digestat. La consommation d'oxygène montre que les AW se caractérisent par une biodégradabilité plus faible, conduisant à une immobilisation plus faible de l'ammonium par rapport aux OFMSW. Cette immobilisation plus faible rend un pourcentage plus élevé du pool initial de N-NH4 + sujet à la volatilisation et génère des émissions de NH3 plus élevées que les digestats plus biodégradables. Ainsi, l'hypothèse a été émise que l'effet du biochar sur la réduction des pertes d'azote dans le compostage des digestats pourrait être d'autant plus important que le digestat a un faible potentiel intrinsèque d'immobilisation de l'azote.En conclusion, cette étape du travail de thèse a confirmé que le biochar peut interagir avec le cycle de Le deuxième chapitre de la thèse a montré que le biochar pouvait affecter le cycle de l'azote de la pendant le traitement aérobie des digestats solides en réduisant les émissions de NH3 et les pertes de TKN par rapport au contrôle. Même si le pilote de dégradation aérobie a simulé le compostage et nous a donné de bonnes indications sur la performance du biochar, il est nécessaire d'étudier l'action du biochar dans le processus de compostage, en se concentrant sur son influence sur les phénomènes de nitrification et de dénitrification.Pour étudier ces questions, le BC450 précédemment étudié et un biochar commercial (BCC) ont été compostés avec du digestat agricole (AW2) à un ratio de 5% (poids humide) en utilisant un pilote de compostage de 300l avec aération forcée. Une expérience sans biochar a été utilisée comme contrôle. Les expériences ont duré environ 85 jours et des échantillons ont été prélevés tout au long de cette période.Les résultats montrent que les biochars ont des effets différents sur le cycle de l'azote. Le BC450 a réduit les émissions de NH3 de 29,6 %, a augmenté la proportion d'azote initial transformé en Norg et N-NOx et a augmenté les émissions de N2O d'environ 60 %, 40 % et 2900 %, respectivement, par rapport au contrôle.

	Le traitement statistique des données de la littérature montre que le biochar réduit les pertes d'azote
	total, les émissions de NH3 et de N2O pendant le compostage de 26,2 % ± 16,7 % ; 46 % ± 26,4 % ; 46,1 %
	. En outre, le biochar a été identifié comme une stratégie pour promouvoir la séquestration du carbone grâce Cette première étape du travail m'a permis d'identifier quatre verrous de connaissance, qui sont résumés ci-dessous : a. il existe peu de données sur la capacité du biochar à réduire les pertes totales d'azote, les émissions d'ammoniac et d'oxyde nitreux pendant le compostage des digestats solides ; b. la réduction des pertes totales d'azote et des émissions d'ammoniac est mal expliquée par les caractéristiques chimiques macro des déchets organiques et du biochar ; c. il n'y a pas de démonstration expérimentale claire des modalités d'action du biochar sur l'évolution du cycle de l'azote lors du compostage digestat solide. Chapitre 1 -État des connaissances sur les effets du biochar sur les émissions d'azote du compostage Pour atteindre ces objectifs, une revue bibliographique couplée à une analyse statistique des données de la littérature a été réalisée. Les travaux contenant des données sur les pertes totales d'azote, les émissions de NH3 et de N2O ont été sélectionnés et l'ensemble des données concernant la caractérisation du biochar et des déchets organiques, les paramètres opérationnels, les pertes totales d'azote, les émissions de NH3 et de N2O ont été organisées en plusieurs jeux de données. Des analyses statistiques descriptives (par Pour mener à bien cette étude, un plan expérimental factoriel complet utilisant trois variables à deux niveaux et une répétition a été choisi. Les paramètres variables sélectionnés sont : l'origine du digestat (ici choisi comme résidus agricoles -AG -et fraction organique des déchets solides municipaux -OFMSW) ; le ratio biochar/digestat (BC ratio) testé à des doses de 5 et 10% en masse humide ; les plages de 350-450°C (BC450) et 700-900°C (BC900) à partir de palettes de déchets verts constituées de petites branches de hêtre. Le choix de ces paramètres visait à obtenir une variabilité suffisante pour permettre Les échantillons ont été caractérisés chimiquement pour les principales espèces d'azote (par exemple TKN, N-NH4+ et azote oxydé) et microbiologiquement pour les gènes de dénitrification/nitrification (par exemple amoA, nirs, nosZ), les bactéries totales, les archées et les champignons. Dans le cas du réacteur contenant du BC450, la caractérisation microbiologique a été appliquée séparément aux granulés de BC450 et au compost (sans BC450). Les teneurs en N-NH4 + et en azote oxydé des granulés de BC450 ont également été mesurées à la fin de l'expérience. Les gaz de sortie des réacteurs ont été analysés en ± 31,1 %, respectivement. Par ailleurs, aucune preuve du mode d'influence du biochar sur l'évolution du cycle de l'azote à travers le température de synthèse du biochar (BCT). Pour ce dernier paramètre, deux biochars ont été produits à continu pour l'O2, le NH3 et le N2O.
	à sa nature récalcitrante (IPCC, 2022). Malgré ces résultats encourageants, un seul travail avait étudié le exemple, moyenne, écart-type et proportion) ont été appliquées aux caractéristiques du biochar et des compostage du digestat solide n'a été trouvée dans la littérature. Ces connaissances pourraient permettre Les résultats ont montré que le traitement avec BC450 a diminué les pertes de TKN et les émissions de
	compostage des digestat solides avec du biochar (Chowdhury et al., 2014), au début de ce travail de thèse mélanges de compostage afin de décrire la variabilité des conditions étudiées. Par ailleurs, la corrélation d'optimiser l'utilisation du biochar. NH3 (valeur p < 0,1) par rapport au contrôle, tandis que le traitement avec BC900 n'a pas montré de
	(i.e. 2019). Dans ce contexte, mon travail de thèse appelé COMBINeD (COMposting-BIochar-Nitrogen-Digestion) propose d'étudier l'utilisation du biochar comme stratégie pour réduire les pertes d'azote pendant le paramétrique de Pearson et l'ACP ont été appliquées aux ensembles de données pour identifier les Enfin, l'étude du mécanisme d'action du biochar dans le compostage suggère que la sorption du biochar différence significative par rapport au contrôle. Les différences d'action des deux biochars pendant la Pour aller au-delà des questions du chapitre 2, il était important de comprendre ou de confirmer comment caractéristiques du biochar et des déchets organiques, ainsi que les paramètres opérationnels affectant est l'un des principaux paramètres de sa capacité à réduire les émissions de NH3 et les pertes d'azote total. dégradation aérobie pourraient être expliquées par leurs différentes propriétés physico-chimiques liées des conditions de compostage réelles, c'est à dire avec des variations de température, d'humidité et de le biochar affecte l'évolution du cycle de l'azote au cours du compostage du digestat solide afin d'identifier les points d'optimisation. Ainsi, le point « c » a été étudié dans la troisième phase de recherche, décrite les pertes totales d'azote et les émissions de NH3. Cependant, l'importance de la capacité d'adsorption du biochar sur les pertes d'azote lors du compostage à leurs différents BCT. A cet égard, BC450 présente un rapport molaire O:C plus important que BC900 masse. En particulier, l'influence du biochar sur la nitrification et la dénitrification n'a pas pu être étudiée
	compostage des digestats solides. Ce travail a été divisé en quatre étapes, présentées dans quatre au chapitre 3, par l'échantillonnage et la caractérisation des différentes étapes du cycle de l'azote pendant Après la recherche bibliographique, 16 travaux (regroupant 41 observations) relatifs à la réduction des n'a pas encore été quantifiée. De plus, l'optimisation de la capacité d'adsorption N-NH4 + du biochar a été (0,25 et 0,17 respectivement), un pH plus faible (6,7 et 9,9 respectivement), et un spectre infrarouge avec dans le chapitre deux, probablement en raison d'un appauvrissement en N-NH4 + généré par l'aération
	chapitres sous la forme d'articles de recherche. 85 jours de compostage. pertes totales d'azote, 18 travaux (regroupant 60 observations) relatifs à la réduction des émissions de identifiée comme une stratégie prometteuse pour augmenter la performance du biochar dans la
	NH3 et 10 travaux (regroupant 16 observations) relatifs à la réduction des émissions de N2O ont été réduction des émissions de NH3.
	sélectionnés.

La première étape du travail propose une analyse statistique des données de la littérature sur la réduction des pertes d'azote par le biochar pendant le compostage de déchets solides, afin de quantifier la réduction des pertes dd. la capacité d'adsorption du biochar est souvent citée comme un paramètre important pour ses effets sur la réduction des émissions de NH3 lors du compostage. Cependant, la quantification de cette capacité d'adsorption au cours du compostage n'a pas encore été utilisée pour optimiser la performance du biochar. Ces verrous identifiés lors de la revue bibliographique ont été utilisés pour guider les étapes suivantes de ce travail. Ainsi, afin de contribuer à combler les verrous ci-dessus, le travail de COMBINeD a tout d'abord visé à acquérir des données sur le compostage de digestat solide avec du biochar à partir d'une approche expérimentale simple. La question de recherche "a" a donc ainsi été abordée. Au travers de cette approche expérimentale, il était important d'identifier les paramètres affectant les pertes totales d'azote pendant le compostage du digestat solide avec du biochar, comme l'exprime la question de recherche " b ". Enfin, la capacité d'adsorption de N-NH4 + par le biochar ayant été identifiée comme un paramètre important pour expliquer l'action globale du biochar sur le compostage, son contrôle pourrait être une stratégie prometteuse 0,57 entre la réduction des émissions de NH3 et la teneur en carbone total (CT) de biochar a été identifiée comme significative (valeur p < 0,1) et suffisamment robuste. Cette corrélation négative entre la réduction des émissions suggère que le biochar avec un CT plus bas et probablement des fonctions acides de surface plus élevées (discutées dans l'introduction), tend à promouvoir une plus grande réduction des émissions de NH3. L'identification d'autres corrélations a probablement été entravée par le fait que seules les caractéristiques macro du biochar et des mélanges de compostage (par ex. carbone total, azote total -NT, pH, ratio biochar/déchet) ont été rapportées en nombre suffisant dans la littérature pour permettre la réalisation d'un travail statistique. Des recherches expérimentales sont nécessaires pour identifier d'autres paramètres affectant le compostage de digestat solides avec biochar. Ces verrous ont constitué des questions abordés dans les chapitres suivants. l'observation de différents profils de pertes d'azote. De plus, les biochars ont été caractérisés en termes de surface spécifique, d'analyse élémentaire, de spectroscopie infrarouge, de spectroscopie d'émission atomique par plasma à micro-ondes et de carbone soluble, afin d'identifier les caractéristiques du biochar susceptibles d'expliquer son action sur le compostage. Les expériences ont été menées à l'aide d'un pilote de dégradation aérobie pour simuler le processus de compostage. Ce dispositif expérimental et les conditions opérationnelles étaient similaires à ceux de Berthe et al. (2007). Ce dispositif expérimental a permis de quantifier les concentrations en O2, NH3 et N2O dans les gaz de sortie des réacteurs. Le contenu des réacteurs a été analysé chimiquement pour l'azote Kjeldhal (TKN) et le N-NH4 + au début et à la fin de l'expérience et le poids des cellules a été mesuré pour calculer les bilans de masse.

Tout d'abord, le ratio de biochar n'a pas montré d'effet significatif. Ce résultat est probablement dû à des difficultés expérimentales, qui ont limité le nombre de répétitions de certaines conditions expérimentales. une présence plus importante de fonctions oxygène par rapport à BC900. Ces caractérisations suggèrent que le BC450 avait une plus grande densité de fonctions acides en surface que le BC900, ce qui a probablement contribué à sa meilleure performance. D'autre part, le BC450 avait une surface nettement inférieure à celle l'azote pendant la dégradation aérobie des digestats solides. L'ampleur de l'action du biochar dépend de ses propres caractéristiques ainsi que de celles du digestat. Cependant, il est encore nécessaire de comprendre précisément comment le biochar affecte le cycle de l'azote tout au long du processus de compostage afin de permettre la réduction des émissions de NH3 et des pertes de TKN. En particulier, l'influence du biochar sur la nitrification et la dénitrification, qui n'a pas pu être étudiée dans les conditions expérimentales utilisées ici, a été étudiée dans des conditions de compostage représentatives dans le chapitre suivant.

Chapitre 3 : Etude de l'influence du biochar sur les processus de nitrification lors du compostage du digestat constante plus élevée nécessaire pour le fonctionnement du pilote. Comme aucun travail n'avait encore étudié l'influence du biochar sur la nitrification et la dénitrification pendant le compostage de digestats solides, le chapitre 3 a donc visé à comprendre comment le biochar modifie l'évolution du cycle de l'azote à travers
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 1 and2respectively. Each measure was done in duplicate on 2 µL of DNA samples diluted 100 folds. A melting curve analysis was performed to check the specificity of the amplification and primer dimer formation. The gene copy numbers were calculated by comparison with DNA standards of known concentration amplified in the same runs.

Real time PCR standards preparation

For the total fungi and the denitrifying microbial groups, the standard DNAs were made by PCR amplification of the targeted genes of respectively a Saccharomyces cerevisiae and a Pseudomonas fluorescens strain using the same PCR primers and amplification conditions as in Tables 1 and2 for real time PCR. For quantification of the total bacteria, total archaea, and of the nitrifying microbial groups, the standard DNAs were made by PCR amplification of the targeted genes cloned in a PGEMT plasmid (Promega) using T7 (TAATACGACTCACTATAGGG) and P13 (GACCATGATTACGCCAA) primers and a T100 thermocycler (Biorad). The PCR were done in 20µL final volume of a mixture made of 1x Taq buffer, 0.2 mM dNTP, 0,4 µM of each primer, 0.125 U of Taq polymerase and 1µL of plasmid DNA. PCR conditions were 10 min of denaturation at 94°C, 25 cycles of [1 min at 94°C, 1 min at 55°C and 1 mn at 72°C] and a final elongation of 10 min at 72°C. The resulting PCR products were purified using the Wizard® Plus SV Minipreps DNA Purification System kit (Promega) according to supplier's instructions and stored at -20°C. The gene copy number of each amplified standard DNA was calculated from the molecular mass of the purified DNA fragment and from its concentration measured by spectrophotometry (Biophotometer Eppendorf). For quantification, standard curves were obtained by Supplementary materials 149 amplifying 1/10 series of dilutions of the initial purified DNA fragments to cover a range from 10 to 10 8 gene copies•μL -1 of PCR reaction. These series of standard dilutions were amplified along with the unknown samples during each PCR run, allowing the making of standard curves (R 2 > 0.98). 
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