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Update of of a review focused on MEA degradation published by Gouedard et al., 2012 (see Annexe C) Scheme 2.8. Carboxylic acids formation according to. Rooney et al., 1998b Lepaumier et al., 2009b described the formation of ammonia and ethylene oxide which, according to Ye and Zhang, 2001, can be hydrolysed into ethyleneglycol leading to carboxylic acids (Scheme 2.9). It is well known that aldehydes are rapidly oxidised into acids. Scheme 2.9. Oxidations and ethyleneglycol formation (R = H) according to Lepaumier, 2008 Some authors described in more detail oxidative fragmentation of amines with radical chemistry. This step can occur for example in the above-mentioned transformation of glycine to ammonia and glyoxilic acid. Two types of radical pathways can lead to the same compound. The first one (Scheme 2.10) is based on electron abstraction (Chi and Rochelle,
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. General context

The global temperature increase (~ 0.8 °C) over the last three decades (Seinfeld, 2011) as well as the climate change have become an alarming environmental problem. These phenomena are attributed to the increase of greenhouse gases concentrations (GHG) in the atmosphere and more particularly of carbon dioxide (CO 2 ), which accounts for about 60% of the heat trapped in the atmosphere. Nowadays, GHG emissions reduction is one of the biggest challenges of our societies. CO 2 concentration is about 40% higher than before the industrial revolution (International Energy Agency, IEA, 2013) and it tends to increase dramatically. 31.3 Gt of CO 2 (GtCO 2 ) were emitted in 2011. 60% of these emissions were due to fossil fuel combustion (i.e. oil, coal and natural gas): more precisely, coal combustion accounted for 44 % of the global CO 2 emissions (13.7 GtCO 2 ). With the growing demand of energy, without restrictions, CO 2 emissions from coal combustion would go up to 15.7 Gt in 2035. Therefore, different scenarios to reduce emissions were taken into account by IEA (Figure 1.1). Among them, carbon capture and storage (CCS) may enable about 20% of CO 2 emissions reduction. CCS is a mature technology that could be used rapidly as a mid-term solution to mitigate CO 2 environmental impact. CCS could be involved in different cases : coal or natural gas power plants, refineries, cement plants or steel furnaces.

Carbon capture and storage

Three main technologies exist to capture CO 2 : pre-combustion, oxy-combustion and postcombustion capture (PCC) (Kenarsari et al., 2013;[START_REF] Lepaumier | CO 2 capture: why, how, with what constraints?[END_REF].

Among them, PCC is the most mature technology. It can be implemented on existing plants to treat their emissions, especially coal fired power plants. The main challenge of this technology is to treat high gas flowrates with low CO 2 partial pressure.

Four types of PCC systems are under development: adsorption, membrane separation, cryogenic separation and absorption.

Solvents absorption is the most mature technology, and especially, absorption by an aqueous amine solution, thus taking advantage of the strong experience of industrials in natural gas deacidification (Islam et al., 2011). Amine scrubbing process, described in Figure 1.2, is a cyclic process where aqueous solutions of amines -usually called solvents -are used to absorb CO 2 from flue gas. In the case of coal-fired power plants, this gas contains typically around 70% of N 2 , 15% of CO 2 , 10% of H 2 O and 5% of O 2 . Moreover, some traces of SO x and NO x are present (about 20 ppm of SO x and 100 ppm of NO x ) despite adapted pre-treatments [START_REF] Bhown | Analysis and Status of Post-Combustion Carbon Dioxide Capture Technologies[END_REF]. 

Rich Amine

Water wash

Solvent goes through two steps, absorption and regeneration:  In the absorber, CO 2 is absorbed in the solvent, which circulates counter-currently.

A reversible exothermic chemical reaction takes place between CO 2 and amine, which leads to carbamate and/or carbonate formation. The temperature ranges usually from 40 to 70°C (depending on the solvent), due to the exothermic reaction.

The pressure is close to atmosphere pressure and partial pressure of CO 2 is between roughly 150 mbar (inlet gas) and 15 mbar (outlet gas) whereas partial pressure of O 2 is around 50 mbar.

 In the stripper, the CO 2 -rich solvent is heated to regenerate the amine and to produce free CO 2 . Pressure is between 1.8 (classical case) and 6 bar. Maximum temperature (in the reboiler) is bounded between 120 and 160°C depending mainly on the boiling point of involved amines: 120°C in the case of the benchmark molecule, i.e. monoethanolamine (MEA). CO 2 partial pressure is close to 1 bar and O 2 partial pressure is unknown but considered much lower than in the absorber due to O 2 stripping at high temperature.

The desorbed CO 2 is compressed (110 bar) for transport and storage.

However before being implemented, this technology needs economic (high energy consumption) but also environmental acceptance.

Indeed, the deployment of this technology is supposed to reduce the thermal efficiency of a modern power plant from a yield of 45 % to 35 %, in the case of MEA. Such efficiency penalties are mainly related to the cost of solvent regeneration and to the CO 2 compression [START_REF] Bouillon | ECO2: Post-combustion or Oxyfuel-A comparison between coal power plants with integrated CO 2 capture[END_REF]Rao and Rubin, 2002). Therefore most of the studies are on these aspects.

However, degradation of the solvent due to amines reaction with flue gas components (O 2 , CO 2 , NO x , SO x ...) (Gouedard et al., 2012) should be taken in account too. It generates additional costs (solvent loss, foaming, fouling and corrosion) and can have an impact on environment through the contamination of treated flue gas by organic compounds (Islam et al., 2011;Moser et al., 2011). These compounds could be potentially dangerous for humans or environment according to their concentration and their toxicity like nitrosamines (IARC, 1978;NTP, 2012;[START_REF] Thitakamol | Environmental impacts of absorptionbased CO 2 capture unit for post-combustion treatment of flue gas from coal-fired power plant[END_REF]. This toxicity is a potential showstopper for this technology.

The degradation of different amines has been studied in the case of CO 2 capture and also natural gas treatment applications (Gouedard et al., 2012;[START_REF] Lee | Comparisons of amine solvents for post-combustion CO 2 capture: A multi-objective analysis approach[END_REF]; main works concern monoethanolamine (MEA) (da Silva et al., 2012;Vevelstad, 2013;Voice, 2013;[START_REF] Voice | Products and process variables in oxidation of monoethanolamine for CO 2 capture[END_REF], diethanolamine (DEA), methyldiethanolamine (MDEA), piperazine (PZ) [START_REF] Freeman | Thermal Degradation and Oxidation of Aqueous Piperazine for Carbon Dioxide Capture[END_REF]Freeman and Rochelle, 2012a;2012b;[START_REF] Lensen | The promoter effect of piperazine on the removal of carbon dioxide[END_REF]) and 2amino-2-methylpropan-1-ol (AMP) [START_REF] Wang | Degradation of Aqueous 2-Amino-2-methyl-1-propanol for Carbon Dioxide Capture[END_REF][START_REF] Wang | Oxidative degradation of 2-Amino-2-Methyl-1-Propanol[END_REF].

MEA is the benchmark molecule due to its high loading at low CO 2 partial pressure and high CO 2 absorption kinetic. Moreover MEA is highly soluble in water, provides aqueous solutions with a low viscosity and has a low price. This is the most studied amine with the description of about fifty degradation products.

However, Vevelstad, 2013 showed with laboratory experiments that some degradation products were not observed due to unclosed nitrogen mass balances. Moreover, even if many studies were done, few of them were focused on pilot plant degradation and the chemistry involved in degradation was unclear and needed more research. Thus, our work focused on MEA degradation.

Objectives

Main objectives of this work were to identify as many degradation products as possible, and to propose for most of them a realistic formation pathway that could be transposed to other amines for a prediction of their behaviour.

Firstly, a critical literature review is proposed, which is focused on MEA degradation with a list of degradation products observed and proposed mechanisms. This review is reported in chapter 2.

Secondly, analytical methods are developed to identify novel degradation products. All these methods are reported in chapter 3.

Then, the IFPEN pilot plant, the representative test as well as experiments made to validate our mechanisms proposals or to synthesise standards are described in chapter 4.

Degradation products identified in this work are presented in chapter 5. In the first part, already observed degradation products are reported with some proposals of new mechanisms pathways and in the second part, novel degradation products observed are detailed with their suggested mechanism of formation.

In the chapter 6, some chemical reactions previously observed are generalized. They are applied to three other amines to predict their degradation products and to confirm that some reactions are transposable to other amines.

Literature review

Numerous authors described degradation of MEA in laboratory but few papers were about pilot plant degradation [START_REF] Cotugno | MALDI-MS and HILIC ESI-MS / MS as Versatile Tools for Detection of Monoethanolamine Degradation Products in a Real Postcombustion Carbon Dioxide Capture Plant[END_REF]da Silva et al., 2012;Lepaumier et al., 2011a;Reynolds et al., 2013;Strazisar et al., 2003). Moreover, many papers reported degradation products but few mechanisms of formation were proposed.

This chapter is a critical literature analysis * . Degradation products observed in pilot plants are written in bold in this chapter.

In the post-combustion capture process, two kinds of degradation occur: thermal degradation and oxidative degradation. Most of the lab studies focused on one of these degradations. Thermal degradation occurs at high temperature and high CO 2 partial pressure in the stripper [START_REF] Davis | Thermal degradation of aqueous amines used for carbon dioxide capture[END_REF][START_REF] Holub | Amine degradation chemistry in CO 2 service[END_REF][START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF]. Oxidative degradation is supposed to occur in the absorber and is mainly due to the presence of a large amount of O 2 in flue gases (Lepaumier et al., 2009b;Rooney et al., 1998a;Sexton, 2008).

In the present chapter, thermal degradation is reported first, then oxidative degradation and finally effect of SO x and NO x on degradation is described.

Thermal degradation

Thermal degradation takes place mainly in the stripper (Davis and Rochelle, 2009;Lepaumier et al., 2011a). Most of the studies postulated that such degradation is due to the combination of high temperature and CO2.

A fundamental study on degradation due to high temperature without CO 2 was performed to emphasize the role of heat [START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF]. This type of degradation caused dealkylation, dimerization and cyclisation but no mechanism had been proposed, even if a radical pathway was highly likely to occur as for oxidative degradation [START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF]. In this case, most important degradation products were ammonia and N-(2hydroxyethyl)ethylenediamine (HEEDA).

Because of high partial pressure of CO2 and high temperature, thermal degradation of MEA could lead to successive degradation compounds. The main ones were given in Table 2.1. Then the corresponding carbamate can be transformed into oxazolidin-2-one (Scheme 2.2) [START_REF] Holub | Amine degradation chemistry in CO 2 service[END_REF]Lepaumier et al., 2009a;[START_REF] Polderman | Why monoethanolamine solution breaks down in gas-treating service[END_REF].

Scheme 2.2. Oxazolidin-2-one formation (R 1 = H) Vevelstad et al., 2013b observed that OZD is strongly affected by oxygen concentration.

They proposed another mechanism (Scheme 2.3) based on literature [START_REF] Patil | Synthesis of 2oxazolidinones/2-imidazolidinones from CO 2 , different epoxides and amino alcohols/alkylene diamines using Br -Ph 3 -P-PEG600-P -Ph 3 Bras homogenous recyclable catalys[END_REF] Both mechanisms might occur in pilot plant, even if the first one should be the major mechanism.

Oxazolidin-2-one can react with another molecule of MEA to form HEEDA (Scheme 2.4) (Davis and Rochelle, 2009;[START_REF] Holub | Amine degradation chemistry in CO 2 service[END_REF]Lepaumier et al., 2009a). HEEDA can then react with CO 2 to form another carbamate, followed by intramolecular cyclisation giving HEIA (Scheme 2.5), which is not very reactive and can accumulate in the solution (Davis and Rochelle, 2009;Lepaumier et al., 2009a;[START_REF] Sexton | Reaction Products from the Oxidative Degradation of Monoethanolamine[END_REF].

Scheme 2.5. Imidazolidin-2-one formation

The two last schemes can be discussed. [START_REF] Polderman | Why monoethanolamine solution breaks down in gas-treating service[END_REF] described HEIA as the precursor of HEEDA but thanks to HPLC analyses, [START_REF] Davis | Thermal degradation of aqueous amines used for carbon dioxide capture[END_REF]Rochelle, 2009 andLepaumier et al., 2011a have shown that it was the opposite. Moreover Lepaumier et al., 2009a showed that HEIA was the major degradation product in thermal conditions and was very stable.

These results were in accordance with Fazio, 1984 who described diamines syntheses with oxazolidin-2-ones as starting materials.

Similarly to imidazolidin-2-ones formation, ureas can be obtained by reaction between carbamates and amines (Scheme 2.6) (Davis and Rochelle, 2009;[START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF]. This reaction is less favourable than that described in Scheme 2.2 (intermolecular vs intramolecular reaction).

Scheme 2.6. Ureas formation (R 1 = H) according to Davis and Rochelle 2009 Other degradation products are formed starting from HEEDA (Table 2.2). [START_REF] Davis | Thermal degradation of aqueous amines used for carbon dioxide capture[END_REF][START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF] showed that successive addition products (Scheme 2.7) can be formed according to the mechanism described in Scheme 2.4 (ring opening of oxazolidin-2-one). Each addition product can form imidazolidin-2-one derivatives as described in Scheme 2.5. To the best of our knowledge, no other specific thermal degradation products of MEA have been described in literature.

Oxidative degradation

Oxidative degradation is mainly described in absorber conditions (O 2 , CO 2 ). Solutions were loaded with CO2, therefore some similar products as for thermal degradation were observed. Fewer papers studied oxidative degradation in the absence of CO2 (Lepaumier et al., 2009b;2011a). Some authors worked on the catalytic effect of dissolved metallic ions (Fe 2+ /Fe 3+ , Cu 2+ , V 3+ ) on oxidative degradation of MEA [START_REF] Bello | Comprehensive study of the kinetics of the oxidative degradation of CO 2 loaded and concentrated aqueous monoethanolamine (MEA) with and without sodium metavanadate during CO 2 absorption from flue gases[END_REF]Goff and Rochelle, 2004;2006;[START_REF] Sexton | Reaction Products from the Oxidative Degradation of Monoethanolamine[END_REF]. Metallic ions in solution could be generated by corrosion or added through anticorrosion metallic salts (CuCO3, NaVO3).

Firstly, the more likely oxidative degradation products were listed. They were cited by two or more teams or their formation was explained by realistic mechanisms. They were listed by increasing molecular weights in Table 2.3. Even if it was not always explained in publications, Confirmation by standards of these products was supposed. Main oxidative degradation reactions are dealkylation, addition and piperazinones formation.

Secondly, degradation products without explained mechanisms were given in Table 2.4 but their formation was proved or very likely.

Finally, some unexpected degradation products were listed. Aldehydes, carboxylic acids, ammonia and methylamine are called first generation degradation products because they are formed by degradation first. Therefore, their formation then their reactions with other compounds are firstly described.

Two general mechanisms were proposed for the generation of carboxylic acids by. Rooney et al., 1998b (Scheme 2.8) and by Lepaumier et al., 2009b (Scheme 2.9). In both of them, volatile amines like ammonia or methylamine are formed as well as aldehydes which are acids precursors. It is noteworthy that the mechanism of methylamine formation described by Rooney et al., 1998b (Scheme 2.8) remains unclear.

 Electron abstraction has been proved but only for tertiary amines [START_REF] Dennis | Oxidations of amines. IV. Oxidative fragmentation[END_REF]Hull et al., 1967a;1967b;[START_REF] Hull | Oxidations of amines. VII. Chemical and electrochemical correlations[END_REF].  Hydrogen abstraction in MEA can occur on three sides: C β to N, C α to N or N as shown in Scheme 2.11.

Scheme 2.11. Hydrogen abstraction according to [START_REF] Petryaev | Homolytic deamination of amino alcohols[END_REF] H abstraction could occur thanks to free radicals as HO .

or others oxygenated species.

However this intermolecular rearrangement don't take account to presence of O 2 , which normally react quickly with free radicals. [START_REF] Petryaev | Homolytic deamination of amino alcohols[END_REF] mechanism would lead to ammonia, acetaldehyde, formaldehyde and methylamine formation. Lepaumier et al., 2009b proposed another pathway for hydrogen abstraction on C α to N, which leads after deamination to glycolic acid formation (Scheme 2.12).

Scheme 2.12. Hydrogen abstraction according to Lepaumier et al., 2009b Scheme 2.13 explains the formation of glycine thanks to hydrogen abstraction by hydroxyl radicals on C β to N then peroxide formation ( Bedell, 2009;2011). A catalytic cycle was proposed to form glycine.

Scheme 2.13. Radical mechanism proposed for glycine formation according to Bedell, 2009 Among all radical mechanisms described in the literature, it remains difficult to favour one rather another [START_REF] Bedell | Amine autoxidation in flue gas CO 2 capture-Mechanistic lessons learned from other gas treating processes[END_REF]Chi and Rochelle, 2002;Lepaumier et al., 2009b;[START_REF] Smith | Amine oxidation. Part 13. Electrochemical oxidation of some substituted tertiary alkylamines[END_REF][START_REF] Petryaev | Homolytic deamination of amino alcohols[END_REF].

However, [START_REF] Karl | Study of OH-initiated degradation of 2-aminoethanol[END_REF][START_REF] Nielsen | Atmospheric chemistry of 2-aminoethanol (MEA)[END_REF] showed using theoretical calculations that hydrogen abstraction would be more favourable on C α to N (about 80%). Then hydrogen abstraction would be more favourable on N than on C β to N.

All these mechanisms explained formation of aldehydes and acids, but their formation still remains unclear. It seems important to understand their formation because they are involved in other reactions or they can have an impact on the pilot plant (fouling, corrosion).

They can react first with amines affording salts commonly called HSSs "Heat Stable Salts" (Supap et al., 2011) or HSASs, "Heat Stable Amine Salts". It is important to point out that all acids are in HSSs form due to this reaction. These salts and also amides (listed in Table 2.3) are obtained by classical reaction (Scheme 2.14) between carboxylic acids and amines (Lepaumier et al., 2011a). HSSs are not regenerated in stripper conditions because carboxylic acids are more acidic than carbonic acid [START_REF] Tanthapanichakoon | Electrochemical investigation on the effect of heat-stable salts on corrosion in CO 2 capture plants using aqueous solution of MEA[END_REF][START_REF] Veldman | Alkanolamine Solution Corrosion Mechanisms and Inhibition From Heat Stable Salts and CO 2[END_REF]. Following this mechanism, two molecules of glycine can react together to form Nglycylglycine (Glygly) [START_REF] Strazisar | Degradation of monoethanolamine used in CO 2 capture from flue gas of a coal-fired electric power generating station[END_REF][START_REF] Supap | Analysis of monoethanolamine and its oxidative degradation products during CO 2 absorption from flue gases: A comparative study of GC-MS, HPLC-RID, and CE-DAD analytical techniques and possible optimum combinations[END_REF].

HEEDA can be obtained by oxidative or thermal degradation [START_REF] Huang | Impact of Flue Gas Contaminants on Monoethanolamine Thermal Degradation[END_REF]Lepaumier et al., 2009b). During oxidative degradation, MEA gives piperazinones observed in lab experiments (Lepaumier et al., 2009b) and in pilot plants (da Silva et al., 2012;Lepaumier et al., 2011a;Strazisar et al., 2003). Three mechanistic pathways have been proposed: Lepaumier et al., 2009b explained their formation by a reaction between glycolic acid and HEEDA followed by intramolecular dehydration (Scheme 2.17). and MEA, which is in accordance with high concentration of 4HEPO.

The final step for these two pathways is an intramolecular dehydration of HEHEAA, which can lead to the formation of two isomers.

Scheme 2.18. Piperazinones formation according to Strazisar et al., 2003 andda Silva et al., 2012 These mechanisms will be discussed in the chapter 5 because intramolecular dehydration seems unlikely to form a major compound as 4HEPO in CO 2 capture conditions.

HEI is a major degradation product. [START_REF] Arduengo | Process for manufacture of imidazoles[END_REF] Leuckart-Wallach reaction is a variant of the Eschweiler-Clarke reaction, which could explain MAE formation (Scheme 2.22) [START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF].

Scheme 2.22. Methylation of amine by Eschweiler-Clarke reaction [START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF] DEA is often observed in very small amount in fresh MEA. This might be due to the contamination of commercial MEA (reaction between MEA and ethylene oxide during MEA synthesis). However, [START_REF] Huang | Impact of Flue Gas Contaminants on Monoethanolamine Thermal Degradation[END_REF] clearly observed DEA formation during degradation experiments of MEA in the presence of nitrites. Thanks to this result, they proposed a mechanism involving the formation of diazonium salt from the reaction of MEA with nitrosonium cation (NO + ) according to [START_REF] Fostås | Effects of NOx in the flue gas degradation of MEA[END_REF]Ridd, 1961. Nitrosonium cations are potential reactants due to the presence of nitrites but their formation was not explained.

Scheme 2.23. DEA formation according to [START_REF] Fostås | Effects of NOx in the flue gas degradation of MEA[END_REF]Ridd, 1961 Other degradation products (Table 2.4) are very likely or confirmed by standards but without described mechanisms. Therefore further investigations are needed.  Acrolein and propionic acid are observed in water wash section (Love, 2012). N-(2hydroxyethyl)morpholine was observed and confirmed recently [START_REF] Cotugno | MALDI-MS and HILIC ESI-MS / MS as Versatile Tools for Detection of Monoethanolamine Degradation Products in a Real Postcombustion Carbon Dioxide Capture Plant[END_REF] in pilot plants.

Three interesting products were proposed as degradation products but without any confirmation.

 N-(2-hydroxyethyl)-2-methylimidazole (HEMI) was proposed by Vevelstad et al., 2013b. In HEI mechanism (Scheme 2.20), if formaldehyde was replaced by acetaldehyde (proved degradation product), this would obviously lead to MeHEI.

 Oxazoline and oxazolidine were proposed as degradation products too. Voice, 2013 predicted oxazoline formation by reaction between N-hydroxyethanolamine and formic acid and oxazolidine formation by reaction between MEA and formic acid. These two molecules could probably be present in pilot plant because their formation needs only first generation products.

Moreover, about 60 other degradation products are mentioned in five papers without explanation (Bello and Idem, 2005 (45 products); Lawal et al., 2005a (25 products);2005b (11 products); Strazisar et al., 2003 (6 products); Supap et al., 2006 (20 products)). Some of them are cited several times by the same group, but their formations appear very hard to explain: for example, 1-methylazetidine, pyrimidine, 1,3-dioxane, uracil, 2,6-dimethyl-4aminopyridine and 18-crown-6. For more details readers should refer to the five cited papers.

Under pilot plant conditions, oxidative and thermal degradation might take place. Lepaumier et al., 2011a showed that MEA degradation is mainly due to oxidation. da [START_REF] Strazisar | [END_REF], Lepaumier et al., 2011aand Strazisar et al., 2003 

Effect of SO x and NO x

SOx and NOx present in flue gases can be partially remove before CO2 capture. Nevertheless it is important to understand their impact on the solvent because "deSOx" or "deNOx" could perhaps not be necessary. Only a few studies are present in the literature. [START_REF] Bonenfant | Estimation of the CO 2 absorption capacities in aqueous 2-(2-aminoethylamino)ethanol and its blends with MDEA and TEA in the presence of SO 2[END_REF] showed that ammonium sulphate salt formation with SO2 decreases CO2 absorption capacity of HEEDA. [START_REF] Supap | Kinetics of sulfur dioxide-and oxygen-induced degradation of aqueous monoethanolamine solution during CO 2 absorption from power plant flue gas streams[END_REF][START_REF] Uyanga | Studies of SO 2 -and O 2 -induced degradation of aqueous MEA during CO 2 capture from power plant flue gas streams[END_REF][START_REF] Uyanga | Studies of SO 2 -and O 2 -induced degradation of aqueous MEA during CO 2 capture from power plant flue gas streams[END_REF] showed that SO2 increases amine loss. However recent publications [START_REF] Sun | SO 2 effect on monoethanolamine oxidative degradation in CO 2 capture process[END_REF][START_REF] Zhou | SO 2 effect on degradation of MEA and some other amines[END_REF] explained that SO 2 effect (inhibition or activation) depends on its concentration. In experiment with 60 ppm of SO 2 , they observed a decrease of degradation rate compared with no SO 2 , whereas with 150 ppm, this decrease was attenuated. This phenomenon was explained by the scavenging of active oxygen species by SO 2. However, with high concentration of SO 2 corrosion was increased and the presence of metal salts enhanced the degradation of amine.

Wen and Narula, 2009 proposed the formation of thioglycolic acid, when MEA reacts with SO2. These authors did not give more details concerning degradation products or mechanisms. [START_REF] Gao | Pilot-Scale Experimental Study on the CO 2 Capture Process with Existing of SO 2 : Degradation , Reaction Rate , and Mass Transfer[END_REF] had published a pilot-scale study confirming that SO2 (214 ppm and 317 ppm) increased degradation rate and decreased CO2 absorption rate due to HSSs formation They observed more sulphate than sulphite and pointed out that concentration of acetate dramatically decreased while concentration of glycolate strongly increased. A paper of the same team [START_REF] Zhou | Thermal Degradation of Monoethanolamine in CO 2 Capture with Acidic Impurities in Flue Gas[END_REF] related thermal degradation of MEA in the presence of SOx (Na2SO3, SO2, H2SO4) and NOx (HNO3). In the presence of SO2, authors identified sulphite, sulphate and thiosulphate ions in solution and they proposed also structures for three unidentified products based on their molecular weight.

NOx are known to react with secondary amines to form nitrosamines and nitramines [START_REF] Challis | The chemistry of functional groups, the chemistry of amino, nitroso and nitro compounds and their derivates[END_REF][START_REF] Loeppky | Nitrosamines and Related N-Nitroso Compounds[END_REF][START_REF] Williams | N-Nitrosation[END_REF]. This reaction can also occur with primary amines (Ridd, 1961), tertiary amines [START_REF] Mirvish | Formation of N-nitroso compounds: Chemistry, kinetics, and in vivo occurrence[END_REF][START_REF] Smith | Nitrosative Cleavage of Tertiary Amines[END_REF] and quaternary ammoniums [START_REF] Fiddler | Formation of N-Nitrosodimethylamine from Naturally Occurring Quaternary Ammonium Compounds and Tertiary Amines[END_REF][START_REF] Kemper | Quaternary Amines as Nitrosamine Precursors: a Role for Consumer Products?[END_REF]. Therefore all the amines are able to give nitrosamines.

Nitrosamines observed in the case of MEA were reported in the next table. This is extremely important to list nitrosamines formed during the process because they are well known as carcinogenic agents since many years (IARC, 1978;NTP, 2012) and all must be done to avoid their formation or to quickly destroy them before atmosphere emissions.

Conclusion

Amine degradation in post-combustion CO 2 capture is a main problem due to its consequences on process units and the potential impact of degradation products on environment. Therefore, knowledge about amine degradation is a key point for CO2 capture acceptance. Degradation products from literature were listed and their proposed mechanisms were discussed. Influence of heat, CO 2 , O 2 , NO x and SO x was described. Ammonia, N-( formation mechanisms need further investigations. To conclude, a lot of studies have been already done but understanding of amine degradation is not completely achieved and much work remains to be done.

Analytical methods

This chapter details the different analytical methods used during this work to cover the whole type of the MEA degradation products. High concentration of MEA compared with its degradation products, presence of volatile compounds implied combination of different analyses (GC/FID or MS, LC/MS, IC, NMR) and sampling methods (HS-SPME, Sep-Pack and TENAX cartridges). Information on the chemicals used including abbreviation, purity and suppliers can be found in Appendix A -list of chemicals.

Gas chromatography (GC) coupled with flame ionisation detector (FID) or mass spectrometry (MS) were routinely used.

GC/MS was the preferred method for the identification of products due to the availability of data. However, GC/MS was sometimes not sensitive enough or unsuitable for some compounds (carboxylic acids, heavy molecules) because GC is limited to volatile compounds, therefore, LC/MS has been used too, but no database is available, due to the intrinsic variability of ionization and fragmentation inherent to the design of sources. The only way to confirm identification was to use standards. Ion chromatography was chosen to detect and quantify some anionic compounds. 1 H, 13 C and 1 H- 13 C HSQC NMR was used to confirm the structure of some major syntheses products.

New sampling methods were developed to observe novel compounds:

1) Head space solid phase micro-extraction (HS-SPME) enabled the analysis of volatile products even at trace level present in liquid phase. Amount of MEA adsorbed on the fibre was quite low thus lowering its matrix effect compared to conventional analyses and enabling an increase of GC/MS sensitivity towards other products.

2) Adsorption on solid phase of gaseous sample was also used to trap and thus preconcentrate products of the gas phase. Sep-Pak and TENAX cartridges have been used. The main differences between these cartridges were the selectivity for products (TENAX Firstly, analytical methods of the liquid phase will be described, then these for volatile products either dissolved (HS-SPME) or present in the gas phase. † Eluent was aqueous KOH solution with a concentration gradient (from 8 to 60 mM) at a flow rate of 1 mL.min -1 . A 60 minutes run time enabled an optimal separation. Quantification was obtained with an uncertainty of ± 10%. Some samples were pre-treated with HNO 3 69 % to reach a pH below 4 and to eliminate MEA carbamate peak which could overlap acetate and glycolate peaks.

GC/FID

GC/FID was used for routine analytical technique to monitor the degradation experiments and to compare the proportions of different well-known products (chapter 4).

Two methods with different columns were implemented because it was impossible to separate all compounds on the same column: one column was with a highly polar column (CARBOWAX-Amines, Agilent) and one with a non-polar column (CPSIL8-CB-Amines, Agilent), respectively on Agilent HP6890 and Agilent 6890N chromatographs. For example, MDEA and DEA were not separated with CPSIL8 but with CARBOWAX. On the other hand, CPSIL8 was more suitable than CARBOWAX for heavy compounds.

For each column, an internal standard (triethyleneglycol, TEG) could be added to facilitate the comparison of chromatograms. Samples should be diluted 15-folds in water.

Details of programs and columns used were summarised in appendix Table

A.A.1.

GC/MS

Two kinds of devices, a GC/MS (Agilent) and a GC/MS-TOF (Thermo Finnigan Tempus), were used for the identification of degradation products. GC/MS (Agilent) was used with two columns a polar and a non-polar. In each case, the analytic program was optimised (appendix Table A.A.1).

First device was an Agilent 7890A gas chromatograph coupled with an Agilent 5975C inert XL MSD mass spectrometer. It was equipped with a MPS autosampler from Gerstel.

The mass spectrometer was used with the electron ionization (EI) source (70 eV) heated at 250°C. Samples were diluted 10-folds. The acquisition was made in scan and SIM (selectedion monitoring) mode simultaneously. Characteristic ions for SIM mode were selected for each targeted compounds. The scan range was 25-250 amu (atomic mass unit).

Two columns, both purchased from Agilent, were used: CPSIL8-CB-MS and DB-WAX, which is equivalent to CARBOWAX.

On EI mass spectrum, the peak corresponding to the molecular weight [M] could be missing. For this reason, PCI and NCI were both used. PCI allowed to access to [M+1] and NCI to [M-1]. By comparison of these two results, the molecular weight of well-separated compounds could be obtained with high confidence. With CPSIL8 column, the chemical ionization (CI) source (CH 4 as reactant gas) was used either in positive, PCI, (300°C) or negative, NCI, mode (150°C). In the case of the NCI mode, scan range was restricted to 50-250 amu to avoid noise.

Further identification of unknown compounds was brought by GC/MS-TOF. Due to mass calibration, GC/MS-TOF allowed to obtain the exact molecular weight and to predict the possible molecular formula.

This second device was an Agilent 7890A gas chromatograph coupled with an AccuTOFGCV -JMS -T100GCM mass spectrometer. It was equipped with 7693 autosampler from Agilent. GC/MS-TOF was used with the CPSIL8 CB-MS. Mass spectrometer was used with the EI source (70 eV) heated at 200°C. Depending on their concentration, samples were diluted 10-folds or not. The scan range was 10-350 amu.

Program was reported in appendix (Table A.A.1). GC/MS-TOF was used to analyse all syntheses mixtures and liquid sample of pilot plant.

FT-ICR/MS

Ultra-high resolution mass spectra were acquired using a LTQ-FT Ultra Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR/MS) (Thermo Fisher Scientific) equipped with a 7 T superconducting magnet and an electrospray (ESI) ion source (IonMax Thermo Fisher Scientific). Sample solutions (100-folds dilution with 0.1 % of acetic acid) were injected by a syringe infusion pump at a flow rate of 5 μL/min in positive ESI mode ([M+1]).

All parameters were adjusted to obtain optimal high mass accuracy and mass resolution. The key measurement parameters for positive ESI ionization were as follows: capillary temperature, 275 °C; capillary voltage, 60 V; tube lens voltage, 80 V; and source voltage, 4.20 kV. The mass range was set to 50-500 amu. The mass spectral resolution was 100 000 with 32 μscans accumulated and coadded prior to the fourier transform to reduce electronic noise and to improve the signal-to-noise ratio of the resulting spectra.

Elemental composition was assigned using CalMix software with the generic molecular formula C c H h N n O o (0 ≤ c ≤ 20,0 ≤ h ≤ 100,0 ≤n ≤ 10,0 ≤ o ≤ 10). Mass tolerance should be ≤ 2 ppm.

Intensity of each molecular weight was correlated with capacity of the molecule to be ionized and its concentration in the sample. This analyse was used to confirm or to infirm proposition of molecular formula done by GC/TOF.

LC/MS/MS

Analyses were performed on a LC Thermo Scientific Dionex Ultimate 3000 (Analytical Autosampler WPS-3000SL, Quaternary Analytical Pump LPG-3400SD) coupled with a MS Thermo Scientific TSQ Quantum Access MAX with HESI-II probe (electrospray ionisation).

The MS device was used in positive mode with the probe in position C (depth markers on the probe: A, B, C and D), electrospray voltage of 2500V and capillary temperature of 200°C.

The sheath gas was at a flow rate of 40mL/min and the auxiliary gas at 8mL/min (nitrogen gases).

Chromatographic separations were conducted on a Thermo HyperCarb column (PGC). The use of a porous graphitic carbon column was found to be relevant according to the matrix complexity and the high polarity range of the degradation compounds.

Samples had to be at least 1000-fold diluted before injection to prevent pollution of the mass spectrometer by MEA. The retention time of MEA was 1.8 min but it could be detected during the whole analysis, impacting on the MS ionization recovery. Moreover, if its concentration was too high, adducts could also be formed and pollute the device.

First, data were acquired in scan mode (from 40 to 300 amu) to screen samples with Xcalibur (Thermo software). This approach enabled to observe major compounds in sample giving a molecular weight. For complete identification, standards were needed to compare retention time and fragmentation with MRM (multiple reaction monitoring) mode. Transitions and collision energy were optimized by infusion of each standard. LC-MS/MS can only identify targeted compounds (appendix A -Table A .2).

LC/MS/MS was also used to look for nitrosamines. Nevertheless, their very low concentrations combined with the dilution needed to avoid pollution of the ESI-MS by MEA made their detection quite impossible.

A specific method using an APCI probe (Atmospheric Pressure Chemical Ionization) and an original sample handling approach based on diatomaceous earth (ChemElut, Agilent Technologies) were developed.

ChemElut was used for a liquid-liquid extraction. Aqueous phase was immobilised by diatomaceous earth and an immiscible solvent (ethyl acetate) was used to perform the extraction (protocol in appendix A -LC/MS/MS parameters). This method enabled to selectively extract nitrosamines from samples. At the same time, MEA concentration was decreased from 300 g/L to less than 10 mg/L. Recovered solutions were analysed with LC-APCI/MS/MS method in MRM mode described above. APCI source was used in positive mode, probe in position C, with a capillary temperature of 300°C and a corona discharge current of 4 µA. The sheath gas was set at a flow rate of 30 mL/min and the auxiliary gas at 5 mL/min. Same mobile phase gradient as for HESI-II probe was used. MRM transitions were reported in appendix (Table A.3).

NMR

1 H, 13 C and 1 H- 13 C HSQC NMR spectra were recorded in D 2 O using a Bruker AMX 300

( 1 H: 300 MHz; 13 C: 75 MHz) at room temperature. This method was mainly used to determine structure of synthesised standards. The HOD signal (δ = 4.79 ppm) was used as internal reference for 1 H NMR analysis. HSQC NMR (heteronuclear single quantum coherence) provided correlation between the carbon and its attached protons

Head Space analyses

The SPME fibre used was a 75 µm Carboxen-PolyDiMethylSiloxane (CAR-PDMS) from Supelco. Standards solutions for HS-SPME procedures were prepared in water/ethanolamine (70/30 v/v) mixtures to mimic real solutions. The volume of solution introduced in the 20 mL HS vial was 5 mL.

The fully automated HS-SPME procedure was as follows (Figure 3.3): First, the vial was equilibrated at 70°C during 5 min, then the CAR-PDMS fibre was placed 30 min at 70°C into the head-space of the sample for the extraction. At the end, the fibre was desorbed directly in a special GC injector for 10 min at 250°C in split mode (1:5). The GC/MS method was the same as for liquid injection with CPSIL8 and DBWAX column. MPS autosampler enabled desorption of the fibre. This method enabled to trap the more volatile compounds (see Table 6.1 and5.2) present in liquid phase. Volatilisation was done at 70°C (like the temperature in absorber). This method gave information about compounds which could be emitted to atmosphere. 

Gas phase analyses

Tenax cartridges

TENAX TA (Gerstel) is a porous polymer resin based on 2,6-diphenylene oxide. Such trap has been specifically designed for volatiles and semi-volatiles from air or which have been purged from liquid or solid sample matrix [START_REF] Dettmer | Adsorbent materials commonly used in air analysis for adsorptive enrichment and thermal desorption of volatile organic compounds[END_REF]. Firstly, all the cartridges have to be conditioned (i.e., heated at 280°C under a flow of inert gas (Helium) at 30 mL/min during 1 hour).

These cartridges were connected to the absorber outlet gas line on pilot plant (position V10 in Figure 4.1) and they were connected after the condensers on lab experiment. Two cartridges were connected in series to check if some compounds could be saturated on the first cartridges and adsorbed on the second one. Sampling was done at 6 NL/h during 1 hour at room temperature. Cartridges were then desorbed with the thermodesorption unit (TDU) coupled with cooled injection system (CIS) (Figure 3.5). Gas flow rate of helium for desorption was 40 mL/min in splitless mode. Initial temperature of desorption was 35°C held for 2 min then raised to 300°C at 120°C/min and held for 6 min. Desorbed molecules were stopped by freezing in CIS injector, which was in "solvent vent" mode (split during desorption and splitless during injection). Then temperature increased from -40°C to 300°C at 12°C/s and the molecules were injected in the column. Then, the same GC/MS device (Agilent 7890A with CPSIL8 column) as for liquid sample was applied. Information about chemicals (abbreviation, purity and suppliers) is given in appendix (Table A.4).

Solvent degradation experiments

Pilot plant

A first campaign was done before this work and the degraded solution have been used as a reference sample to establish a laboratory protocol able to reproduce degradation in pilot plant. A second campaign was operated to improve degradation products identification thanks to new analytical methods development.

The pilot plant of IFPEN consists in two columns of around 1 meter each (see Figure 4.1).

The first one is the absorber where CO 2 is absorbed in the solvent (MEA). The second column is the stripper where the solvent is regenerated and CO 2 is released. Each column is equipped with high performance packings for ensuring good gas/liquid mass transfer. The absorber outlet gas is directed to a heat exchanger (E10) to condense water. This condensate is separated in separator V10 and is mixed with the CO 2 lean amine in the tank T-01. The released CO 2 is directed to a heat exchanger (E20) to condense water. The condensate is separated in separator V20 and reintroduced on the top of the desorber with the rich amine. At the bottom of the desorber, the lean amine is sent to the tank T-01. 

First campaign conditions -C1

The liquid sample from IFPEN CO 2 capture pilot plant was obtained after 1000 hours of operation. The synthetic flue gas composition used was CO 2 14.9% N 2 68.1% and O 2 17%.

Gas flow rate was 750 NL/h and liquid flow rate was 2.5 L/h. Absorber temperature profile was 36-58°C and bottom stripper temperature was 108°C at atmospheric pressure. 40% weight MEA solution used for the pilot plant campaign was provided by Carlo Erba (purity of 98%).

Second campaign conditions -C2

The IFPEN CO 2 capture pilot plant was operated during 1652 hours. The synthetic flue gas composition was CO 2 14.12%, N 2 80.74%, O 2 5.13%, 8.9 ppm of SO 2, 4.9 ppm of NO 2 and 97.1 ppm of NO. Gas flow rate was 1000 NL/h and liquid flow rate was 2.5 L/h. Absorber temperature profile was 36-58°C and bottom stripper temperature was 125°C at atmospheric pressure. 30% weight MEA solution used for the pilot plant campaign was provided by Carlo Erba. All analyses described earlier were done on this second campaign especially gas phase analyses.

Laboratory equipment

To the best of our knowledge, there is no laboratory protocol described in literature, which could obtain same degradation products as in pilot plant in short time. The representativeness of this new protocol was validated through comparison of the resulting degradation sample to a previous campaign performed on IFPEN pilot plant.

 Methodology

Purpose of this test was to obtain in shorter time (one week), a noticeable amount of the pilot plant degradation products and if possible in the same proportions. Therefore conditions were close to those of the pilot plant case but more drastic to speed up degradation. This equipment enabled to cycle conditions like in a pilot plant with an absorption step and a regeneration step. Gas flow rates of N 2 , CO 2 and air were independent. Condensers were placed after each reactor to limit water losses. Unit programming was online. Outlet gases were analysed online by FTIR detector (Gasmet, FTIR DX4000), which was calibrated for 29 compounds including NH 3 , MEA, H 2 O and CO 2 .

 Representative test 100 g of a 30% wt. aqueous solution of MEA were placed in the reactor with 1000 ppm of Na 2 SO 4 . This salt was introduced as an internal standard to estimate water loss thanks to quantifications of sodium by ICP and sulphate ions by ionic chromatography. Cycles constituted by an absorption (1), a regeneration ( 2) and a cooling (3) steps were programmed as shown in Table 4.1. Absorber pressure was 2 bars which is the minimum value for a good pressure regulation.

Stripper pressure was set to 4 bars to reduce water loss.

Partial pressure of CO 2 was roughly the same as in a pilot plant (100-150 mbar).

Nevertheless partial pressure of O 2 was about 4 times higher in absorber to speed up degradation at the lab scale. Oxygen was introduced during regeneration (and cooling) step to simulate the consequence of flue gas entrainment from absorber to stripper in pilot plant.

Indeed, thanks to lab experiments, it was anticipated that oxidation processes could occur during the regeneration step but no proof was available before. This protocol gave degradation results in good agreement with those obtained with pilot plants: major products were produced in similar amounts as shown by GC/FID and IC.

As observed in the Table 4.3, fomate was the major acid in both cases, even if lab test was more favourable to formates formation. Others acids were present with almost same amount. Same degradation products were observed in these two chromatograms, thus confirming the right choice for lab-test conditions. However, 4HEPO was less concentrated in the laboratory test than in industrial pilot plant, whereas HEI was more concentrated in the laboratory unit. Proportion of other degradation products was comparable but not rigorously the same. These differences did not represent a major drawback because, from one pilot plant to another, degradation products were not formed exactly in same proportion. Hence, the most important thing was to obtain the same degradation products (no more) and same major products as in pilot plant, which was the case here.

FTIR analysis enabled to follow ammonia and CO 2 concentration in outlet gas during the test. The Figure 4.5 focused on analyses realised between 18 and 21 h of test. (all the masses were in kg).

Experiments for mechanisms validation

For each newly identified molecule, a mechanism is proposed in the part 5. To do that, some experiments were performed to validate mechanism hypotheses or to get proofs of structure. Generally, these experiments were carried out in flask in oven but when better control of the conditions and/or presence of CO 2 or O 2 were needed, another equipment was used, stirred reactors. Reported experiments were numbered S1 to S28 to simplify the reading of the Part 5.

Reactants were mainly first generation degradation products of MEA (aldehydes, carboxylic acids), other major degradation compounds and/or MEA. All reactants were listed in Table 4.4 and 4.5.

All these experiments were routinely followed by GC/FID and further analyses were performed using GC/MS. When it was required, NMR analyses were done too.

Experiments in oven

Reactants of experiments carried out in oven were summarized in Table 4.4. These solutions were a mixture of reactants in water. More details about these experiments were reported in appendix (Table A .5). 

Syntheses in stirred reactors

Some experiments needed either a deeper control of the conditions (case of exothermic reactions), to be monitored more carefully, a decrease of the chemical risk (synthesis of nitrosamines) or an addition of gases as O 2 or CO 2 . For these reasons, the corresponding tests were carried out in stirred reactor (Table 4.5). 

S26

MEA + Acetic acid + Acetaldehyde + NaNO 3 *special equipment used: composed by semi-batch glass reactors with inlet gas and condensers to limit water loss. The inlet gas (air or nitrogen) could be mixed with CO 2 .

Identification of degradation products and mechanisms proposal

MEA degradation was studied for two campaigns (C1 and C2) in IFPEN pilot plant and for laboratory representative tests. Analyses were done by IFPEN and ESPCI. The liquid phase was analysed and also liquid phase head space and absorber outlet gas. About seventy degradation products were identified. Most of them were present in pilot plant campaigns.

Products observed only in laboratory test were clearly emphasized. Firstly, compounds already mentioned in literature were reported with, for some of them, additional mechanisms were proposed. Secondly, products identified for the first time were described with proposed mechanism of formation.

Products already observed in literature

Products already reported in literature (Cf. chapter 2) were reported in Table 5. It is important to point out products which could be emitted to atmosphere. Da Silva et al., 2012 observed HEI, HEGly, HEF, BHEOX and OZD in water wash section from Esbjerg pilot plant. These products could come from gas phase, liquid entrainment or they could be formed in the water wash section. Therefore, these results should have been completed by a gas phase analysis.

It is reasonable to think that products observed in head space or gas phase (formaldehyde, acetaldehyde, acetic acid, ethylene glycol, NDMA, HEF, OZD and propionic acid) could be emitted to atmosphere.

Most of products observed in Table 5. 

 HEOX

HEOX is an amide with a carboxylic function. However, due to the basic pH of the solvent used for CO 2 capture, it is in ionic form leading to low intensity and to spread out GC signal.

Therefore, IC analysis was preferred. HEOX should be obviously formed by the reaction between MEA and oxalic acid (Scheme 2.14). The reaction mixture obtained from MEA and oxalic acid (S2) was analysed with IC (Figure 5.1) and compared to the pilot plant sample.

Formic acid, oxalic acid and an unknown compound were detected. Oxalic acid was the reactant and formic acid came from decarboxylation of oxalic acid. In this synthesis, BHEOX was observed as the major product in GC/MS, leading from the reaction of oxalic acid with two MEA molecules. The first step leading to BHEOX should be the formation of HEOX; therefore it is highly likely that the unknown peak in IC analysis is the monoamide HEOX.

Nevertheless, because of the presence of BHEOX, structure of HEOX could not be proved by NMR (see appendix -Figures B. 12 and B.13). However, it could be noted that HEOX was previously observed by Vevelstad, 2013 who made a similar hypothesis thanks to same kind of synthesis. The unidentified peak was observed in pilot plant too (Figure 5.1). Little shift between retention times of pilot plant and synthesis sample was probably due to the column ageing between analyses.

To conclude, presence of HEOX was highly suspected in pilot plant.

 HEHEAA

A major compound with a molecular weight of 162 and C 6 H 14 N 2 O 3 as molecular formula was observed in pilot plant by GC/MS. This product could be HEHEAA. 

 Aldehydes and carboxylic acids

Aldehydes and carboxylic acids are first generation products of MEA degradation. Some mechanisms were already proposed in part 2 (Schemes 2.9; 2.10 and 2.11) but many of them were unclear or incomplete. Therefore, a detailed mechanism is proposed in this work (Scheme 5.2). This mechanism is based on hydrogen abstraction and peroxide formation [START_REF] Denisov | Oxidation and Antioxidants in organic chemistry and biology[END_REF][START_REF] Nielsen | Atmospheric chemistry of 2-aminoethanol (MEA)[END_REF], except for the formation of acetaldehyde (acetic acid after oxidation), which is based on ionic mechanism.

As previously mentioned, formic acid is the main acid. It can be obtained by alpha ketoacid decarboxylation, which is a well-known reaction for oxalic or glyoxylic acid.

Scheme 5.2. Proposed mechanism for carboxylic acids and aldehydes formation

Glyoxal is one of the first degradation products. It is particularly unstable and exists in many species in aqueous solution such as hydrates or glycolic acid. Glyoxal could be involved in numerous reactions as described in Scheme 5.3.

 HEGly

HEGly was observed when MEA was mixed with glyoxal (S4) or with glyoxylic acid (S5).

Indeed glyoxal could give glyoxylic acid (Scheme 5.2). This observation is in accordance with Vevelstad mechanism (Scheme 2.21). The proposed reaction pathway involves a reductive amination step thanks to the presence of formate (in this case ammonium formate).

However, another mechanism could be proposed (Scheme 5.4). Reaction of two MEA with glyoxal should lead the diamide HEHEAA. Amides are potentially in equilibrium with the corresponding salts, especially in an aqueous basic solution (Supap et al., 2011). Hence, HEGly should be observed in parallel to HEHEAA. MAE was also formed in small amount when HEGly was heated (S8). Consequently, another mechanism is proposed: the decarboxylation of HEGly [START_REF] Snider | The rate of spontaneous decarboxylation of amino acids[END_REF][START_REF] Steffen | Hydroxyl radical induced decarboxylation of amino acids. Decarboxylation vs bond formation in radical intermediates[END_REF]) (Scheme 5.5). These two mechanisms could occur.

 HEI

HEI was observed by da Silva et al., 2012;Lepaumier et al., 2011a;[START_REF] Sexton | Reaction Products from the Oxidative Degradation of Monoethanolamine[END_REF]Strazisar et al., 2003 as one of the main degradation products. To prove HEI formation, reactants were mixed following Arduengo's patent [START_REF] Arduengo | Process for manufacture of imidazoles[END_REF]) (S9). Therefore a likely mechanism could be proposed (Scheme 5.6).

Scheme 5.6. Proposed mechanism for the formation of HEI (Based on S9 results) Some other patents described the synthesis of HEI by mixing MEA, glyoxal, formaldehyde and ammonia [START_REF] Ben | Process for the preparation of 1-(2-hydroxyethyl)imidazole. IN 195358[END_REF][START_REF] Katsuura | Preparation of imidazoles from imines and iminoacetaldehydes[END_REF][START_REF] Kawasaki | Preparation of 1-substituted imidazoles[END_REF]. Vevelstad, 2013 proposed a mechanism based on [START_REF] Katsuura | Preparation of imidazoles from imines and iminoacetaldehydes[END_REF]. This mechanism was verified by synthesis (Scheme 2.20).

When MEA was mixed with glyoxal and ammonium formate in water (S10), HEI was the major product. Another mechanism (Scheme 5. Moreover in this synthesis HEF was found in high proportion, which is in accordance with the final step and formation of formic acid.

This mechanism seems more probable than the other one because glyoxal should be formed in bigger proportion than formaldehyde.

 4HEPO and 1HEPO

4-(2-hydroxyethyl)piperazin-2-one (4HEPO) was described as one of the major degradation product in pilot plants and it seemed the same in our sample. Several authors had proposed mechanisms for its formation as well as for 1HEPO (da Silva et al., 2012;Lepaumier et al., 2009b;Strazisar et al., 2003). Strazisar et al., 2003 proposed the first mechanism for these compounds (Scheme 2.18).

The intermediate, HEHEAA would be formed from reaction between HEA and MEA.

Reaction between an amine and a methyl group seemed to be unlikely, even with Fe 3+ used as a catalyst. da Silva et al., 2012 had proposed an amidification between MEA and HEGly to form HEHEAA (Scheme 2.18). Moreover, HEGly was described by Lepaumier et al., 2011a as a major compound in pilot plant. This could be in accordance with high concentration of 4HEPO but not with the low concentration of 1HEPO, even if steric hindrance would disadvantage 1HEPO formation. As explained before, HEHEAA seems to be formed by reaction between MEA and HEGly (S3). However in this synthesis, 4HEPO was obtained in very small amount and 1HEPO was not observed. Therefore, intramolecular cyclisation of HEHEAA seems unlikely to lead to 4HEPO and 1HEPO (Scheme 2.18).

Moreover, intramolecular nucleophilic substitution of alcohol by amine seems generally hard to do in organic chemistry. For example, when MEA was mixed with glycolic acid, HEGly was not observed (S1), even as minor product. Another mechanism was proposed in Scheme 5.9 by the reaction of OZD with amine function of HEGly. Then, amidification, which seemed favourable in pilot plant conditions, occured. 4HEPO was one of the major products of S14 (HEGly + OZD), which was in accordance with this mechanism.

Scheme 5.9. Proposed mechanism for 4HEPO formation (based on S14)

These two mechanisms could both occur in pilot plant. As the second one led to 4HEPO only, it could explain the higher concentration of 4HEPO compared to 1HEPO.

Compared to 4HEPO and its 3 mechanisms proposed, some products observed were not explained with any mechanism: HESucc, propionic acid and HEL. To form these compounds, the carbon chain length was increased compared to MEA, which is rather complex to explain (Voice, 2013). We propose the involvement of an aldolisation step (reaction between two carbonyl compounds, aldehydes or ketones) in following mechanisms.

 HESucc (4 carbon atoms chain)

This product has been already reported by Lepaumier et al., 2011a;Reynolds et al., 2013;Strazisar et al., 2003;Supap et al., 2011. To the best of our knowledge, no mechanism was proposed. As shown in Scheme 5.10, this product could be formed by reaction of MEA with glyoxal, then aldolisation could take place with acetaldehyde. Oxidation followed with intramolecular cyclisation (amidification) and dehydration led to HESucc. When MEA was mixed with glyoxal then acetaldehyde and then oxygen was added (S15), HESucc was formed in small amount, which seemed in accordance with the proposed mechanism. Even if reaction conditions were different to those of pilot plant, syntheses had helped us to propose mechanism. For example we have seen that amino group cannot substitute a hydroxyl group.

Novel degradation products

Novel products have been identified thanks to new sampling methods. There were listed in A fragment at 157 with the molecular formula C 6 H 9 N 2 O 3 was also observed, apparently due to the loss of CH 2 -OH. Such compound was observed as a major product in S14 synthesis (HEGly and OZD). Some authors described reaction of OZD with carboxylic acids with a high yield thanks to the use of coupling reagents [START_REF] Andrade | DCC/DMAP-mediated coupling of carboxylic acids with oxazolidinones and thiazolidinethiones[END_REF][START_REF] Knol | Direct coupling procedure for the synthesis of N-acyl-2oxazolidinones derived from α,β-unsaturated carboxylic acids[END_REF]. Therefore, this product could come from amidification between HEGly and OZD (Scheme 5.16). Another isomer (Scheme 5.17) could also be proposed for U1; OZD would be opened and to release CO 2 . As previously proposed, HEGly could react with MEA to form HEHEAA, then HEHEAA could react with CO 2 to form a new oxazolidinone. Reasonable molecules could be proposed for some of these unknown compounds by combining synthesis approaches, study of molecules fragmentation in mass spectrometry and reinvestigation of main reaction pathways previously described.

 Unknown compound with M = 202 g/mol (rt 61.0 min) -U2

This compound was characterized by a highly intense GC peak. The molecular formula obtained by GC/MS-TOF is C 8 H 14 N 2 O 4 , which was in accordance with FT-ICR/MS results.

When MEA was mixed with glyoxal (S4), BHEPDO2,5 and U2 were observed as major products. Therefore, it could be an isomer BHEPDO2,6 or BHEPDO2,3.

The tetrol intermediate suggested in the reaction of two MEA with two glyoxal could lead to the formation of two ketones in 2,6 or 2,5, not in 2,3. According to Scheme 5.18, it seemed unlikely to observe the formation of BHEPDO2,3. BHEPDO2,6 was the most favourable isomer and should correspond to this unknown compound. , respectively. This product was also observed when MEA was mixed with glyoxal (S4). In the presence of an excess of MEA, it is the major product (S17). No plausible structure could be proposed.

Regarding the reactions described for the formation of products in the case of MEA with glyoxal, we had transposed these reactions to MEA and methylglyoxal to explain formation of some products. Methylglyoxal is well-known to be in equilibrium with lactic acid [START_REF] Fedoronko | Kinetics and mechanism of the disproportionation of methylglyoxal into latic acid[END_REF][START_REF] Konigstein | Determination of kinetic data for the transformation of methylglyoxal[END_REF] As shown in Scheme 5.12, lactic acid could be obtained through the hydration of acrolein and oxidation of the resulting compound.

Another pathway to form this compound was by aldolisation of 2-hydroxyethanal with MEA + methylglyoxal MEA + acetaldehyde + formic acid morpholine + formic acid N-formylmorpholine is commercially available and was characterized by the same retention time and fragmentation as U4 (M = 115). However, intensity of the fragments was different. Therefore, we cannot prove that it is U4.

N-formyl-2-methyloxazolidine could be formed by amidification of formic acid with 2methyloxazolidine (already observed and explained in the next part). However, retention time of the GC/MS peak and its relative intensity seemed not in accordance with this proposal.

Moreover, if N-formyl-2-methyloxazolidine was formed, it should be in small amount in liquid phase due to intermediate abundance. Same comments could be done for 2acetyloxazolidine.

A very last hypothesis was that this compound could be an amino acid, more exactly a Another mechanism, based on Scheme 5.4, was also proposed. Two MEA could react with methylglyoxal (expected to be formed) to lead to 2-MHEHEAA. Nowadays, no conclusion could be done between these two propositions.

 Unknown compound with M = 158 g/mol (rt 50.6 min) -U6

The GC peak of this compound had a retention time a little bit shorter than 1HEPO's one. Moreover as for 4HEPO (Scheme 5.8), a second mechanism involving HEEDA and methylglyoxal could occur (Scheme 5.24). The GC peak of this compound was observed in small amount in S20, where HEEDA was mixed with glyoxal. In fact, small amount of methylglyoxal could be formed in situ and could react with HEEDA. That would explain the low amount of this compound in S20. 5.4. The global relative uncertainty on the pyrazines amount determination has been roughly estimated to be around 18% by using two repetitions in intermediate precision conditions, i.e. different columns and days.

To be sure that pyrazines were produced during the degradation process, the water/MEA mixture originally introduced in the pilot plant was analysed before the experience. All pyrazines could be found at traces levels, between 60 times less than in the degraded sample for 2-ethyl-3-methylpyrazine and 300 times less for 2,3-dimethylpyrazine. Pyrazine concentration was compared to some known degradation products to assess its relative abundance: it was very close to acetate and oxalate ions concentrations (55 and 53 ppm respectively). Nevertheless, identified pyrazine derivatives were less concentrated in the liquid phase than carboxylic ions but they were more concentrated in the gas phase because of their much higher volatility. Their presence in the gas phase were proved by HS-SPME method using a temperature (70°C) close to highest temperatures encountered in absorber conditions. A mechanism for the formation of pyrazine derivatives was proposed in Scheme 5.27 and Scheme 5.28. Their formation was due to the presence of 2-aminoacetaldehyde, formaldehyde and acetaldehyde. Oxidation of MEA to 2-aminoacetaldehyde was very easy in pilot plant conditions (Rooney et al., 1998a) and the presence of formaldehyde and acetaldehyde was previously reported by Rooney et al., 1998a;[START_REF] Sexton | Reaction Products from the Oxidative Degradation of Monoethanolamine[END_REF]. The first step was a fast condensation of two 2-aminoacetaldehyde molecules followed by a dehydration leading to dihydropyrazine. This molecule was then easily oxidised to pyrazine as explained by [START_REF] Krems | The Pyrazines[END_REF] [START_REF] Adams | Formation of pyrazines and a novel pyrrole in Maillard model systems of 1,3-dihydroxyacetone and 2-oxopropanal[END_REF]Guerra and Yaylayan, 2010). The formed alkylpyrazines can give di-, tri-or tetraalkylpyrazines by electrophilic addition catalysed by a metal in presence of a base [START_REF] Bramwell | The nuclear alkylation of pyrazines by ketones and aldehydes[END_REF] as shown Scheme 5.28. Thanks to metal, SET (single electron transfer) occured, therefore alkylpyrazines can react with formaldehyde to form dialkylpyrazines, then trialkylpyrazines and finally tetraalkylpyrazines.

Scheme 5.27. Mechanism of pyrazine and alkyl pyrazines formation (adapted from [START_REF] Adams | Formation of pyrazines and a novel pyrrole in Maillard model systems of 1,3-dihydroxyacetone and 2-oxopropanal[END_REF]Guerra and Yaylayan, 2010;[START_REF] Krems | The Pyrazines[END_REF].

Scheme 5.28. Mechanism of pyrazine alkylation (adapted from [START_REF] Bramwell | The nuclear alkylation of pyrazines by ketones and aldehydes[END_REF].

Similarly to 2-ethylpyrazine, the mechanism for vinylpyrazine formation would involve the reaction of the deprotonated form of dihydropyrazine (mentioned in scheme 5.28) with acetaldehyde. Two dehydration pathways of the resulting intermediate were allowed, one led, as previously explained, to 2-ethylpyrazine ; the second led to 2-vinyldihydropyrazine which could be aromatised easily thanks to conjugation with the vinyl function (Scheme 5.29).

Scheme 5.29. Mechanism of vinylpyrazine formation.

These pyrazines are volatile products. They could be released to the atmosphere, so it is important to know their toxicity. In a recent publication (Rey et al., 2013), we have shown that the identified pyrazines (2-vinylpyrazine and 2,3,5,6-tetramethylpyrazine were not studied) are currently not indicating toxicological concern at the level of intake estimated at 0.2-120 µg/day in Europe.

Others new products observed are from nitrogen heterocycle or amides family.

 Nitrogen heterocycles

Various nitrogen heterocyclic compounds were observed including oxazoline, oxazolidine, 2-methyloxazoline, 2-methyloxazolidine, N-nitroso-2-methyloxazolidine, HEPyr, pyrrole, 3methylpyridine and HEMI. Most of these products were described in our last publication [START_REF] Gouedard | Amine degradation in CO2 capture. 3. New degradation products of MEA in liquid phase: amides and nitrogenous heterocycles[END_REF].

 Oxazoline and 2-methyloxazoline

Oxazoline and 2-methyloxazoline were observed in gas phase (TENAX or HS-SPME), therefore they could be emitted to the atmosphere. They were identified thanks to numerous analyses methods and confirmed by standard for the first time.

Earlier, Voice, 2013 suspected oxazoline formation but no confirmation with standard was done. A mechanism based on literature (Ilkgul et al., 2010;Levine et al., 2008) is proposed to explain oxazoline and 2-alkyloxazolines formation (Scheme 5.30). First step is amidification of MEA by a carboxylic acid (Gouedard et al., 2012), then intramolecular cyclisation leads to an intermediate which dehydrates to form oxazoline or 2-alkyloxazolines. Oxazoline was observed in S21 and S23 and 2-methyloxazoline in S22 and S24, confirming the reaction between MEA and carboxylic acids with amide as intermediate. 

 Oxazolidine and 2-methyloxazolidine

Oxazolidine and 2-methyloxazolidine are also volatile products observed on gas phase thanks to TENAX cartridges. Oxazolidine was suspected by Reynolds et al., 2013 andVoice, 2013 and was confirmed in this work by standard. Unfortunately, there is no commercial standard for 2-methyloxazolidine. Regarding the proposed reactants for oxazolidine (MEA and formaldehyde, S7), 2-methyloxazolidine was synthesised by mixing MEA with acetaldehyde (S25). However, this synthesis was not enough selective to identify 2methyloxazolidine by NMR. MEA was the major compound in S25 mixture. Using GC/MS, 2-methyloxazolidine could be identified with high confidence by NIST database (database furnished with the GC/MS).

A mechanism based on literature (Lambert and Wharry, 1982;Saavedra, 1985) is proposed to explain the formation of both oxazolidine and 2-alkyloxazolidines (Scheme 5.31). It is well known that amines and aldehydes react to form imines (first step), then the hydroxyl group of MEA would react on the imine function to form 2-alkyloxazolidine by intramolecular cyclisation. This mechanism was confirmed because oxazolidine and 2-methyloxazolidine were formed in high yield in S7 and S25 respectively. 

 N-nitroso-2-methyloxazolidine

A compound with a molecular weight of 116, was observed on TENAX cartridges and identified by MS database (NIST) as N-nitroso-2-methyloxazolidine. This identification was confirmed by the synthesis of this nitrosamine following [START_REF] Saavedra | Deamination of primary aminoalkanols. Formation of substituted Nnitroso-1,3-oxazolidines and N-nitroso-1,3-tetrahydrooxazines[END_REF]Eiter et al., 1972 protocols (S26). GC/MS analysis of S26 gave this compound as the major reaction product The formation of the following products involves an increase of the carbon chain length explained, as previously mentioned, by an aldolisation step.

(

 HEPyr and pyrrole

HEPyr was observed in all GC/MS analyses, whereas pyrrole was only observed on TENAX cartridges. Both compounds were confirmed by standards and their formation could be explained with same king of mechanism.

To form N-(2-hydroxyethyl)pyrrole, MEA reacted with glycolaldehyde, a potential intermediate in the glycolic acid synthesis (Goff and Rochelle, 2004). Then, the resulting vicinial diol would be dehydrated leading to an aldehyde which reacted with acetaldehyde via an aldolisation. Finally, the intramolecular cyclisation would lead to a pyrrolidine which could be didehydrated (Scheme 5.33). Result of S15 agreed with this mechanism. When MEA was mixed with glyoxal and acetaldehyde, HEPyr was formed in small amount. Glyoxal is known to be a mix of many chemical species in solution [START_REF] Lim | Aqueous chemistry and its role in secondary organic aerosol (SOA) formation[END_REF] including glycolaldehyde.

In a similar way, pyrrole could be formed by the reaction of ammonia (instead of MEA)

with glycolaldehyde and acetaldehyde. and Li, 2009;Singh et al., 1998), a mechanism was proposed starting from acrolein. This compound could dimerise and the resulting dialdehyde reacted twice with ammonia affording the six-membered ring (Scheme 5.34) leading to 3-methylpyridine after dehydration and aromatisation (sigmatropic rearrangement). When MEA was mixed with acetaldehyde and formaldehyde (reagents for acrolein formation) (S27), 3-methylpyridine was formed in small proportion because ammonia was present in small amount in the fresh MEA, therefore this synthesis seemed to confirm this mechanism.

Scheme 5.34. Proposed mechanism for 3-methylpyridine formation (adapted from Jin and Li, 2009;Singh et al., 1998).

 Amides

 N-(2-hydroxyethyl)propanamide -HEPr

HEPr was observed for the first time using a polar column and confirmed by standard.

Proposed way of formation involved propanoic acid (see Scheme 5.11) and MEA via an amidification (Scheme 5.35). PO was observed by GC/MS and confirmed with a commercially available standard.

The following mechanism explained PO formation (Scheme 5.36) based on its formation in S28. OZD could react with glycine, then PO was formed by intramolecular amidification.

Scheme 5.36. Proposed way of formation for PO Such a mechanism is similar to that proposed for 4HEPO (Scheme 5.9) with HEGly instead of glycine.

 Oximes

Oximes were detected on TENAX cartridges. Acetaldoxime was observed on pilot plant, whereas acetoxime and propanaldoxime were observed on laboratory test. They were confirmed by standards.

Oximes formation was due to the reaction of aldehydes or ketones with hydroxylamine [START_REF] Wang | Degradation of Aqueous 2-Amino-2-methyl-1-propanol for Carbon Dioxide Capture[END_REF], which could come from ammonia oxidation. Carbonyl compounds involved in the formation of acetaldoxime, acetoxime and propanaldoxime were acetaldehyde, acetone and propanal, respectively. 

Conclusion

More than 60 products were observed during this work. Products already related in literature were reported. New mechanisms were proposed for many of these products as experiments enabling the validation of these mechanisms.

It is noteworthy that 32 new degradation products have been identified thanks a huge analytical development and we proposed for each molecule (except butan-2-one) a mechanism based on well-known reaction in organic chemistry. Even if 8 products (U1 to U8) have not been identified, we proposed a molecular formula with a potential structure if possible.

A pathway (Figure 5.5), which resumes MEA degradation, is proposed. All products firmly observed in this work are reported in this sum-up; sometimes only the name of an entire family is noted for clarity.

Some of these reactions occurring for MEA could be applied to other amines to predict their degradation products. Some reactions proposed in the case of MEA degradation (chapter 5) could also occur with other amines (candidates for CO 2 capture). Table 6.1 lists these reactions and some others already described in literature as dealkylation/alkylation (Lepaumier et al., 2009b). This table specifies type of amine structures which could be involved with these reactions. Classification on the table is based on reaction types and products formed.

In this chapter, the idea is to use such database of reactions as a toolbox to identify degradation products of other amines. Demonstration of this concept is proposed with three amines, N-methylaminoethanol (MAE), 1-aminopropan-2-ol (1AP2) and 

3AP1 MAE

Assumptions were made thanks to the knowledge acquired with the study of MEA and analyses at our disposal but they were not confirmed with standards or syntheses. Written publications on these molecules were used to confirm our results. [START_REF] Davis | Thermal degradation of aqueous amines used for carbon dioxide capture[END_REF][START_REF] Eide-Haugmo | Chemical stability and biodegradability of new solvents for CO 2 capture[END_REF][START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF]Lepaumier et al., 2011b;Vevelstad et al., 2013a).

As for MEA, samples were analysed by GC/MS-TOF with CPSIL8 column, IC and FT-ICR/MS. Products expected to be formed for each types of reactions were reported in tables with their molecular weight and GC/MS retention times (rt). Products observed in GC/MS or IC were written in bold and products only observed in FT-ICR/MS were written in italic.

Alkylation/Dealkylation

N-alkyl substituted amines could be dealkylated and/or alkylated (Scheme 6.1). This reaction could not be observed in the case of primary amine (MEA, 1AP2 and 3AP1). Scheme 6.1. Alkylation/dealkylation mechanism Lepaumier et al., 2009b proposed this reaction to explain formation of DMAE and MEA in the case of MAE degradation, therefore, this reaction was reported in this work. Tertiary amines should be dealkylated first. Secondary amines, like MAE, should lead to the corresponding primary and tertiary amines (as shown in Table 6.2) because alkylation and dealkylation are parallel reactions. 

Products observed in GC/MS

As expected MAE, MEA and DMAE were observed in the case of MAE. This reaction turned out to be the most important reaction occuring in presence of CO 2 (Lepaumier et al., 2009a).

Due to the presence of MEA in MAE degradation test, its major degradation products (see chapter 5) should be observed too but at low concentration.

Aldehydes/ ketones and corresponding acids formation

Aldehydes / ketones and then carboxylic acids are assumed to be formed in the presence of oxygen. As observed for MEA, these first generation products are later involved in the formation of other degradation products. Scheme 6.2. Sum-up of aldehydes and carboxylic acids fornation based on Scheme 5,2

Based on Scheme 6.2, expected aldehydes or ketones, and the corresponding acids (formed by aldehyde oxidation), were listed in the Table 6.3 for MEA and the new tested amines. Even if aldehydes were not detected in this study, they were considered to be present when the corresponding acid was observed in IC. As expected, same acids were observed for MEA and MAE.

In the case of 1AP2, pyruvic and lactic acids were actually supposed to be present with a high probability after standard comparison. Oxalic acid was also detected in small amount.

Moreover an unknown acid (UA1) was observed.

In the case of 3AP1, formic and acetic acid was observed as well as UA1 and another unknown acid (UA2).

Aldolisation

Aldehydes can react together through an aldolisation reaction (Scheme 6.3).

Scheme 6.3. Mechanism of aldolisation

In the case of MEA, this reaction was supposed to explain the elongation of the carbon chain length and formation of compounds like HEL, HEPr or pyrrole (see chapter 5).

Dehydration, oxidation or rearrangement of formed aldols could lead to many different products. Only the compounds obtained by the afore-mentioned reactions were reported in Table 6.4. Products mentioned in Table 6.4 were not detected but were supposed to be intermediates involved in the formation of other compounds proposed later in this chapter.

Amidification

Another elementary reaction is amidification: secondary and primary amines can react with carboxylic acids to form amides (Scheme 6.4). Scheme 6.4. Mechanism of amidification This reaction has often been observed in MEA degradation (see chapter 5). Table 6.5 lists expected products when starting amines react with carboxylic acids from first generation degradation products (such as formic acid, acetic acid, oxalic acid …). However, this reaction could occur with any other primary and secondary amines and any other carboxylic acids. Glycols are not easily detected with the analytical conditions used for this part and could not be observed in FT-ICR/MS as observed in the case of MEA.

In the case of MAE, none of the expected glycols were observed. As shown before, DBWAX columns and TENAX cartridges were more adapted for the detection of DEG and TEG. It was also highly probable that the GC peak corresponding to EG was hidden by MAE.

However, in accordance with our assumption, EG was previously observed by [START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF] in MAE degradation.

In the case of 3AP1, after deamination of alkanolamine, hydroxyl group could attack the resulting double bond to form an epoxide. Therefore, 2-methyl-3-oxa-hexane-1,5-diol was proposed for rt = 20.4 min on the basis of a good match between its mass spectrum and the one proposed by NIST database. This suggested that propane-1,2-diol was formed too following the mechanism proposed in Scheme 6.5.

Amino acids formation

Amino acids could be formed by the reaction of dialdehyde or ketoaldehyde with a primary or a secondary amine (Scheme 6.7).  The other one, proposed in this work, was based on the reaction of two amines with glyoxal or alkylglyoxal and the hydrolysis of the formed amide (Scheme 5.4). This mechanism could occur only if glyoxal or alkylglyoxal were formed. Amine would react twice with glyoxal or alkylglyoxal to form, after rearrangement and oxidation, an amide (intermediate proposed in the Table 6.8), which could be hydrolysed into the corresponding amino acid. As for HEGly, only [M-18] was expected to be seen on the mass spectrum for all amino acids.

In the case of MAE, a GC peak at 28. In the case of 3AP1, only Leuckart-Wallach mechanism could explain the formation of N-(3-hydroxypropyl)-β-alanine (HPβala) but this product was not observed both in GC/MS and in FT-ICR/MS. Presence of propanedialdehyde or the corresponding acid was not proved, they might be not present in the solution, which could explain the absence of HPβala. Another assumption was on the availability of Leuckart-Wallach mechanism in CO 2 capture conditions. This mechanism was maybe disfavoured.

Ring closure of carbamates

Formation of carbamate with primary or secondary amines is the key reaction in CO 2 capture. In the case of alkanolamines, cyclisation of the carbamate can occur (Scheme 6.8) with starting molecules having two or three carbon atoms between hydroxyl and amino functions.

Scheme 6.8. Ring closure of carbamates This reaction is disfavoured for more than 3 carbon atoms. 

Products observed in GC/MS Products observed only in FT-ICR/MS

Expected OZD, N-methyloxazolidinone, 5-methyloxazolidinone, 1,3-oxazin-2-one molecules were observed starting from MEA, MAE, 1AP2, 3AP1, respectively. All these products were proposed with high confidence by NIST database and retention times were in accordance with this of OZD. In addition, these products were already reported by [START_REF] Lepaumier | Etude des mécanismes de dégradation des amines utilisées pour le captage du CO 2 dans les fumées[END_REF], Lepaumier et al., 2011, Vevelstad et al., 2013;[START_REF] Eide-Haugmo | Chemical stability and biodegradability of new solvents for CO 2 capture[END_REF][START_REF] Davis | Thermal degradation of aqueous amines used for carbon dioxide capture[END_REF] respectively.

Imidazolidinone or six-membered ring homologues formation:

Oxazolidinones or six-membered rings homologues issued from primary alkanolamines (MEA, 1AP2 and 3AP1) can react with the amine in excess to form imidazolidinones or sixmembered ring homologues (Scheme 6.9). Scheme 6.9. Imidazolidinone or six-membered ring homologues formation

The expected products were reported in the next table. For MEA, this reaction led to HEIA.

For 1AP2 and 3AP1, the expected products, listed in Table 6.10, were not observed by GC/MS but corresponding molecular formulas were proposed in FT-ICR/MS. In addition , [START_REF] Davis | Thermal degradation of aqueous amines used for carbon dioxide capture[END_REF][START_REF] Eide-Haugmo | Chemical stability and biodegradability of new solvents for CO 2 capture[END_REF] MAE is a secondary amine and, regarding to Scheme 2.4 and 2.5, it cannot react with its oxazolidinone to form and imidazolidinone. However, another imidazolidinone, 1,3dimethylimidazolidin-2-one was proposed with high confidence by NIST database for the GC peak with m/z = 114 at 37.4 min in GC/MS. A formula in accordance with this assignment was found in FT-ICR/MS. Moreover, this compound was already noted by Lepaumier et al., 2011b. It could be formed by the reaction of methylamine with MOZD following the mechanism previously described (see Scheme 2.4 and 2.5). Methylamine (Vevelstad et al., 2013a) is a first generation degradation product of MAE whose formation pathway is aimilar to this one occurred for NH 3 in the case of MEA (Scheme 5.2).

Oxazolidines and tetrahydrooxazines formation

Aldehydes can react with alkanolamines with 2 or 3 carbon atoms between heteroatoms leading to the corresponding oxazolidines or tetrahydrooxazine rings. Scheme 6.10. Oxazolidines and tetrahydrooxazines formation

The cases with formaldehyde and acetaldehyde as reactants were given in Table 6.11. MEA reacts with aldehydes to form oxazolidine and 2-methyloxazolidine as explained in chapter 5. MAE and 1AP2, with also 2 carbon atoms between heteroatoms can react on the same way giving 1,3-oxazolidine derivatives, whereas 3AP1 should form tetrahydrooxazines.

In the case of MAE, N-methyl-1,3-oxazolidine involving formaldehyde as a reactant was highly suspected to be formed (peak at 9.7 min). The database proposal and retention time in GC/MS as well as the molecular formula in FT-ICR/MS were in accordance with this structure. Molecular weight and corresponding formula of the oxazolidine involving acetaldehyde as reactant was deduced by FT-ICR/MS but the corresponding GC peak could not be observed, maybe due to peaks overlapping.

In the case of 1AP2, molecular formulas of expected oxazolidines were observed in FT-ICR/MS but the GC peak were not observed maybe due to peaks overlapping with 1AP2.

In the case of 3AP1, a GC peak at 12.45 min with a molecular weight of 87 was detected in GC/MS. This product was supposed to be the tetrahydro-1,3-oxazine coming from the reaction of 3AP1 with formaldehyde. A highly intense peak with a molecular formula compatible with tetrahydro-1,3-oxazine was observed in FT-ICR/MS. However, no reference mass spectrum could use for comparison. The other expected product coming from reaction of #AP! With acetaldehyde, 2-methyl-tetrahydro-1,3-oxazine, was not observed by GC/MS but the corresponding molecular formula was found in FT-ICR/MS.

Piperazinones formation

As proposed for MEA in chapter 5 (Scheme 5.9), piperazinones could be formed by the reaction of amino acids with oxazolidinones (Scheme 6.11) obtained from alkanolamines having 2 carbon atoms between hydroxyl and amino functions. Scheme 6.11. Piperazinones formation , Expected products were listed in Table 6.12 as well as amino acids and oxazolidinones involved in the reaction. ICR/MS. Moreover, this unexpected products was characterised by a MS fragmentation similar to that of 4HEPO. This product could be formed by the reaction of MOZD with N-MHEGly followed by demethylation or by reaction of MOZD with HEGly. HEGly was not observed in this work but was previously reported by Vevelstad et al., 2013a. Moreover as observed in this work, HEGly signal was spread out in GC/MS. High concentration of this compound was needed to observe it. Small amounts of 4HEPO was formed that could be in accordance with the presence of HEGly because HEGly seemed to be a reactant in 4HEPO formation.

For 1AP2, a product with M = 186 was observed at 56.9 min but the highest intensity on mass spectrum was at m/z = 102. It seemed more in accordance with the formation of HPHPPA as suggest in part 6.8. The steric hindrance of 5-MOZD on the target carbon could disfavoured the attack by the amino group of HPala, which made difficult the formation of the expected piperazinone. Therefore, this peak was attributed to HPHPPA rather than the expected piperazinone (Table 6.8). However, a highly intense peak with molecular formula of 4-(2-hydroxypropyl)-3,5-dimethyl-piperazin-2-one was observed in FT-ICR/MS. Therefore, presence of this product was not excluded.

Oxazolines and homologues formation

Primary alkanolamines can react with carboxylic acids to form amides as previously shown (see part 6.5, amidification) which can be converted into oxazolines (MEA, 1AP2) or homologues (3AP1) as a result of intramolecular cyclisation and water loss (Scheme 6.12). Scheme 6.12. Oxazolines and homologues formation This reaction cannot be considered for alkanolamines with more than three carbon atoms between the hydroxyl and amino groups. Expected oxazolines or homologues were reported in the Table 6.13. 

2-(1-hydroxyethyl)-5-methyloxazoline (M = 129) 3AP1 5,6-dihydro-4H-1,3-oxazine (M = 85) 5,6-dihydro-4H-2-methyl-1,3-oxazine (M = 99) 5,6-dihydro-4H-2-(2-hydroxyethyl)-1,3-oxazine (M = 129)

Products observed in GC/MS Products observed only in FT-ICR/MS

MAE is a secondary amine, therefore dehydration, involved in the mechanism (Scheme 5.30), was impossible due to the presence of the methyl group on amine.

In the case of 1AP2, none of the expected oxazolines (5-methyloxazoline and 2,5dimethyloxazoline) were observed in GC/MS. Moreover, in FT-ICR/MS, their molecular formulas were not proposed. Therefore, these two products did not seem to be formed maybe because formic and acetic acid should not be present as major acids. Nevertheless, the molecular formula corresponding to 2-(1-hydroxyethyl)-5-methyloxazoline (lactic acid and 1AP2) was found in FT-ICR/MS. Formation of this product was highly probable because lactic acid should be present as one of the major acids (Table 6.3).

In the case of 3AP1, none of the expected dihydro-4H-oxazines were observed in GC/MS, but their corresponding molecular formulas were proposed in FT-ICR/MS. Therefore, these products were suspected to be formed.

Imidazoles and homologues formation

Alkylglyoxal (n=2) or malondialdehydes (n=3) can react with monoaldehydes, primary amines (MEA, 1AP2 and 3AP1) and ammonia to form imidazoles (Scheme 5.6) or pyrimidines (Scheme 6.13).

Scheme 6.13. Imidazoles and homologues formation Dialdehydes such as succinaldehyde and higher homologues (n ≥ 4) cannot react similarly because seven-membered rings formation is not favourable. 

Products observed in GC/MS Products observed only in FT-ICR/MS

In the case of MEA, HEI (glyoxal and formaldehyde) and HEMI (glyoxal and acetaldehyde) were observed as degradation products. MAE is a secondary amine which could not form imidazoles due the absence of ammonia.

In the case of 1AP2, two molecules with the same molecular weight, i.e. 140, were observed in GC/MS at rt = 41.3 and 44.5 min. An intense peak corresponding to C 7 H 12 N 2 O was found by FT-ICR/MS. Therefore, molecules observed in GC/MS were supposed to correspond to the two isomers N-(2-hydroxypropyl)-4-methylimidazole and N-(2hydroxypropyl)-4-methylimidazole. However, without standard, the peaks could not be attributed more precisely.

Another molecule with a molecular weight of 154 was observed at 46.6 min and an intense peak attributed to C 8 H 14 N 2 O was found in FT-ICR/MS. Therefore, N-(2-hydroxypropyl)-2,4 or 2,5-methylimidazole was supposed to be formed.

In the case of 3AP1, 1,2-dihydro-1-(3-hydroxypropyl)pyrimidine should be formed by the reaction of 3AP1, ammonia, formaldehyde and propanedial. However, this product was not observed in GC/MS but the corresponding formula was found in FT-ICR/MS.

6.14.

Succinimides formation

Primary amines (MEA, 1AP2) having 2 carbon atoms between heteroatoms can react with (alkyl)glyoxal and acetaldehyde to form succinimides as proposed in Scheme 6.14.

Scheme 6.14. Succinimidees formation First step is aldolisation of (alkyl)glyoxal in the presence of acetaldehyde. Resulting aldehyde can be further oxidised to carboxylic acid intermediates (reported in Table 6.15 and Table 6.4). Then reaction with amine leads to different succinimide derivatives. In the case of MEA, as shown before (chapter 5.1), HESucc formation was explained from the aldolisation reaction between glyoxal and acetaldehyde, followed by oxidation then reaction of the intermediate (proposed in Table 6.15) with MEA.

In the case of the secondary amine as MAE, succinimides should not be formed. However methylamine (first generation product of MAE) could react with glyoxal and acetaldehyde to form N-methylsuccimide. This product was proposed with good match by NIST database for a peak at 45.3 min and molecular formula in accordance with this product was observed in FT-ICR/MS too.

In the case of 1AP2, the expected product with 171 as molecular weight was not detected by GC. Studying HESucc fragmentation to predict mass spectrum of N-(2-hydroxypropyl)-3methylsuccinimide was not helpful. Therefore, it was not possible to find this product by GC/MS without using a standard. On the other hand, C 8 H 13 NO 3 was proposed as molecular formula for M = 171 in FT-ICR/MS which could be a proof of the formation of the expected N-(2-hydroxypropyl)-3-methylsuccinimide.

In the case of 3AP1, formaldehyde should be involved to form a linear chain of 4 carbon atoms by aldolisation. However it was supposed to be formed in low amount, therefore, succinimides were not expected.

Pyrroles formation

Pyrroles can be formed by reaction of primary amines (MEA and 1AP2) with α-ketols and any aldehyde (Scheme 6.15). Scheme 6.15. Pyrroles formation

Intermediates issued from aldolisation then rearrangement, as well as expected products were reported in Table 6.16. In the case of MEA, HEPyr was formed from 2-hydroxyethanal and acetaldehyde aldolisation, followed by dehydration and rearrangement, then reaction of the intermediate (proposed in Table 6.4 and Table 6.16) with MEA. Pyrrole was also observed by reaction of the same intermediate with ammonia.

In the case of MAE, pyrroles could not be formed by reaction with MAE. However, as for succinicimide, methylamine could be involved to form N-methylpyrrole but this product was not observed even in FT-ICR/MS.

In the case of 1AP2, N-(2-hydroxypropyl)-2,5-dimethylpyrrole was supposed to be formed (peak at 32.9 min with m/z = 153, C 9 H 15 NO -FT-ICR/MS) by reaction of 1AP2 with 2hydroxypropanal and acetone, followed by dehydration, rearrangement and then reaction of the intermediate (proposed in Table 6.4 and Table 6.16) In the case of 3AP1, as for succinimides, pyrroles were not expected.

Pyridines formation

Pyridine derivatives could be obtained by dimerization of conjugated aldehydes in presence of ammonia. These aldehydes were usually formed by aldolisation, followed by dehydration; but in some particular cases, the conjugated aldehydes were formed by dehydration of aldehydes. The expected pyridines were reported in Table 6.16 with their intermediates. As ammonia was not formed in MAE degradation, no pyridines were expected.

In the case of 1AP2, 3-methylpyridine and 3-ethylpyridine were observed in GC/MS and their presence was confirmed by FT-ICR/MS. For 3-methylpyridine, the conjugated aldehyde, acrolein, came from dehydration of 2-hydroxypropanal. The same mechanism as proposed in Scheme 5.34 occurred. 3-ethylpyridine was formed by reaction of acrolein but with 2-butenal and ammonia. 2-butenal was issued from two acetaldehyde aldolisation and dehydration.

3-methylpyridine was also observed in 3AP1 degradation. Acrolein was obtained by dehydration of 3-hydroxypropanal, then same mechanism as proposed in Scheme 5.34 occurred. Formation of 3,5-dimethylpyridine was supported by FT-ICR/MS. This compound could be obtained by reaction of acrolein with 2-methylacrolein and ammonia. 2methylacrolein could be obtained by the reaction of the double bond of acrolein with formaldehyde (Markovnikov addition) then dehydration.

Conclusion

To conclude, seventeen generic reactions involved in MEA degradation were reported in this chapter (Table 6.1). When possible, these reactions were transposed to three other alkanolamines (MAE, 1AP2, 3AP1) to predict their degradation products. Expected products of each key reaction were listed in tables and searched in each degraded sample (obtained with the representative test) thanks to analyses by IC, GC/MS and FT-ICR/MS. Many of these expected products were observed. No conclusion could be made for the non-observed products because the study could not be complete as for MEA. Although analyses were not as developed as for MEA, all highlighted reactions seem to occur at least with one of the degraded amine.

We have proved that understanding MEA degradation could help to predict the degradation of other amines thanks to three examples.

Conclusion and Perspectives

The aim of this work was to identify novel degradation products of monoethanolamine (MEA) under CO 2 capture conditions, to understand their formation (realistic mechanisms proposal) and then to generalize mechanisms to others amines. A representative laboratory test was established to degrade amines.

First of all, a critical literature review was done for MEA degradation. Degradation products were listed with proposed mechanisms of formation. This chapter showed the important diversity of degradation products and the lack of works concerning oxidative degradation and gas phase analysis.

To improve degradation products identification, several analytical methods and gas sampling technics were developed. Synergy between these methods enabled us to identify sixty products formed during pilot pant campaign carried out at IFPEN.

The first campaign results were used to establish a representative test in lab because no test was representative to pilot plant degradation. This test was established to have the same degradation products as in pilot plant conditions. This test was used to complete gas phase analyses and to study the degradation of others amines.

During this work, more than sixty products issued from MEA degradation were observed in liquid or gas phase. Some of them were previously reported in literature but it is noteworthy that about thirty novel degradation products were identified. These identifications were mainly due to an extensive research on the gas phase.

Generally, products already observed had no described mechanism or some of them were not convincing. To understand MEA degradation, we proposed for each novel molecule (except butan-2-one) and some products already observed, mechanisms based on well-known reactions in organic chemistry. These mechanisms were most of the times validated thanks to experiments. As a result, a key reaction was highlighted in this work: aldolisation. This reaction was a key point for formation of C3 or C4 carbon chains and explained formation of about ten novel compounds observed in this work.

To account for MEA degradation, a general pathway was proposed with all the products observed in this work.

Furthermore, several reactions observed for MEA were generalised. After studying degradation of three other amines (N-methylaminoethanol, 1-aminopropan-2-ol, 3-aminopropan-1-ol), we have concluded that these reactions could be transposed to other amines. Same families of products could be observed: oxazolines, oxazolidines, amino acids, pyridines, piperazinones. This can help for amine degradation prediction and for the study of their environmental impact.

In future work hypotheses for unknown products would be confirmed thanks to proposed mechanisms of formation, which would help to suggest new syntheses adapted to the proposed formula. Moreover, presence of some compounds as methylglyoxal or acrolein should be confirmed.

Effects of SOx and NOx on degradation were not in the scope of this work. However, it should be useful to study their effects on degradation because some mechanisms suggested formation of products thanks to nitrites and/or NO + (HEEDA, DEA). Some laboratory experiments to validate influence of these species on degradation have to be done. For example, activating effect of nitrite in the reaction of amine function on hydroxyl group must be studied.

Even if some works studied metals effects in solutions, it would be interesting to look after degradation due to metallic coupons as stainless steel 316L or hastelloy. It was proved that metallic ions catalyse the degradation but this catalytic mechanism is not well understood as well as reactions which could be involved at the coupon surface.

Thanks to our first proposal of transposable mechanisms, some candidate molecules for CO2 capture could be studied with the same method to confirm these transpositions. This transposition could be used to have a better knowledge of products formed during the degradation.

Volatile products have to be quantified for toxicity assessment to evaluate potential impact of emitted products to the atmosphere. For environmental acceptance, a toxicological study should be done systematically for any novel degradation products, more particularly for products observed in gas phase.

Considering all these ideas, we can conclude that a lot of work remains to be done! 

Appendix -GC parameters

Introduction

Fossil fuels are predicted to remain as the main source of energy in the next couple of decades; therefore greenhouse gas (GHG) emissions may increase (Kenarsari et al., 2013). CO 2 is the major GHG thus carbon capture and storage (CCS) are expected to play a role to reduce GHG emissions (20 % to 28 % of the total reduction, IEA, 2010), particularly post combustion capture (PCC) with amine-based solvent, which is the most mature technology. To develop this process, it needs economic acceptance (Rao and Rubin, 2002) and also environmental acceptance [START_REF] Eide-Haugmo | Environmental impact of amines[END_REF]. Indeed, amines are known to react with flue gas components (O 2 , CO 2 , NOx, SOx...) to form degradation products, and some of them could be potentially dangerous to humans or environment according to their toxicity and their concentration. These products could be discharged to the atmosphere essentially with treated flue gas. Such amine degradation causes also amine loss, hence additional costs, and can lead to corrosion [START_REF] Dehart | Solving Corrosion problems at the NEA Bellingham Massachussetts carbon dioxide recovery plant[END_REF]Islam et al., 2011;[START_REF] Martin | New Amines for CO 2 Capture. IV. Degradation, Corrosion, and Quantitative Structure Property Relationship Model[END_REF], solid deposit [START_REF] Chakma | Degradation of Aqueous DEA Solutions in a Heat-Transfer Tube[END_REF] and foaming [START_REF] Kohl | Gas purification[END_REF]. Therefore one important aspect of current research is to identify amine degradation products (da Silva et al., 2012;Gouedard et al., 2012, Lepaumier et al., 2009a;Lepaumier et al., 2009b;Vevelstad, 2013;Voice, 2013) and to assess their toxicity (Rey et al., 2013). Moreover to reduce amine degradation in order to limit potential degradation products emission to atmosphere, it is essential to elucidate amine degradation pathways.

MEA is the benchmark molecule. Two kinds of degradation could be observed: thermal and oxidative degradation. Studies of these degradations have been done at laboratory scale (Bedell, 2009;Chi and Rochelle, 2002;Davis and Rochelle, 2009;Sexton, 2008) and at pilot scale (Lepaumier et al., 2011;Moser et al., 2011;Reynolds et al., 2013;Strazisar et al., 2003). Even if recent publications concerning pilot plants propose new molecules (Rey et al., 2013;Reynolds et al., 2013), many degradation products are still unidentified (da Silva et al., 2012). Therefore several complementary analytical methods are required to identify as many degradation products as possible. The main analytical technique for volatile compounds is gas chromatography coupled to mass spectrometry (GC/MS). However, this technique may encounter some compound stability's issues. Moreover minor products could be hidden because of matrix effect.

In this work, headspace solid-phase micro extraction method (HS-SPME) was used to observe some minor volatile products thanks to GC/MS. This method enabled to decrease matrix effect. Different GC/MS methods using different types of columns were combined to enhance identification. 1 H and 13 C NMR were used in one case to confirm a structure. All these methods enabled to identify two amides and nine nitrogenous heterocycles in a pilot plant liquid sample. N-(2-hydroxyethyl)lactamide and N-(2hydroxyethyl)propanamide have been already observed in literature without proposed mechanism (Strazisar et al., 2003). Oxazoline and oxazolidine have been just suspected (Reynolds et al., 2013 andVoice, 2013), therefore we confirmed their formation as well as the structure of seven new products. Commercially or synthesized standards have been used to confirm identification. For all these compounds, a mechanism of formation was proposed and, when it was possible, it was verified thanks to syntheses. GC-TOF was used to analyse all syntheses crude mixtures.

Material and methods

Chemicals and SPME materials

HS-SPME procedures

For HS-SPME procedures, the volume of sample introduced in the 20 mL HS vial was 5 mL. The fully automated HS-SPME procedure was as follows. First, the vial was equilibrated at 70°C during 5 min then the Carboxen/PDMS fibre was placed into the head-space of the sample for the extraction and maintained at 70°C for 30 min. At the end of the extraction, the fibre was introduced directly in the injector set at 250°C

(desorption) in split mode (1:5).

Syntheses used to demonstrate proposed mechanisms

First degradation step of MEA is oxidation forming mainly aldehydes, carboxylic acids, ammonia and glycine, commonly called first generation products. These products can then react with MEA to form second generation products (ie HEF, HEA, HEGly) (Gouedard et al., 2012). In the next described syntheses, all reactants have been observed in a pilot plant liquid sample. These reactions were done to confirm mechanism hypotheses or to confirm structure of molecules. The general procedure of these syntheses is:

Reactant 1 was diluted in water (30 % w/w), then one molar equivalent of reactant 2 was added and the solution was heated at 100°C for 15 days. Mixtures were analysed with GC/MS (TOF) without further purification to observe formed products. Reactants are given in Table 1. 

Synthesis

Results and discussion

Identification of MEA degradation products is still incomplete. Different analytical methods and sources of ionisation were used to enhance identification of new degradation products or to confirm the structure of some compounds reported in few papers. In most cases products were confirmed with standard comparison.

Degradation products observed in a pilot plant liquid sample are reported in Table 2. None of these products was observed in fresh MEA. 

Conclusion

Because of potential impact of degradation products on environment, it is important to point up nearly all degradation products. In this work, new degradation products starting from MEA were observed thanks to analytical methods development (HS-SPME and GC/MS). Eleven amides and nitrogenous heterocycles were identified in a pilot plant liquid sample. Among them, seven were never reported in literature.

For each compound, a mechanism of formation was proposed and some of them were validated thanks to syntheses.

Some chemical reactions like amidification or aldolisation are recurrent. Aldolisation leads to carbon chain extension, therefore molecules with a chain of three, four or five carbon atoms could be observed HEPro, HEL, HESucc, HEPyr, 3-picoline).

This work showed that new degradation products of MEA can still be found thanks to analytical methods development. Understanding of chemical reactions is important to find other new degradation products and predict degradation pathways for other amines. 
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 11 Figure 1.1. Scenarios to reduce CO 2 emissions to the atmosphere (IEA, 2008).

Figure 1 . 2 .

 12 Figure 1.2. Simplified CO 2 capture flow sheet

Scheme 2 . 4 .

 24 Scheme 2.4. Diamine formation (R 1 = H)

  hydroxyethyl)-piperazin-3-one (4HEPO), N-(2-Hydroxyethyl)glycine (HEGly) and N-(2hydroxyethyl)-2-(2-hydroxyethylamino)acetamide (HEHEAA) are the main identified degradation products in pilot plants. Among lab studies, the most cited degradation products are ammonia, carboxylic acids, N-(2-hydroxyethyl)formamide (HEF), N-(2hydroxyethyl)acetamide (HEA) and N-(2-hydroxyethyl)imidazole (HEI) for oxidative degradation, and oxazolidin-2-one (OZD), N-(2-hydroxyethyl)ethylenediamine (HEEDA) and N-(2-hydroxyethyl)imidazolidin-2-one (HEIA) for thermal degradation. Numerous degradation products have been identified but many are still unknown. Some degradation mechanisms have been proposed but some of them are unclear or need proofs. SOx and NOx effects are still few examined and much work remains to be done concerning volatile degradation products potentially emitted to atmosphere: their identification and their

  cartridges are not selective whereas Sep-Pak cartridges are specific for aldehydes and ketones) and the desorption (thermic for TENAX and by liquid extraction for Sep-Pak). LC/MS/MS, some GC/MS with direct injection or coupled with HS-SPME or TENAX cartridges analyses were made by ESPCI, IFPEN's partner in an ANR project (DALMATIEN) † . Analyses of Sep-Pack cartridges were done by INERIS.

Figure 3 .

 3 Figure 3.1 is a sum-up of the analytical strategy used to improve the identification of degradation products.

Figure 3 . 1 .

 31 Figure 3.1. Analytical strategy HPLC/DAD: High performance liquid chromatography with diode array detection

Figure 3 .

 3 2 described this extraction. Triangles represented annoying molecules (MEA) which were not soluble in the organic solvent (ethyl acetate) and circles represented molecules of interest (nitrosamines) soluble in the organic solvent.

Figure 3

 3 Figure 3.2. ChemElut protocol

Figure 3 . 3 .

 33 Figure 3.3. HS-SPME procedure
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 31 Sep-Pak Cartridges Sep-Pak DNPH-Silica Plus Short Cartridge (Waters) hold 350 mg of sorbent per cartridge with particle size between 55 and 105 µm. Due to their reaction with acidified 2,4dinitrophenylhydrazine (DNPH) during sample collection (Figure 3.4), such cartridges trap aldehydes and ketones in air through the formation of stable hydrazone derivatives.

Figure 3 . 4 .

 34 Figure 3.4. DNPH derivation on Sep-Pak cartridge On pilot plant, the cartridges were connected to the absorber outlet gas line (position V10 in Figure 4.1). On lab experiment, they were connected after the condensers. Adsorption was done during 1 hour with flue gas of 6 NL/h. The derivatives were later desorbed with acetonitrile (about 2 mL) and the collected solution analysed by INERIS using HPLC/DAD. They are quantified thanks to INRS Metropol 001 method.
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 35 Figure 3.5. TENAX cartridge desorption and injection system

Figure 4 . 1 .

 41 Figure 4.1. IFPEN pilot plant flowsheet

  To develop this test, a laboratory unit composed by 6 semi-open batch reactors in hastelloy was used (Figure 4.2).

Figure 4 . 2 .

 42 Figure 4.2. Semi-open batch reactor for representative test

  To know if the degradation was really close to that occurring in pilot plants, samples were collected and analysed at the end of the tests by GC/FID with Carbowax and CPSIL8 columns. Comparison with C1 was done (Figure 4.3 and Figure 4.4).

Figure 4 . 3 .

 43 Figure 4.3. Chromatograms comparison of pilot plant (red/up) and representative lab test samples (black/ down) by GC/FID -CPSIL8 column (TEG = internal standard).

Figure 4 . 4 .

 44 Figure 4.4. Chromatograms comparison of pilot plant (blue/up) and representative lab test samples (pink/ down) by GC/FID-Carbowax (TEG = internal standard).

Figure 4 . 5 .

 45 Figure 4.5. Ammonia and CO 2 FTIR profiles Like in pilot plants, ammonia was detected in the outlet gas during the absorption step, on the other hand, CO 2 was predominant during the regeneration step (desorption) as the result of the increasing of the temperature. Globally, the amount of ammonia was more important at the end of the experiment. It was correlated with degradation: amount of ammonia increased with degradation.

1 .

 1 Associated analytical methods used to identify them in this work were also specified. All the analytical methods are described in chapter 3. Chromatograms were given in Appendix (Figures B.1 to B.7) with their identification.

  1 were confirmed by commercially available standards. Standards were synthesised for HHEA, HEOX and HEHEAA. These products are amides and their formation is well known (Scheme 2.14). They are formed by reaction between an amine and a carboxylic acid:  HHEA MEA was stirred with glycolic acid (S1) and the mixture was analysed by NMR and GC/MS. Formation of HHEA was confirmed by NMR. Then its mass spectrum was compared with the one obtained at same retention time in the GC/MS analysis of liquid pilot plant sample (Spectra in appendix -Figure B.8 to B.11). That confirmed the presence of HHEA in pilot plant.
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 51 Figure 5.1. Reaction mixture from MEA and oxalic acid (in pink) superposed with standards (20 ppm in black) and pilot plant sample (in blue).
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 55 Scheme 5.5. Proposition of mechanism for MAE formation (based on S8 results)

  Scheme 5.7. Proposed mechanism for the formation of HEI without formaldehyde (based on S10 results)
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 5 Scheme 5.10. Proposed mechanism HESucc formation (based on S15)

 BHEPDO2, 5 5 (

 55 Scheme 5.13. Proposed mechanism for HEMI formation (based on HEI formation and S16) Scheme 5.14 is a sum-up for the reaction with MEA and glyoxal as starting materials, which lead to new degradation products.
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 5 Figure 5.2. 1 H-13 C HSQC spectrum of S8 in D 2 O.
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 53115 Figure 5.3. 1 H NMR spectrum of HEGly in D 2 O. As HEGly is one of the major degradation products (da Silva et al., 2012), 2 molecules of HEGly can react together to form this product. Firstly, amine of HEGly could react with carboxylic acid of the other molecule, then an intramolecular amidification could lead to BHEPDO2,5 (Scheme 5.15).
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 516 Scheme 5.16. Proposal for the structure and formation pathway of U1 (based on S14)
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 518 Scheme 5.18. Proposal for the structure and formation pathway of U3 (based on S4)



  Scheme 5.20. Proposal for the structure and formation pathway of U4 (based on S18) As pyruvic acid was not observed in pilot plant, this compound could be formed in situ by reaction of MEA with methylglyoxal. The resulting compound could be oxidised into HEMGly.
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 5 Scheme 5.22. Alternative proposal for the structure and formation pathway of U5

  Scheme 5.23. Proposal for the structure and formation pathway of U6
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 53 Scheme 5.24. Alternative proposal for the structure and formation pathway of U6

Figure 5 . 4 .

 54 Figure 5.4. SIM (TIC) chromatogram, after HS-SPME, of pilot plant sample using DBWAX

Scheme 5 .

 5 Scheme 5.30. Proposed mechanism for oxazolines (R = H, CH 3 ).

Scheme 5 .

 5 Scheme 5.31. Proposed mechanism for oxazolidines formation (R = H, CH 3 ).
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 5 Scheme 5.33. Proposed way of formation for HEPyr and pyrrole (R = CH 2 -CH 2 -OH or H)
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 5 Scheme 5.35. Proposed way of formation for N-(2-hydroxyethyl)propanamide
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 5 Scheme 5.37. Proposed mechanism for oximes formation
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 55 Figure 5.5. Sum up of MEA degradation

  hydroxyethylmethyl)oxamic acid (M = 147) N,N'-bis(2-hydroxyethyl)-N,N'-dimethyloxalamide (M = 204) 

Scheme 6 . 7 .

 67 Scheme 6.7. General reaction for amino acids formation Two mechanisms were proposed previously (chapter 2 and 5):  The first one, from the literature, was based on the reduction of an imine formed by reaction of an amine with aldehyde or ketone functions, by ammonium formate (Leuckart-Wallach) (Scheme 2.21). Such pathway could be applied with any kind of dialdehyde or ketoaldehyde.

  Products observed in GC/MS Products observed only in FT-ICR/MSIn the case of MEA, HEGly formation could be explained by these two mechanisms. The intermediate of the second mechanism was HEHEAA.

  7 min with m/z = 115 was observed and its retention time was compatible with the HEGly homologue: N-(2-hydroxyethyl)-N-methylglycine (MHEGly, M = 133 g/mol). Moreover, C 5 H 12 NO 3 was proposed with a high intensity in FT-ICR/MS. 2-[methyl-(2-hydroxyethyl)]amino-N-(2-hydroxyethyl)-N-methylacetamide (MHEHEAHEMAA, M= = 190) which is a potential intermediate in the formation of this amino acid was detected by FT-ICR/MS. On GC/MS, a product at 56.3 min with m/z = 88 (HO-CH 2 -CH 2 -N(CH 3 )-CH 2 fragment) as highest peak in mass spectrum could correspond to MHEHEAHEMAA. This assumption was made because in HEHEAA mass spectrum, highest peak was m/z = 74 which corresponded to the same fragmentation. Therefore, presence of N-MHEGly and MHEHEAHEMAA were highly suspected In the case of 1AP2, two amino acids could be formed due to the expected presence of glyoxal (in fact of oxalic acid) and methylglyoxal.  1AP2 reaction with glyoxal should lead to N-(2-hydroxypropyl)-2-(2hydroxylpropylamino)acetamide (HPHPAA) and the corresponding acid N-(2hydroxypropyl)glycine (HPGly). Using FT-ICR/MS, the molecular formula of HPHPAA was observed but maybe due to a low concentration, HPHPAA was not detected by GC/MS. The corresponding acid was not observed in GC/MS nor in FT-ICR/MS. It was maybe the result of a very low concentration of glyoxal which was corroborated with the low concentration of oxalic acid.  Methylglyoxal should be present in higher concentration than glyoxal, thus increasing the probability of N-(2-hydroxypropyl)-2-(2-hydroxypropylamino)propanamide (HPHPPA) and N-(2-hydroxypropyl)alanine (HPAla) formation. A molecular weight corresponding to the formula C 6 H 13 NO 3 (HPAla) was seen in FT-ICR/MS, but was not confirmed by GC/MS. It was probably due to the low response of amino acids in GC/MS as already observed with HEGly. On the other hand, its intermediate (HPHPPA) was found in FT-ICR/MS and highly suspected in GC/MS (rt = 56.9 min). On mass spectrum, the peak with the highest intensity was m/z = 102, which should correspond to the fragment HO-CH(CH 3 )-CH 2 -NH-CH(CH 3 ). Same kind of fragmentation was previously observed for HEHEAA. It is highly likely that HPHPPA and HPAla were present as degradation products.

  reaction of methylamine instead of MAE Products observed in GC/MS Products observed only in FT-ICR/MS

  already observed these products. Therefore 1-(2hydroxypropyl)-4-methylimidazolidin-2-one and N-(3-hydroxypropyl)tetrahydropyrimidin-2one might be present.

  Products observed only in FT-ICR/MS

  => not favourableProducts observed in GC/MS Products observed only in FT-ICR/MSFor MEA, piperazinones formed with this mechanism were 4HEPO and PO.In the case of MAE, a product with M = 128 (rt = 35.5 min) and C 6 H 13N 2 O as molecular formula could correspond to 1,4-dimethylpiperazin-2-one. It could be formed by reaction of sarcosine (from MAE oxidation) with N-methyloxazolidinone. Another product, 4-(2hydroxyethyl)-1-methylpiperazin-2-one was suggested as a potential product from the observation of M = 158 at rt = 51 min in GC/MS and C 7 H 15 O 2 N 2 as molecular formula in FT-

  reaction of methylamine instead of MAE Products observed in GC/MS Products observed only in FT-ICR/MS

  Products observed only in FT-ICR/MS

  with 1AP2. Another product with C 8 H 13 NO as formula was observed in FT-ICR/MS. It could correspond to N-(2hydroxypropyl)-2-methylpyrrole, which was formed by aldolisation of 2-hydroxypropanol and acetaldehyde, followed by dehydration and rearrangement. Then the intermediate could react with 1AP2.

Scheme 6 .

 6 Scheme 6.16. Pyridines formation

  Products observed only in FT-ICR/MS
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Table 2 .

 2 

1 MEA main thermal degradation products Formation of these compounds had been well established. Proposed mechanisms were listed below (for MEA, R1 = H in all figures). Firstly, MEA reacts with CO2 to form a carbamate (Scheme 2.1), this reaction takes place in the absorber. Scheme 2.1. Carbamate formation (R 1 = H, R 2 = CH 2 CH 2 OH)

  ). CO 2 can react with ethylene oxide (formation explained below) to form 1,3-dioxolan-2-one. This intermediate can react with MEA to form OZD.

	Scheme 2.3. Oxazolidin-2-one formation adapted from Patil et al., 2008

Table 2 . 2

 22 

. MEA thermal degradation products formed from HEEDA.

Table 2 . 3

 23 

. Well-described MEA oxidative degradation products (schemes 2.9-2.23).

  [START_REF] Huang | Impact of Flue Gas Contaminants on Monoethanolamine Thermal Degradation[END_REF] observed that HEEDA formation is enhanced by the presence of nitrites.

	They proposed a mechanism (Scheme 2.15) where nitrites react with hydroxyl group of MEA
	to form a better leaving group. Then MEA can react with this intermediate by intermolecular
	substitution to form HEEDA.

Scheme 2.15. HEEDA formation adapted from

[START_REF] Huang | Impact of Flue Gas Contaminants on Monoethanolamine Thermal Degradation[END_REF] 

On pilot plant, oxidative and thermal degradation are both involved, therefore activation of alcohol function nitrite (Scheme 2.15) can occur to lead to other amines formation

[START_REF] Huang | Scheme 2[END_REF]

.

In the case of oxidative degradation,

Lepaumier et al., 2009b 

explained HEEDA formation through the activation of the hydroxyl substituent of MEA due to its esterification in the presence of carboxylic acids (Scheme 2.16). The amino function would then react intramolecularly with the ester function allowing cyclisation (via oxazolines). Then another molecule of MEA could be involved in a S N 2 reaction on the cyclic intermediate to form an amide, which was hydrolysed thanks to basic conditions leading to HEEDA (Scheme 2.16).. However, esterification seems not to be favourable in solution as explained in chapter 5 of this work. Moreover, many amides are formed in the process and they are relatively stable towards hydrolysis. Therefore, this mechanism appears unlikely.

Lepaumier et al., 2009b 

explained simultaneouosly BHEEDA formation by reaction of HEEDA with ethylene oxide. Scheme 2.16. HEEDA and BHEEDA formation according to Lepaumier et al., 2009b (R = H, CH 3 or CH 2 OH) In pilot plant, HEEDA formation could be formed following Scheme 2.4 and Scheme 2.15 but mechanism based on CO 2 should be predominant due to carbamate concentration, which is about 2 M.

Table 2 .

 2 4. Degradation products of MEA without any described mechanisms

	* Without standard confirmation

Table 2 .5. Nitrosamines observed in MEA degradation Chemical structure Name (abbreviation) Mw (g/mol) References

 2 

	N-nitrosodimethylamine (NDMA)	75	Einbu et al., 2013 Fostås et al., 2011
	N-nitrosomorpholine (NMor)	116	Fostås et al., 2011
	N-nitrosodiethanolamine (NDELA)	134	Einbu et al., 2013 Fostås et al., 2011
	N-nitroso-N-(2-hydroxyethylglycine) (NHEGly)	148	Einbu et al., 2013
	Strazisar et al., 2003 suggested presence of nitrosamines in pilot plant thanks to the total
	nitrosamine analysis but they were not identified. Pedersen et al., 2010 observed N-
	nitrosodiethanolamine (NDELA) and Fostås et al., 2011 proposed a mechanism of formation
	for this nitrosamine: NOx could react with MEA to form DEA (Scheme 2.2.24), which could
	react another time with NOx to form NDELA. In autoclave, N-nitrosodimethylamine (NDMA)
	and N-nitrosomorpholine (NMor) were observed too. N-nitrosopiperazine (NPZ) was
	expected to be formed but was not observed. Recently, in addition to NDELA and NDMA, a
	novel nitrosamine issued from HEGly, the N-nitroso-N-(2-hydroxyethylglycine) (NHEGly),
	was observed by Einbu et al., 2013.		
	Scheme 2.2.24. Nitrosamines formation according to Ridd (1961) and Fostas et al. (2011)
	Saavedra, 1981 studied the action of HNO2 on MEA and AMP (2-amino-2-methyl-1-
	propanol) and observed the formation of N-nitroso-2-methyl-1,3-oxazolidine from MEA
	while AMP gave N-nitroso-2-isopropyl-4,4-dimethyl-1,3-oxazolidine. Even if HNO2 cannot
	be present in CO2 capture conditions, NOx might give the same results. This nitrosamine
	should be formed in pilot plant.		

ANR programme : Systèmes Energétiques Efficaces et Décarbonés (SEED) 2011 Reference

  

	CO 2 Capture unit
	Gas phase
	GC/MS
	(EI, PCI, NCI)
	2 devices & 2 columns
	HS/SPME + GC/MS
	2 columns
	Thermodesorption +
	GC/MS
	LC/ESI + /MSMS
	Analyses of selected
	products
	LC/APCI/MSMS
	For nitrosamines
	: ANR-11-SEED-0006

Dilutions Liquid-liquid extraction (ChemElut) Trapping on TENAX Trapping on Sep-Pak

  

	3		
	Liquid phase	Head space	
	Acids quantification IC	Adsorption on SPME fibre	FTIR
	FT-ICR/MS		
	Screening of exact		
	molar masses		
		Elution +	
		HPLC/DAD

.1. Liquid phase analyses 3.1.1. Ion chromatography

  

	Ion chromatography was commonly used to quantify acids in their anionic forms:
	glycolate, formate, acetate, oxalate, sulphate, nitrite, and nitrate ions. Samples were diluted in
	ultrapure water depending on acids concentration. 25 μL of the solution was injected twice on
	a Dionex ICS-3000 ion chromatograph. The column was AS-15 (4 × 250 mm) from Dionex.

Table 4 .

 4 1. Representative test conditions.

	Step	Time (min)	Air flow (NL/h)	N 2 flow (NL/h)	CO 2 flow (NL/h)	Temperature (°C)	Pressure (bars)	Stirring (rpm)
	1	60	19	14	2.5	60	2	1000
	2	60	1	31	0	120	4	1000
	3	60	1	31	0	60	4	1000
	Partial pressures of oxygen and CO 2 resulting from these choices were reported in

Table 4 . 2 Table 4 .

 424 2. O 2 and CO 2 partial gas pressures.

	Steps	Total flow (NL/h)	P CO2 (mbar)	P O2 (mbar)
	1	35.5	129	206
	2	32	/	15
	3	32	/	25

Table 4 .

 4 3. Comparison of IC results for lab test and pilot plant campaign C1.

		Glycolate	Acetate	Formate	Nitrite	Oxalate	Nitrate
		ppm	ppm	ppm	ppm	ppm	ppm
	Pilot plant	415	406	2820	/	621	241
	Lab test	NQ	100	4142	95	481	83

NQ: no quantification

Table 4 .

 4 4. Sum-up of the experiments carried out in oven.

	Names	Reagents
	S1	MEA + Glycolic acid
	S2	MEA + Oxalic acid
	S3	MEA + HEGly
	S4	MEA + Glyoxal
	S5	MEA + Glyoxylic acid
	S6	MEA + Glyoxal bisulphite
	S7	MEA + Formaldehyde
	S8	HEGly
	S10	MEA + Glyoxal + Ammonium formate
	S11	MEA + Ethyleneglycol
	S12	HEEDA + Ethyleneglycol
	S13	HEEDA + Glyoxal
	S14	HEGly + OZD
	S17	MEA + Glyoxal
	S18	MEA + Pyruvic acid + Ammonium formate
	S21	MEA + Formic acid
	S22	MEA + Acetic acid
	S23	HEF
	S24	HEA
	S25	MEA + Acetaldehyde
	S27	MEA + Acetaldehyde + Formaldehyde
	S28	OZD + Glycine

Table 4 .

 4 5. Sum-up of experiments carried out in stirred reactor

	Names		Reagents
	S9	MEA + Glyoxal + NH 4	+ HCO3 -+ Formaldehyde
	S15*	MEA + Glyoxal + Acetaldehyde + O 2
	S16	MEA + Glyoxal + NH 4	+ HCO3 -+ Acetaldehyde
	S19	MEA + Acrylic acid	
	S20*	HEEDA + Glyoxal + CO 2

Table 5 .

 5 

1. Products observed in this work

In italic: Standard synthesised ? : Suspected to be observed with the corresponding method

  could not be done due to the presence of other important compounds such as MEA, but presence of HEHEAA was highly suspected in pilot plant.Mechanism comprehension and reaction between MEA and specific reactants (all observed in MEA degradation) had helped us to confirm presence of important degradation products.

	Some teams had proposed mechanism to explain formation of degradation products. Some
	mechanisms were well described in literature: OZD, HEEDA, HEIA, BHEU (see part 2.1),
	amides (HEF, HEA, HHEA, HEOX, Glygly, BHEOX), BHEEDA (see part 2.2, Scheme
	2.16), DEA.
	Some nitrosamines already observed in literature were observed in this work (NDMA,
	To confirm it, MEA
	and HEGly were mixed in S3 because HEHEAA formation proposed by da Silva et al., 2012
	(Scheme 2.18, way of da silva) was based on an amidification reaction between MEA and
	HEGly.
	By GC/MS comparison, one of the major product observed in S3 corresponded to a major
	and unknown product observed in pilot plant sample (same mass spectrum and same retention

time, see appendix -Figures B.

14 and B.15)

. Regarding to the mechanism proposed by da

Silva et al., 2012, this 

peak could be attributed to HEHEAA. Unfortunately structure identification by NMR NMOR, NDELA). Mechanism of their formation was previously described by

[START_REF] Fostås | Effects of NOx in the flue gas degradation of MEA[END_REF] 

For others, ethylene glycol, aldehydes, carboxylic acids, HEHEAA, HEGly, 1HEPO, 4HEPO, HEI, HESucc, propionic acid and HEL, there was no described mechanism or they were unlikely regarding to organic chemistry, unclear or not proved. Therefore, new mechanisms are proposed in this work.

 EG Ethyleneglycol (EG) was one of the first generation degradation products. A mechanism of deamination has been proposed (Scheme 5.1) for its formation. Unfortunately, ethylene oxide was not observed, probably due to its very high reactivity. Scheme 5.1. Proposed mechanism for ethyleneglycol formation

  Therefore it could be better to propose ethylene oxide than ethyleneglycol as an electrophile in the mechanisms, although due to its strong reactivity, ethylene oxide was not reported in literature or observed in our syntheses. S13) were 1HEPO and 4HEPO. Glyoxal could react with the two amino groups of HEEDA to form a vicinal diol, which was converted, after dehydration, either to 1HEPO or 4HEPO (Scheme 5.8).

	Scheme 5.8. Proposed mechanism for 1HEPO and 4HEPO formation (based on S13)
	Substitution of alcohols with primary or secondary amines in our syntheses conditions
	didn't occur. However, pilot plant conditions could favour this reaction (presence of nitrite
	could activate OH as leaving group, Huang et al., 2014, Scheme 2.23).
	Lepaumier et al., 2009b described another possible way (Scheme 2.17), but intramolecular
	nucleophilic substitution of alcohol by amine was involved too.

To confirm this hypothesis, MEA (or HEEDA) was mixed with ethyleneglycol (S11 and S12); no new compound was observed by NMR or GC/MS. None of these mechanisms was confirmed; therefore we proposed two other ones. The first is for 4HEPO and 1HEPO formation. Major products of the reaction of HEEDA with glyoxal (

Table 5 .

 5 2. 

Table 5 .

 5 3. Products observed without identification in pilot plant sample

	Liquid phase analysis
	GC/MS	
	CPSIL8	DBWAX

  this oxidation was also observed byGuerra and Yaylayan, 2010 during a pyrolysis at 150°C and by[START_REF] Adams | Formation of pyrazines and a novel pyrrole in Maillard model systems of 1,3-dihydroxyacetone and 2-oxopropanal[END_REF] at 90°C. Conditions used by Adams et al., 2008 could be encountered in the case of CO 2 capture. Moreover, the deprotonated form of dihydropyrazine can react with formaldehyde or acetaldehyde to form 2-methylpyrazine or 2-ethylpyrazine, respectively

  same retention time and mass spectrum, see appendixFigures B.21 to B.22) as observed on TENAX cartridges. Formation of this compound was highly suspected by NMR. Therefore, we conclude that this nitrosamine can be formed in the pilot plant conditions.

	The formation of N-nitroso-2-methyloxazolidine was based on the mechanism of
	nitrosation (Scheme 2.2.24) applied to 2-methyloxazolidine (Scheme 5.31)
	 N-Nitrosopiperazine

N-Nitrosopiperazine was observed thanks to ChemElut extraction and LC/MSMS analysis.

This molecule could be formed from HEEDA with nitrite activation (adapted from

[START_REF] Huang | Scheme 2[END_REF] 

then by nitrosation of piperazine (Scheme 5.32)

[START_REF] Fostås | Effects of NOx in the flue gas degradation of MEA[END_REF]

. Scheme 5.32. Proposed mechanism for NPZ formation

Table 6 .

 6 2. Expected products from alkylation/dealkylation pathways

	Starting molecules	Expected products
	MEA	
		MEA (M = 61, rt = 8.3 min)
	MAE	
		DMAE (M = 89, rt = 9.9 min)
	1AP2	
	3AP1	

Table 6 .

 6 3. Expected aldehydes/ketones and corresponding acids

	Starting molecules	Expected products	Corresponding acids
		Formaldehyde		Formic acid
		Acetaldehyde		Acetic acid
		2-Hydroxyethanal		Glycolic acid
	MEA		
		Glyoxal	
			Glyoxylic acid	Oxalic acid
		Aminoacetaldehyde		Glycine
		Formaldehyde		Formic acid
		Acetaldehyde		Acetic acid
		2-Hydroxyethanal		Glycolic acid
	MAE		
		Glyoxal	
			Glyoxylic acid	Oxalic acid
		N-methylaminoacetaldehyde		Sarcosine
		Formaldehyde		Formic acid
		Acetaldehyde		Acetic acid
		Acetone	
	1AP2	Methylglyoxal		Pyruvic acid
		Lactaldehylde		Lactic acid
		1-Aminopropan-2-one	

Table 6 .

 6 4. Expected products issued of aldolisation

	Starting molecules	Intermediate (aldolisation)	Expected products
		+	(after oxidation) 3-hydroxy-4-oxo-butanoic acid
	MEA	+	succinaldehyde	(after rearrangement)
			(after dehydration)
		+	acrolein	
		+	(after oxidation) 3-hydroxy-4-oxo-butanoic acid
	MAE			
				(after rearrangement)
		+	succinaldehyde	
		+	(after oxidation) 3-hydroxy-3-methyl-4-oxobutanoic acidl
		+	4-ketopentanal	(after rearrangement)
	1AP2			
		+		(after rearrangement)
			hexane-2,5-dione	
				(after dehydration)
		+	2-butenal	
	3AP1			

Table 6 .

 6 5. Expected products from amidification reaction

Table 6 .

 6 8. Expected amino-acids and their intermediates

	Starting molecules	Intermediate (2 nd mechanism)	Expected products
	MEA	HEHEAA (M = 162, rt = 58.	

Table 6 .

 6 9. Expected products from carbamate cyclisation

Table 6 .

 6 10. Expected imidazolidinones or six-membered rings homologues

Table 6 .

 6 11. Expected oxazolidines and tetrahydrooxazines

Table 6 .

 6 12. Expected piperazinones with their reactants

	Starting molecules	Intermediate	Expected products
		HEGLY	+ OZD
	MEA		

Table 6 .

 6 [START_REF]Imidazoles and homologues formation[END_REF]. Expected oxazolines and homologues

Table 6 .

 6 

14. Expected imidazoles or six-membered ring homologues

Table 6 .

 6 15. Expected succinimides 

	Starting molecules Intermediate (aldolisation)	Expected products
	MEA	

Table 6 .

 6 [START_REF]Pyridines formation[END_REF]. dicarbonyl intermediates and expected pyrroles

	Starting molecules	Intermediate (aldolisation)	Expected products
			HEPyr
			(M = 111, rt = 27.
	MEA		

Table 6 .

 6 17. Alkenal intermediate and expected pyridine

	Starting molecules	Intermediate (aldolisation)	Expected products

-Chromatograms, NMR spectra and mass spectra of products

  The next table reported MRM transition of a list of targeted nitrosamines. Protocol to use ChemElut cartridges was explained below.

	Reagents Reagents Reagents		Abbreviations Abbreviations Abbreviations	CAS CAS CAS	Mw g/mol Mw g/mol Mw g/mol	Purity % Purity % Purity %	suppliers suppliers suppliers
	Table A.3. MRM transition of target nitrosamines Ethanolamine MEA 141-43-5 Ethyleneglycol EG 107-21-1 2-Ethyl-3-methylpyrazine 15507-23-0 1-(2-Hydroxyethyl)piperazinone hydrochloride 1HEPO 59702-23-7 Pyrazine 290-37-9 Propionic acid 79-09-4 N-(2-hydroxyethyl)-2-methylimidazole HEMI 1615-15-2 Propanaloxime 627-39-4 B. Appendix B		62 122 180 80 74 61 126 73	98 99.5 99% / ≥ 99% 99 99 et 98 / 96	Fluka Sigma-aldrich Sigma-aldrich BBV Sigma-aldrich Carlo-Erba Sigma-aldrich Sigma-aldrich Sigma-aldrich
	Compounds Acetaldehyde 2-Ethyl-5(6)-methylpyrazine Parent ion (m/z) 4-(2-Hydroxyethyl)piperazinone Pyruvic acid NPZ 116.3 Acetaldoxime 2-Ethylpyrazine N-(2-hydroxyethyl)propanamide Pyrrole Acetic acid Formaldehyde N-(2-hydroxyethyl)pyrrole Sodium sulphate NDELA 135.4 Acetoxime Formic acid N-(2-hydroxyethyl)succinimide 2,3,5-Trimethylpyrazine 1-Aminopropan-2-ol Glycine N-methylaminoethanol Triethyleneglycol	Transitions (m/z) 4HEPO 57.5 HEPr 86.4 HEPyr 74.3 HESucc 104.4 1AP2 Gly MAE TEG	Collision energy 75-07-0 36731-41-6 23936-04-1 127-17-3 (V) 107-29-9 13925-00-3 18266-55-2 109-97-7 15 64-19-7 50-00-0 6719-02-4 7757-82-6 10 667463-85-6 64-18-6 18190-44-8 14667-55-1 10 5 78-96-6 56-40-6 109-83-1 112-27-6	44 122 144 88 59 108 117 67 60 30 111 142 73 46 143 122 75 75 75 150	99 98% / 97 98 99% / 98 99.8 37 99 99 98 97 95 ≥ 99% 93 99.7 98 99	Sigma-aldrich Tyger Sigma-aldrich Sigma-aldrich Sigma-aldrich Sigma-aldrich Sigma-aldrich Sigma-aldrich Carlo-Erba TCI Sigma-aldrich Alfa-aesar Sigma-aldrich Alfa-aesar Alfa-aesar Sigma-aldrich Sigma-aldrich Merck Sigma-aldrich Fluka
	NDMA 3-Aminopropan-1-ol Glycolic acid 2-Methyloxazoline 2-Vinylpyrazine	75.4	43.7 3AP1	20 156-87-6 79-14-1 1120-64-2 4177-16-6		75 76 85 106	99 99 99% ≥ 97%	Alfa-aesar Sigma-aldrich Alfa-aesar Sigma-aldrich
	Nmor NDEA N,N'-bis(2-hydroxyethyl)ethylenediamine 117.3 103.3 Glyoxylic acid N-nitrosdimethylamine Bicine Glyoxal bisulfite N-nitrosodiethanolamine Ammonium hydrogenocarbonate Glyoxal 3-Methylpyridine Ammonium formate Glycylglycine 2-Methylpyrazine 2,3,5,6-Tetramethylpyrazine	58.5 45.6 86.4 29.7 75.5 BHEEDA NDMA NDELA Glygly	20 20 4439-20-7 563-92-2 62-75-9 22 150-25-4 517-21-5 1116-54-7 22 1066-33-7 107-22-2 108-99-6 22 540-69-2 556-50-3 109-08-0 1124-11-4		148 72 74 163 266 134 79 58 93 63 132 94 136	97 98 5000ug/ml in methanol 99.5 90 90 99 40 99 97 99 99% 98	Sigma aldrich Sigma-aldrich Sigma-aldrich Fluka Sigma aldrich Sigma-aldrich Fluka Sigma-Aldrich Alfa-aesar Alfa-aesar Alfa-aesar Sigma-aldrich alfa
	Npip N,N'-bis(2-hydroxyethyl)oxalamide 115.3 N-(2-hydroxyethyl)acetamide N-nitrosomorpholine N,N'-bis(2-hydroxyethyl)urea N-(2-hydroxyethyl)ethylenediamine N-nitrosopiperazine	41.7 69.5 BHEOX HEA NMOR BHEU HEEDA NPz	10 1871-89-2 142-26-7 59-89-2 20 15438-70-7 111-41-1 5632-47-3		176 103 116 148 104 115	99 90 5000ug/ml in methanol / 99 /	Alfa-aesar Sigma-aldrich Alfa-aesar Chemos GMBH Sigma-aldrich Sigma-aldrich
	Diethanolamine N-(2-hydroxyethyl)formamide Oxalic acid Protocol ChemElut extraction: 3 mL of phosphate buffer (pH = 7.4) were mixed with 250 DEA 111-42-2 105 HEF 693-06-1 89 144-62-7 90 Diethyleneglycol DEG 111-46-6 106 N-(2-hydroxyethyl)glycine HEGly 5835-28-9 119 Oxazolidine 504-76-7 73 µL of reaction sample (10-fold dilution). The resulting mixture was adsorbed on ChemElut 2,3-Dimethylpyrazine 5910-89-4 108 N-(2-hydroxyethyl)imidazole HEI 1615-14-1 112 Oxazolidin-2-one OZD 497-25-6 87 with 5 min of impregnation, then cartridges were extracted with 8 mL of ethyl acetate (Figure 2,5-Dimethylpyrazine 123-32-0 108 N-(2-hydroxyethyl)imidazolidin-2-one HEIA 3699-54-5 130 Oxazoline 504-77-8 71 3.2). After, 100 µL of distilled water were added and the organic solvent evaporated thanks to nitrogen flux gas. 2,6-Dimethylpyrazine 108-50-9 108 N-(2-hydroxyethyl)lactamide HEL 5422-34-4 133 Piperazin-2-one PO 5625-67-2 100	99 97 97 99 95 / 99% 97 99 99% 97 96 99% / 97	Sigma-aldrich Fluka Alfa-aesar Alfa-aesar Selectlab Enamine Sigma-aldrich Alfa-aesar Sigma-aldrich Sigma-aldrich Interchim Alfa-aesar Sigma-aldrich Sigma-aldrich Alfa-aesar

Table 2 .

 2 Degradation products observed in pilot plant sample with analytical methods and previous citations.

	Name	Chemical structure	Analytical methods		Previously cited by
		CP -Sil	DB-WAX	SPME + CP-Sil	CP-Sil (TOF)	
	oxazoline	N	Y	Y	Y	Voice, 2013*
	2-methyloxazoline	N	Y	N	Y	NR
	oxazolidine	N	N	N	Y	Reynolds et al., 2013* Voice, 2013*
	2-methyloxazolidine a *	N	N	N	Y	NR
	N-(2-hydroxyethyl)lactamide HEL	Y	Y	N	Y	Reynolds et al., 2013 Strazisar et al., 2003
	N-(2-hydroxyethyl)propanamide	Y	Y	N	Y	NR
	HEPro					
	3-picoline	N	N	N	Y	NR
	2-piperazinone	N	N	N	Y	NR
	N,N'-bis(2-hydroxyethyl)-piperazin-2,5-dione*	N	N	N	Y	NR
	BHEPDO2,5					
	N-(2-hydroxyethyl)pyrrole	Y	Y	Y	Y	NR
	HEPyr					
						Lepaumier et al., 2011
	N-(2-					Reynolds et al., 2013
	hydroxyethyl)succinimide	Y	Y	Y	Y	Strazisar et al., 2003
	HESucc					Supap et al., 2011
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Unfortunately, these hypotheses could not be yet proved. The second hypothesis seems less favourable because HEHEAA was not observed in S14.

The next table was a sum up of products observed in pilot plant sample without identification. They were indexed with their retention time, on GC/MS-TOF with CPSIL8 column. The corresponding molecular weight obtained thanks PCI and NCI and proposed molecular formula were reported as well as the synthesis number, when they were observed. In the case of MAE, two amides were observed in GC/MS-TOF.

 The major degradation product had molecular weight of 103. As for HEF, the most intense fragment corresponded to a loss of CH 2 -OH and a small fragment at m/z = 85 corresponded to a loss of water (Figure B.36,Appendix B). In addition, the retention time (30.3 min) was close to that of HEF (29.8 min), therefore this product could be N-(2-hydroxyethyl)-N-methylformamide (already observed by Lepaumier et al., 2011b;Vevelstad et al., 2013a).

 The formation of N-(2-hydroxyethyl)-N-methylacetamide was suggested from the observation of another peak at 33.4 min characterized by m/z = 117. Another amide already observed by Vevelstad et al., 2013a was suspected to be N,N'bis(2-hydroxyethyl)-N,N'-dimethyloxalamide thanks to FT-ICR/MS. For 1AP2, N-(2-hydroxypropyl)acetamide was proposed by the database for the peak at 32.6 min with m/z = 99 which corresponds to [M-18]. The peak at 33.8 min (m/z = 85) was assigned to N-(2-hydroxypropyl)formamide.

In the case of 3AP1, 3-hydroxy- N-(3-hydroxypropyl)propanamide could correspond to the GC signal with m/z = 147 observed at 48 min. Some expected products were not observed. Their GC signals could be hidden in GC/MS by those of other products or not detected (too low concentrations for example). Moreover amides derived from formic, acetic, glycolic, 3-hydroxypropanoic and oxalic acids were not observed by FT-ICR/MS with parameters used in our case.

Glycols formation

Alkanolamines with two or three carbon atoms between the nitrogen and oxygen atoms could be deaminated leading to the formation of an epoxide and ammonia or the corresponding alkylamine. Epoxide may react with water to form glycols (Scheme 6.5). Scheme 6.5. Glycols formation Epoxides could polymerise as previously observed in the case of MEA which formed DEG and TEG.

2-methyl-3-oxa-hexane-1,5-diol should be observed in the case of 1AP2 too, but it was not the case. This could be explained by the presence of other peaks at same retention time.

Eschweiler-Clarke

Eschweiler-Clarke reaction leads to the methylation of primary or secondary amines. This reaction requires the presence of formaldehyde (Scheme 6.6). Scheme 6.6. Eschweiler-Clarke reaction Expected products were given in the Table 6.7. In the case of MAE, DMAE was detected as a major degradation product. It may be formed by this reaction and with the alkylation/dealkylation reaction mentioned previously (part 6.2, alkylation/dealkylation).

In the case of 3AP1, formaldehyde was supposed to be an intermediate involved in the formation of observed formic acid. The GC peak at 16.7 min with m/z = 89 could correspond to the expected N-methylated derivative of 3AP1 (3-methylaminopropan-1-ol). In accordance with our assumption, C 4 H 11 NO was proposed in FT-ICR/MS for m/z = 89.

In the case of 1AP2, the expected product was not observed even in FT-ICR/MS.

A. Appendix A -Supplementary information for analytical methods and experiments

Appendix -LC/MS/MS parameters

LC device was used with a PGC column PGC having these dimensions: 150 mm x 3 mm, 5 µm-particles. 5 µL of samples were injected.

The mobile phase was a mixture of (A) water with 0.1% formic acid and (B) methanol with 0.1% formic acid at a flow rate of 350 µL/min. A pre-run rinse of 100% A was performed systematically during 8 min. After sample injection, eluent A was maintained from 0 to 10 min then it was changed gradually to 80:20 (A:B v:v) in 8 min and held for 12 min.

Total duration of the gradient was 30 min.

A list of targeted compounds with their MRM transition is reported in Table A Finally, glyoxal (40 % in water, 1.92 g, 13.2 mmol) was introduced. The resulting mixture was stirred one night at room temperature.

Appendix -List of chemicals

S19:

Pure MEA (30 mL, 501 mmol) was introduced in a three necks round-bottom flask.

Then acrylic acid (1.38 mL, 20 mmol) was added slowly to avoid quick increase of temperature. The resulting reaction mixture was followed by 1 H and 13 C NMR. To accelerate the reaction after 1 hour, the mixture was heated up to 70°C during 2 days, then to 120°C during one day.

S26:

Protocol adapted to [START_REF] Eiter | Neue offenkettige und cyclische alpha-Nitrosaminoalkyläther[END_REF][START_REF] Saavedra | Deamination of primary aminoalkanols. Formation of substituted Nnitroso-1,3-oxazolidines and N-nitroso-1,3-tetrahydrooxazines[END_REF] First MEA (0.530 g, 8. Appendix -Pyrazines identification 

Appendix -Chromatograms

Appendix -HHEA identification

C. Appendix C -Publications

We would like to acknowledge Elsevier to allow us to insert our publication in this manuscript.

%), N-(2-hydroxyethyl)lactamide, N-(2-hydroxyethyl)propanamide were purchased from Sigma Aldrich.

Oxazoline (96 %) was purchased from Interchim (France). N-(2-hydroxyethyl)pyrrole (99 %) was purchased from TCI. N-(2-hydroxyethyl)glycine (HEGly) (95 %) was purchased from Enamine (Ukraine). Acetic acid (99.8 %) was purchased from Carlo Erba. Glycine (99.7 %) was purchased from Merck. Oxazolidine was purchased from Selectlab.

Ultra-pure water was produced using a Direct-Q UV 3 system (18.2 MΩ.cm) from Millipore (France). 75 μm Carboxen/ PDMS SPME fibres were obtained from Supelco.

The liquid sample from IFPEN CO 2 capture pilot plant was obtained after 1000 hours. The synthetic flue gas composition was CO 2 14.9% N 2 68.1% and O 2 17%. Gas flow rate was 750 NL/h and liquid flow rate was 2.5 L/h. Absorber temperature profile was 36-58°C and bottom stripper temperature was 108°C at atmospheric pressure. 40% weight MEA solution used for the pilot plant campaign was provided by Carlo Erba. No addition of MEA was done during this campaign.

GC/MS analyses

Analyses were performed on an Agilent 7890A gas chromatograph coupled with an Agilent 5975C inert XL MSD mass spectrometer (USA). The device was equipped with a MPS (MultiPurpose Sampler) auto sampler from Gerstel (RIC, France) that enabled fully automated HS-SPME analyses. Two columns (Agilent) were used to separate all the target compounds, a non-polar fused silica capillary column CP-SIL8

CB-MS (30 m x 0.25 mm with 1 μm film thickness) and a polar fused silica capillary column DB-WAX (30 m x 0.25 mm with 0.5 μm film thickness). For the non-polar column, initial temperature was 40°C held for 2 min then raised to 130°C at 7°C/min, increased to 280°C at 13°C/min and held for 10 min. For the polar column, oven temperature program started at 40°C, held for 2 min then raised to 130°C at 7°C/min, then increased to 200°C at 10°C/min and held for 7 min. In both cases, helium was used as carrier gas in constant flow mode at 1 mL/min. The transfer line temperature to the MS detector was set at 280°C. For liquid injection procedures, real samples are diluted 10 times before injecting 1µL in split mode (1:5) at 250°C.

Detection was performed with a mass spectrometer using electronic ionization (EI) or chemical ionization (CI) source. The latter was both used in positive (PCI) and negative (NCI) mode. The EI source (70 eV) was heated to 250°C, the scan range was 25 to 250 amu. As for the CI source, it was heated to 300°C for positive mode and to 150°C for negative mode, CH 4 was used as reactant gas and the scan range was 50 to 250 amu. Some complementary analyses were also performed on a Thermo Finnigan Tempus (GC-TOF (Time of flight)/MS), which was used with CP-SIL8 CB-MS (30 m x 0.25 mm with 1 μm film thickness). Initial temperature was 35ºC then raised to 230ºC at 3°C/min and held for 50 min. Helium was used as carrier gas in constant flow mode at 0,9 mL/min. The transfer line temperature to the MS detector was set at 250°C. 

N-(2-hydroxyethyl)pyrrole

MEA reacts with glycolaldehyde, supposed as intermediate in the glycolic acid synthesis, Goff and Rochelle, 2004. The resulting cis-glycol is then dehydrated leading to an aldehyde which can react with acetaldehyde (aldolisation). An intramolecular cyclisation gives then a pyrrolidine which is dehydrated in HEPyr (Scheme 8). The CO 2 post-combustion capture with aqueous solutions of amines is the most mature technology to reduce greenhouse gases emissions. However chemical absorption is suffering from the degradation of amines mainly due to the presence of O 2 in flue gases. Formed products, which could be rejected to atmosphere, may be detrimental to environment and human health. The aim of this thesis was to identify as many degradation products as possible thanks to the development of different sampling and analytical methods especially for gas phase analysis. Thus more than sixty products issued from monoethanolamaine (MEA) degradation were observed in pilot plant samples. Thirty of them are novel, they often belong to the same family as pyrazines or oxazolines, or they could be characterized by the increase of carbon chain lengths (C2 between two heteroatoms to C5). Mechanisms such as alkylation/dealkylation, aldehydes/ketones formation, amidification, aldolisation, Eschweiler Clarke, pyridines formation were proposed to explain the formation of novel products and were, most of the time, validated by mixing the reactants proposed in the mechanism. Finally, it has been shown that the transposition of these reactions to three other amines (Nmethylaminoethanolamine, 1-aminopropan-2-ol, 3-aminopropan-1-ol) enabled us to predict their degradation products. Résumé :

Le captage du CO 2 en postcombustion par absorption dans des solutions aqueuses d'amines est la technologie la plus mature pour réduire les émissions de gaz à effets de serre. Cependant, les amines utilisées sont susceptibles de réagir avec l'oxygène présent dans les fumées pour former de nouveaux composés qui peuvent être émis à l'atmosphère et avoir des conséquences sur l'environnement et la santé humaine.. L'objectif de cette thèse était donc d'identifier le maximum de produits de dégradation des amines grâce au développement de différentes techniques analytiques et d'échantillonnage, notamment pour l'analyse de la phase gaz. Ainsi plus de soixante produits issus de la dégradation de la monoéthanolamine (MEA) en pilote de captage du CO2 ont été identifiés. Une trentaine de ces produits sont nouveaux, ils sont souvent issus d'une même famille comme les pyrazines ou les oxazolines ou ils peuvent être caractérisés par l'allongement de la chaine carbonée (C2 entre deux hétéroatomes à C5). Des mécanismes basés sur des réactions d'alkylation/de désalkylation, la formation d'aldéhydes ou de cétones, l'amidification, l'aldolisation, la réaction d'Eschweiler Clarke, la formation de pyridines ont été proposés pour expliquer la formation de tous les nouveaux produits de dégradation et validés, dans la plupart des cas, en mélangeant les réactifs proposés dans le mécanisme. Finalement, il a été montré que la transposition de ces schémas réactionnels à trois autres amines (N-méthylaminoéthanolamine, 1-aminopropan-2-ol, 3-aminopropan-1-ol) a permis de prédire leurs produits de dégradation.

Mots clés : [Captage du CO 2 , dégradation des amines, mécanismes, monoéthanolamine, Nméthylaminoéthanolamine,