The transition from petroleum crudes to renewable biomass sources drives refiners to rethink the existing technologies to incorporate new types of feedstocks. The changes in feed chemistry pushes the processes to re-evaluate the material selections and corrosion mitigation techniques. In the case of the hydrotreatment of vegetable oils and animal fats to produce biofuels, the process is constantly exposed to high concentrations of reactive oxygenated compounds naturally present in the initial feed or evolving from within the matrix. Investigation of the different sections comprising a hydrotreatment unit reveals that oxygenates are mostly present in the upstream segment leading to the top of the first reactor, which includes transfer lines, feed injection points, and heat exchangers. These sets are equipped with different grades of steels, most commonly carbon steels, low alloyed steels, and austenitic stainless steels.

Corrosion tests were carried out on different lipidic bio-oils. Industrial feedstock were selected based on differences in their chemical composition, their source of extraction, and their physico-chemical properties. Feedstocks studied include refined vegetable oils, animal fats, used cooking oils, and industrial effluents. The mass loss measurements on metal coupons after immersion tests in different lipidic feeds show a linear evolution of the corrosion rate of carbon and low alloy steels with the initial free fatty acid content of a bio-oil. At 220°C, uniform corrosion rates above 1 mm/y are observed on carbon and low alloy steels in high acid feeds (> 16 mgKOH/g). In fatty acid distillates (200 mgKOH/g), localized corrosion is observed on AISI 321 steel. The effect of temperature was studied in a range between 100 and 290°C. A kinetic relationship following Arrhenius' law was established for the corrosion of carbon and low alloy steels. In acidic feeds, the localized corrosion of AISI 321 steel evolves with temperature. Independent of temperature and feed composition, AISI 316L steel (containing 2% molybdenum) always exhibits high resistance to pitting and mass loss, suggesting an important role of Mo content in passive film protectivity. A model mixture approach consisting in doping a non-corrosive bio-oil with individual free fatty acids confirms that the initial acidity is a first-order parameter in the corrosion of carbon steel while the structure of the acid has a moderate impact. Chemical analysis show that the corrosion products are formed by chelation of free fatty acids with metal cations thus forming coordination complexes by metal-oxygen bonds. Corrosion products are completely soluble in solution due to the long hydrocarbon chains of acids, which reduces the possibility of forming a protective layer. Moreover, the consumption of free fatty acids is directly correlated to the total mass loss of the exposed steels: two acids can bind to a single iron atom, which suggests the presence of different binding configurations. A free fatty acid corrosion mechanism is suggested.

Résumé:

La transition des bruts pétroliers vers des sources renouvelables de la biomasse pousse les raffineurs à repenser les technologies existantes afin d'intégrer ces nouveaux types de charges. Les changements dans la composition des charges nécessitent pour les procédés de réévaluer le choix des matériaux et les techniques de remédiation contre la corrosion. Dans le cas de l'hydrotraitement des huiles végétales et des graisses animales pour produire des biocarburants, le procédé est constamment exposé à des concentrations élevées de composés oxygénés, réactifs, et naturellement présents dans la charge initiale ou provenant de la dégradation de la matrice. L'examen des différentes sections de l'unité d'hydrotraitement révèle que les composés oxygénés sont surtout présents dans la section en amont de l'unité menant à l'entrée du premier réacteur. Cette section comprend des lignes de transfert, des points d'injection et d'alimentation, et des échangeurs de chaleur. Ces ensembles sont fabriqués avec différents aciers, les plus souvent utilisés étant des aciers au carbone, des aciers faiblement alliés et des aciers inoxydables austénitiques.

Des tests de corrosion ont été effectués sur différentes charges lipidiques. Une sélection de charges industrielles a été faite sur la base de différences dans leur composition chimique, leur source d'extraction, et leurs propriétés physico-chimiques. Les charges étudiées comprennent des huiles végétales raffinées, des graisses animales, des huiles de cuisson usagées, et des effluents industriels. Des mesures de perte de masse sur des coupons métalliques après les tests d'immersion dans différentes charges lipidiques montrent une évolution linéaire de la vitesse de corrosion des aciers carbone et faiblement alliés avec la teneur initiale en acides gras libres d'une bio-huile. A 220°C, des vitesses de corrosion généralisée supérieures à 1 mm/y sont observées sur les aciers au carbone et faiblement alliés dans des charges hautement acides (> 16 mgKOH/g). Dans les distillats d'acides gras (200 mgKOH/g), une corrosion localisée est observée sur l'acier AISI 321. L'effet de la température a été étudié dans une plage comprise entre 100 et 290°C. Une relation cinétique suivant la loi d'Arrhenius a été établie pour la corrosion des aciers au carbone et faiblement alliés. Dans des charges acides, la corrosion localisée de l'acier AISI 321 évolue en fonction de la température. Indépendamment de la température et de la composition de la charge, l'acier AISI 316L (contenant 2% de molybdène) présente toujours une résistance élevée aux piqûres et à la perte de masse, ce qui suggère un rôle important de la teneur en Mo dans la stabilisation du film passif. Une approche avec des mélanges modèles consistant à doper une huile non corrosive avec des acides gras libres individuels confirme que l'acidité initiale est un paramètre de premier ordre dans la corrosion de l'acier au carbone tandis que la structure de l'acide a un impact modéré. Des analyses chimiques montrent que les produits de corrosion sont formés par chélation des acides gras libres avec des cations métalliques formant ainsi des complexes de coordination par liaisons métal-oxygène. Les produits de corrosion sont entièrement solubles dans la solution en raison des longues chaînes d'acides hydrocarbonés, ce qui réduit la possibilité de formation d'une couche protectrice. De plus, la consommation d'acides gras libres est directement corrélée à la perte de masse totale des aciers exposés : deux acides peuvent se lier à un seul atome de fer, ce qui suggère la présence de différentes configurations de liaison. Un mécanisme de corrosion par les acides gras libres est suggéré. 3: (Gauche) corrélations établies entre la vitesse de corrosion d'un acier carbone Q235 et d'un faiblement allié 5Cr-0.5Mo sous conditions de TAN = 3-35 mgKOH/g et à 270°C [2]. (Droite) Corrélations établies entre la vitesse de corrosion (en échelle log) et l'inverse de la température (K -1 ) pour différents types d'aciers carbones et faiblement alliés sous conditions de TAN variables entre 1-18 mgKOH/g et dans une gamme de température entre 170-320°C [2][3][4][START_REF] Souza | A thermoanalytic and kinetic study of sunflower oil[END_REF] 
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Introduction

En vue d'atteindre les objectifs mondiaux qui visent à réduire les émissions de gaz à effet de serre dans les années à venir, la transition vers de nouvelles énergies, considérées neutre en carbone, est accélérée. Cette transition incorpore, notamment, la substitution d'énergies fossiles par des sources renouvelables ainsi qu'adapter, et dans certains cas remplacer, les technologies conventionnelles avec des techniques avancées. Une application consiste à produire des biocarburants à base d'huile végétales et de graisses animales dont les propriétés finales permettent de les substituer aux carburants issus du pétrole. Un procédé industriel permettant de produire tels biocarburants finaux de type diesel et/ou kérosène est l'hydrotraitement et l'isomérisation des huiles végétales, des graisses animales, et des huiles de cuissons usagées. La Figure 1 Cette thèse se focalise sur l'impact de la composition des charges lipidiques (huiles végétales, graisses animales, huiles de cuissons usagées, produits industriels secondaires) sur la corrosion des aciers au carbone, faiblement alliés, et d'aciers inoxydables couramment utilisés dans le bio-raffinage. Les conditions des essais de corrosion des aciers sont représentatives de la section en amont du réacteur d'hydrotraitement. Les objectifs principaux de la thèse sont :

1-Identifier es propriétés des bio-huiles et des espèces lipidiques qui influent surla corrosion des aciers. 2-Comprendre les mécanismes associés aux interactions en les espèces de la charge et les métaux. 3-Développer des modèles de prédictions et de remédiations sur la base des corrélations établies.

Revue bibliographique

Afin de comprendre l'effet de la composition des charges lipidiques de type végétales et animales sur les aciers dans les unités de bio-raffinage, il est essentiel d'effectuer une analyse des études existantes et des retours industriels.

Composition des charges lipidiques

Les bio-huiles à caractère lipidiques sont des produits issus du traitement de la biomasse brute et qui varient selon leur origine, leurs méthodes d'extraction, et leur degré de traitement. Les bio-huiles de type végétales proviennet de la trituration des graines et des fruits pour produire des huiles de consommation comme l'huile de colza, de tournesol, de soja, et de palme. Dans l'industrie du bioraffinage, ces charges sont classées en tant que première génération et elles ont été extensivement utilisées pour la production de bio-carburants. Cependant l'utilisation de ces huiles est en compétition directe avec le secteur agro-alimentaire. 

Résultats

Dans les unités du raffinage pétrolier, une attention importante est attribuée à la composition de la charge dans les sections qui précèdent les réacteurs de conversion. Etant donné que dans les sections similaires des unités de bio-raffinage les équipements sont exposés à des charges lipidiques de compositions variables, une étude est menée en sélectionnant des charges industrielles de compositions variées. Des charges de première et de deuxième génération sont sélectionnées sur la base de certaines propriétés physico-chimiques pouvant potentiellement être corrélées à leur corrosivité. Le Tableau 1 présente les différentes charges industrielles sélectionnées. Des séries de tests d'immersion de coupons métalliques ont été effectuées dans les différentes huiles et sous des conditions représentatives de la section étudiée (amont du réacteur HDT). Ceci comprend des essais en batch, d'une durée de 5 jours, sous 10 bar d'azote, et à 220°C. Tous les coupons étaient immergés en même temps et la vitesse de corrosion a été calculée sur base de la perte de masse mesurée de chaque échantillon en fin d'essai, suivant l'équation :

(μ / ) = ∆ * * ( * é * )
Avec ∆ la perte de masse mesurée du coupon (g), la masse spécifique (g/cm 3 ), é la surface exposée (cm 2 ), la durée d'immersion (jours).

Les premiers résultats montrent que l'acidité de la charge est la seule propriété qui est corrélée avec la vitesse de corrosion des aciers au carbone et faiblement alliés. Les huiles de première génération sont faiblement corrosives (avec des vitesses de corrosion < 44 μm/an) tandis que les huiles de deuxième génération sont fortement corrosives (avec des vitesses de corrosion 200-10000 μm/an). De plus, des piqures apparaissent à la surface de l'acier inoxydable AISI 321 quand il est exposé aux charges très acides (PFAD, TOFA, DTO) sans qu'une perte de masse significative ne soit mesurée. Aucun changement n'a été observé sur l'acier AISI 316L dans toutes les conditions testées. Ces premiers résultats indiquent que la présence des acides gras libres dans la charge a un impact direct sur la corrosion. Une étude avancée sur l'effet des acides gras libres a été effectuée en développant des mélanges modèles en prenant comme base une huile végétale non corrosive (refined rapeseed oil) dopée avec différents acides gras libres purs à des différentes concentrations (0-70 %m/m). Des essais d'immersions ont été effectués sous les conditions similaires çà celles des charges industrielles, mais uniquement en présence de l'acier au carbone AISI 1018. Les résultats obtenus valident que l'acidité est un facteur de premier ordre à considérer dans la corrosion mais que la structure de l'acide (longueur de chaine et nombre de doubles liaisons) n'a pas d'impact dans la gamme d'essais sélectionnée. La Figure 4 présente la corrélation obtenue entre la vitesse de corrosion de l'acier carbone et l'acidité d'une charge. 

Introduction

As fossil fuel is a major contributor to greenhouse gas emission, the need to incorporate new methods of fuel production at industrial scales is increasing throughout the world. Since the energy industry and engine combustion are major contributors to global CO2 emissions, it is thus important to develop and incorporate several processes aimed at reducing the reliance on fossil fuel. Biomass is a prominent renewable feedstock that could replace conventional hydrocarbons for several applications, including the production of fuels or chemical intermediates.

Recently published data, by the International Energy Agency (IEA) in the World Energy Outlook (2022), shows the increasing demand for oil in the major end-use sectors [1]. Affiliated with this increasing demand is the greenhouse gas (GHG) emission. The continuous production and use of fossil-based fuels is seen to be associated with strong global emissions of GHG particularly in the transport sector. In parallel, the impact of fossil fuels on CO2 release shows an undeniable influence as CO2 build-up is a dominant contributor to GHG emissions, relatively to other gas sources (Annex A -). Nevertheless, while CO2 remains the major contributing gas, other toxic gases cannot be disregarded. Compared to carbon dioxide, methane has a stronger warming power (nearly by 4 folds) which makes its impact much more considerable on the short term. NOx (nitrogen oxides, mainly NO2) are also damaging to the environment essentially affecting agricultural growth.

It is therefore imperative to consider other less CO2 contributing resources to be implemented in the energy and transport industry. Notably, biomass-based resources are gaining continuous attention since they are renewable, efficient for waste reduction, and widely available. These raw resources can be obtained from vegetable extracts as well as animal remains. They can also be categorized based on their origins and method of extraction: vegetable oils that are seed or fruit based are obtained from the lipids contained in different parts of an oleaginous plant through the process of pressing, whereas other bio-oils can be obtained from remains of cellulosic, hemi-cellulosic, or lignocellulosic woods and wheat biomass through the process of pyrolysis. Animal fats, on the other hand, is attractive since it does not compete with the food industry as these sources are not aimed at satisfying consumer norms but rather as waste products from meat processing plants. They notably include beef tallow, pork lard, and chicken fat and are obtained by rendering animal remains through a process of grinding and cooking.

Bio-oils can thus act as proper replacements for conventional hydrocarbons as feedstock for refineries to produce biofuels. However, the 'raw' properties and composition of bio-oils differ from fossil-based crudes forcing the installations to be adapted for these new feeds. Hence, there are additional treatment steps to go through before using these resources. In the case of transport and energy, the aim is to refine and upgrade these oils to produce biofuels compatible with modern engines used commercially. Modified combustion ignition engines, for example, require the use of biodiesel, which involves the trans-esterification of plant or animal-based fats to form what is also commonly known as the fatty acyl methyl ester (FAME). One other popular method is hydrotreatment, which implies treatment of oxygen rich organic species under high operating temperatures and H2 pressures. An example of this setup is the Vegan™ process, developed by IFP Energies Nouvelles (IFPEN) and Axens. This process transforms renewable feedstock, such as vegetable oils, animal fats, and/or waste feedstock (e.g. Waste Cooking Oil, WCO) into renewable diesel fuels and/or kerosene-type jet fuels [3]. A simplified schematic of the process is illustrated in Figure 8 which shows three distinct sections of the treatment process. The process is composed of three essential stages:

1-Pre-treatment section: this step includes the elimination of contaminants such as phospholipids (gum formation), metals, water, and other impurities that are detrimental for the process.

2-Hydrotreatment (HDT) section: elimination of the oxygen groups, rendering straight chain saturated hydrocarbon compounds (paraffins). This section includes a feed heat exchanger and a hydrotreatment reactor. The operating conditions in the reactor are T°C = [280-320°C] and PH2 = [50-100 bar]. The feed is preheated in the range of 100-300°C under hydrogen partial pressure before entry to the reactor. Two possible pathways are proposed: -Hydrogenation: Conserves the same amount of carbon but at higher H2 consumption. -Decarboxylation: Renders a chain with one less carbon but at lower H2 consumption.

3-Hydroisomerization (HIS) section: this step includes the upgrading of the paraffinic compound into a branched chain to improve fuel cold properties (cloud point or freezing point) at the cost of reducing the cetane number. The operating conditions are T°C = [290-340°C] and PH2 = [35-60 bar].

This process renders a product with better cetane index and cold flow properties than conventional fuels while contributing to lower GHG emission rates. A depiction of the differences in yield quality between conventional diesel and renewable diesel produced by the Vegan™ process is presented in Annex B -.

Treatment of lipidic bio-oils under such conditions can bring about several risks to material integrity of the installation. Vast knowledge of corrosion issues exists in the refining of conventional hydrocarbons, as in in the distillation of crudes. Indeed, the atmospheric distillation unit is a preliminary step for all the refining/upgrading units. Crude oil is generally composed of a blend of hydrocarbon, of various chain lengths. Atmospheric distillation aims at separating the different cuts by their boiling points yielding different output streams (diesel, kerosene, naphtha, etc.). The breakdown of the feed occurs in the crude distillation unit (CDU) of a typical first stage petroleum refiner, potentially exposing the materials to concentrated reactive species. Having this in mind, the largest differences could occur at the first step in the refining process, prior to any transformation of the feedstock. Consequently, it is interesting to examine the corrosion risks occurring during the initial stages of the biorefinery (i.e. between the pre-treatment and reactor entry point) which falls in a temperature range of 100-300°C.

Experience form conventional refining can also help correlate corrosion mechanisms and inflicting parameters based on similarities and differences between the bio-oil composition and the crude hydrocarbon sources.

This thesis undertakes an experimental approach of investigating the risks of corrosion associated with different types of industrial feedstock derived from biomass. The focus is on lipidic oils (vegetable oils, animal fats, consumer wastes, and industrial by-products) subjected to the hydrotreatment (HDT) process which is used to convert them into biofuels. The study investigates the corrosion of specific alloys (which are of interest to the bio-refineries) including conventional carbon steels, low alloy steels and stainless steels. Corrosion studies will be centred on the conditions encountered in the upstream section leading to the HDT reactor.

The main objectives of this study include:

1-Identifying the bio-oil properties and lipidic species correlating with the corrosion of steels.

2-

Understanding the corrosion mechanisms appropriate to the interaction of these species with the involved metals. 3-Developing prediction methods and mitigation solutions of corrosion based on established correlations.

After the introduction, this thesis report is organised as follows:

Chapter 2: Literature review This includes the description of lipidic oils, and the main species encountered in these feeds. This is complemented with the proposed analytical techniques used to characterize their chemical and physical properties. The corrosion aspect is developed based on relevant studies and field surveys in conventional refineries and biorefinery settings. The corrosion mechanism is investigated based on common understandings retrieved from the combined studies. Based on this literature survey, unsolved questions to be addressed in the experimental part of the work were identified, and appropriate test methods were selected.

Chapter 3: Experimental methods

The chapter is dedicated to the methods and protocols established for the investigation of corrosion reactions. A detailed description of the feeds and of the testing equipment used in this study are included. The testing equipment mainly revolves around immersion tests of coupons at high temperature conditions. The analytical tools used in the characterization of the feeds, of the steels, and of the resulting corrosion products are also presented, along with their adapted methodologies.

Chapter 4: Corrosion test results

The results obtained from the corrosion tests are presented in this chapter. This includes preliminary tests conducted in industrial feedstocks which reveals the main corrosive properties of bio-oils. Then, corrosion tests made using a model mixture approach is used to investigate the individual influence of free fatty acids. Finally, the detailed study on the impact of temperature is achieved. The corrosion results are complemented with analytical surveys of the solutions (before and after test) to uncover information on the corrosion mechanisms by monitoring the chemical evolution of the feed and by detecting corrosion products.

Chapter 5: Conclusion and presentation of the mechanism

Based on the results obtained and supported by the studies collected in the literature section, an understanding of corrosion in lipidic bio-oils is proposed. This includes a summary of the key elements deducted from the experimental campaign and a discussion of the mechanism which is traced from the variation of the bulk solution to the reactions occurring at the steel surface.

Chapter 6: Perspectives

This includes a series of proposed studies that can further develop the understanding of the impact of lipidic bio-oil processing on the material selection of a refining unit. The chapter is divided into two sub-sections: the first deals with objectives of a scientific nature while the second proposes mitigation solutions with a technical approach for the industry.

Literature review

An attempt to understand the influent parameters governing the corrosivity of vegetable and waste oils is made through a retrospective analysis of similar studies conducted on conventional hydrocarbons and other types of bio-oil processing units. This also includes developing on the composition of the feeds, their properties, and the characterisation techniques used to identify the main chemical species. This review combines reports from industrial feedbacks and scientific studies conducted on specific parameters.

Composition of lipidic bio-oils

Bio-oils are products derived from the treatment of dry biomass feedstock from which further processing can yield sustainable renewable fuels with good quality and low GHG emissions. These oils are of various nature, and they differ on their origins, methods of extraction, and methods of treatment. Vegetable oils have been under investigation as potential conventional hydrocarbon replacements, since they are mainly composed of lipids which are highlighted by as a common source of fuel production. Amongst the oleaginous and fruit vegetable oils, rapeseed, sunflower, soya, corn, and palm have been extensively studies for the production of first-generation biofuels. However, these vegetable oils compete with food usage (edible oils) which brings the need to replace them with some other lower value lipidic oils to produce second-generation biofuels. For example, wastes from food grade oil industry and other consumable waste products, such as WCO (Waste Cooking Oil) and PFAD (Palm Fatty Acid Distillate) to produce second-generation biofuels; wastes from slaughterhouse (Animal Fats); by-products of the Kraft process like Tall Oil fractions; and others waste lipidic oils that are not suitable for food use (non-edible oils).

Thus, based on the origin of an oil, its composition can differ. Oil quality can be assessed following several factors, mainly focusing on sensorial properties. Usually, oils are distinguished based on indicators that describe their oxidative state, their extent of degradation, and their composition. Even though the physical-chemical properties can differ based on the nature of the bio-oil, it is still possible to group them under a similar distribution based on main constituents. These main elements are depicted in Figure 9 [4]. A detailed description of each component is discussed hereinafter. The word "lipids" comes from the greek "lipos" meaning fat. However, fats are only one type of lipid category: the triacylglycerols or triglycerides. Nowadays, the word "lipids" is used to describe a vast number of molecules. A simple definition given by the French Academy Dictionary, is any substance containing a fatty acid.

The major components of the lipids are thus fatty acids. Although, they can be presented in several different molecular structures the most usual ones are triglycerides and free fatty acids, representing more than 95% of lipid bio-oils composition. Fatty acids are carboxylic acids consisting of a straight hydrocarbon chain and a carboxylic functional group (-COOH). They exist under a stable form as esters when combined with a glycerol to form a triglyceride (TG), diglyceride (DG), and monoglyceride (MG).

When unbounded to a glycerol, free fatty acids are less stable, and they are more prone to oxidation and degradation reactions. These acids differ in their number of carbon atoms (most typically even numbers from C4-C22), their degree of saturation (saturated, mono-unsaturated, or polyunsaturated), and the position and number of the double bonds (varying between 0-6). A symbolic nomenclature including chain length and unsaturation degree is usually used to design fatty acids and is the following: CX:Y where X is the number of C's in the chain and Y the number of double bonds.

Additionally, the level of unsaturation influences the stability of oils. Polyunsaturated vegetable oils are less stable than mono and saturated oils particularly regarding their oxidative stability. It is generally agreed upon that vegetable oils are thermo-resistant at temperatures up to 280°C but onsets for thermo-oxidation can occur as early as 200°C if exposed to enough oxygen [START_REF] Souza | A thermoanalytic and kinetic study of sunflower oil[END_REF][START_REF] Santos | Thermal Stability and Kinetic Study on Thermal Decomposition of Commercial Edible Oils by Thermogravimetry[END_REF]. Studies show that the induction period for unsaturated oil oxidation is significantly smaller than saturated oils when exposed to similar environments [START_REF] Choe | Mechanisms and Factors for Edible Oil Oxidation[END_REF]. The natural presence of antioxidants, such as tocopherols, ferulic acid, citric acid, and vitamin E allow a better resistance of the oils even highly unsaturated ones [START_REF] Souza | A thermoanalytic and kinetic study of sunflower oil[END_REF][START_REF] Santos | Thermal Stability and Kinetic Study on Thermal Decomposition of Commercial Edible Oils by Thermogravimetry[END_REF].

Based on the principles of decreased stability as a function of unsaturation, it should be assumed that oils with high content of unsaturated fatty acids are most vulnerable to oxidation.

Triglycerides

Triglycerides (TG) are esters formed by the reversible reaction between one molecule of glycerol and three molecules of fatty acids. These esters occur naturally in living species and are the main constituents of fat present both in vegetables and animals. They can be classified as simple (all three fatty acid chains are identical), or mixed (all three fatty acid chains are different). Moreover, they have high molecular weight and group all types of fatty acids existing or possibly produced within an oil.

Triglycerides are the main components of raw vegetable oils, although monoglycerides (MG, only one ester bond between the glycerol and a fatty acid) and diglycerides (DG, two ester bonds) are also likely found. An illustration of a possible TG structure composed of three different fatty acids is presented in Figure 10, with DG and MG in comparison. A chemical profiling of bio-oil composition, often depicted in weight percentage of fatty acids, provides information on the possible structures forming the lipids. It must be noted that this type of analytical description only presents the types of acids present, so a glyceridic profile is complemented to measure the relative distributions of TG, DG, and MG. Table 1 presents the fatty acid composition of some common vegetable oils commonly encountered in the refining industry. In the presented cases, the detected fatty acids would most probably be found dominantly in esterified forms under a triglyceride structure but would differ in acid chain length and number of double bonds (degree of unsaturation). Most bio-oils are composed of long chain fatty acids in the range of C12-C18 with some notable exceptions such as arachidic (peanut) oil (C20-C34) and lactose based oils (C4-C8) [4]. The fatty acid composition of other industrially appealing bio-oils is presented in Annex C -.

Free fatty acids

Free fatty acids are recognized as degradation products that can be formed by exposure of a lipidic bio-oil to water. Hydrolysis is the main reaction which causes a rupture of the ester bonds of TG, DG, and MG leading to the formation of carboxylic acids and glycerol through a process called saponification. This reaction is favoured by temperature [4,[START_REF] Wang | Exploration of process parameters for continuous hydrolysis of canola oil, camelina oil and algal oil[END_REF]. Figure 11 depicts the mechanism a triglyceride follows to form a carboxylic acid by hydrolysis. It is important to mention that FFA that are naturally present in edible oils, however they represent less than 5% in composition. The presence of high FFA content means that the fats have suffered extensive degradation, such is the case with WCO and oil distillates (PFAD).

As already mentioned, fatty acids found in standard lipidic oils are aliphatic hydrocarbon molecular structures with a carboxylic functional end group. However, there are also other types of carboxylic acids in nature. For instance, carboxylic acids found in fossil based crude oils commonly contain naphthenic acids which generally include either a cyclopentane or a cyclohexane ring in their structure. They vary in molecular weight between 300-400 g/mol and are soluble in organic acids and in hydrocarbons but not in water [START_REF] Meriem | Etude de la corrosion haute température d'aciers industriels en présence d'espèces soufrées et d'acide naphténique, Université Pierre et Marie Curie 10[END_REF]. Other structures can also be encountered in conventional oils such as aliphatic and benzoic acids. Another type of carboxylic acids are rosin acids which contain three condensed naphthenic and/or aromatic rings, contrary to the linear alkyl chains found in free fatty acids. These acids are commonly found in tall oil fractions which are obtained from lignin-based sources (lignocellulosic and hemicellulosic).

In fact, carboxylic acids are very diverse and vary in size, shape, structure, and saturation. They are grouped under three main categories based on the molecular structure of the radical attached to the functional group, including (1) aliphatic carboxylic acids, (2) naphthenic carboxylic acids, and (3) aromatic carboxylic acids characterized by a benzene ring. Some examples of these structures are illustrated in Figure 12. Aliphatic carboxylic acids differ from one another in the length of the hydrocarbon chain (which is a factor of the number of carbons), and in the number of double bonds (which opens up the possibility for cis/trans configurations). However, rosin acids are more complex and often combine all three categories of acids in a single structure. Some of the most common rosin acids are presented in Figure 13.

Figure 13: Schematic representation of the most common rosin acids found in tall oil distillates

Minor components

Naturally available in bio-oils, these components represent a complex mixture of diversified organic molecules distributed on a large scale of molecular weights (up to C40 in the case of waxes). In addition to their diverse molecular weight, they can differ in structural composition such as linear for hydrocarbons and terpenic for sterols and squalene. Unlike triglycerides, minor components also include non-polar elements such as sterols and hydrocarbons which form the unsaponifiable fraction of fats (0.5-1 wt%), while the polar elements, such as phospholipids (< 2 wt%), combined with the triglycerides, make up the saponifiable fraction (~99 wt%). Cert and Moreda [10] identified 10 major groups that include fatty alcohols, wax esters, hydrocarbons, tocopherols and tocotrienols, phenols, volatiles, pigments, minor glyceridic compounds, phospholipids, and tri-terpenics. Some of these products results from chemical reactions with air and/or water that can occur during transport and storage. Oxygen exposure leads to the oxidative degradation of lipids (phospholipids, sterols, tocopherols) and non-lipids (proteins, pigments) to yield primary stage, unstable, products such as volatiles (aldehydes, alcohols) and hydroperoxides (by oxygen attack of the double bonds), which can evolve into secondary stage, more stable, products such as oxidized polymers of fatty acids and triglycerides. In addition, heating drives the polymerization, cycling and isomerization of fatty acids and triglycerides to form polymers, dimers, and monomers. It is also interesting to note that the presence of high contents of free fatty acids favours oxidation, hydrolysis, and thermal degradation reactions since they are less stable than triglycerides.

The presence of minor components could help indicate the evolution of unstable or intermediary products that can be potentially corrosive. For example, formation of partial glycerols or free fatty acids can hint a water phase being formed and affecting the consumption of triglycerides. Another example would be the monitoring of hydroperoxides and volatiles which can indicate the presence and/or production of oxidating agents under the form of oxygen or oxygenate radicals.

Characterization of lipidic bio-oils

The characterization of bio-oils is crucial in understanding synergistic reactions between oil components and steels in the refining process. A first approach involves measuring some key physical and chemical properties which can reveal information on the general aspect of an oil from normalised analytical methods. This can facilitate a comparison between the different oils based on standardized index values. These same indicators are used to assess the quality of an oil. The acid value is determined according to NF EN ISO 660, an acid-base titration method that measures the amount of KOH (expressed in milligrams) needed to neutralize the acids in one gram of oil (mgKOH/g). The value obtained represents the total amount of acids contained in the oil without discrimination of the structure and type of acid. Finally, some chemical properties are measured to characterize oil stability and resistance to oxidation and thermal degradation. This helps to indicate the presence or formation of secondary molecules (besides FFA and TG) initially classified as minor components in the original oil. These properties include the iodine index (NF EN ISO 3961) which measures the average unsaturation of the lipids. This is particularly important as saturation levels are linked with oxidation as higher levels improve the stability to oxidation. Double bonds are more prone to an oxygen attack and hence the perpetual formation of unstable species such as peroxides, hydroperoxides, aldehydes, ketones, etc. The peroxide index (NF EN ISO 3960) evaluates the extent of oxidation undergone by an oil by measuring the amount of primary oxidation products that can eventually impact the corrosion activity. The water content (Volumetric Karl Fischer titration, NF EN ISO 12937/6296) is also measured as lipids can undergo hydrolysis to produce additional free fatty acids and alter the initial acidity of an oil as well as influence the activity of soluble oxygenates.

Additionally, a general cartography of the bio-oils can be constructed revealing the chemical composition of the lipidic matrix. This allows to determine the structures in which the lipids exist. A fatty acid profile is constructed based on standardized analytical tests NF EN ISO 12966-2 and 12966-4 which allows for the detailed identification and quantification of the different fatty acids contained in the oils through a first derivatization method (NF EN ISO 12966-2 ) that transforms all fatty acids into fatty acid methyl esters which can then be easily separated using capillary gas chromatography with respect to their chain length, degree of unsaturation, geometry and position of the double bonds (NF EN ISO 12966-4). It is important to mention that this type of profile characterizes all fatty acids, i.e. those composing the glyceridic esters as well as the free fatty acids. For this reason, a glyceridic profile is also made with a gas chromatography method (internal ITERG analytical laboratories) without derivatization step which determines the structures in which the fatty acids exist (TG, DG, MG, FFA). This assessment is important as it provides a better insight on the different species involved in the possible reactions during the refining stage.

Table 2 presents the standardized methods used to characterize bio-oils based on chemical molecular structure composition and physical-chemical properties. Additional analytical methods can be used to monitor the variation of lipidic bio-oils throughout the test. A common non-destructive technique makes use of Fourier-transform infrared spectroscopy (FT-IR) to monitor lipid transformation based on functional groups. When it comes to carboxylic acids, two signature vibration bands appear in the mid-infrared region (MIR): the carbonyl vibration at 1700-1710 cm -1 and the hydroxyl vibration at 3000-3500 cm -1 . Millet [START_REF] Millet | Prediction of the total acid number (TAN) of colombian crude oils via ATR-FTIR spectroscopy and chemometric methods[END_REF] used FT-IR to measure the acidity of crude oils and of [paraffin oil + naphthenic acid] mixtures. This was used as a substitute to the titration method which is conventionally applied to obtain TAN values. The method focused on the absorption band at 1700 cm -1 through which a model was constructed based on peak characterization connecting the TAN value with the surface of the absorption band at 1700 cm -1 in the infrared (IR) spectra. The contribution of the COOH vibration bands in the determination of the TAN is further valorised in the works of Rivera-Barrera and Rueda Chacón . [12] where they utilised chemometric tools (PCR and PLSR) to develop prediction models based on the carbonyl peak at 1706 cm -1 . In bio-oil media, Yu and van der Voot [START_REF] Yu | Determination of peroxide value of edible oils by FTIR spectroscopy with the use of the spectral reconstitution technique[END_REF][START_REF] Yu | A new direct Fourier transform infrared analysis of free fatty acids in edible oils using spectral reconstitution[END_REF] quantified vegetable oil's acid value based on the vibration bands of carbonyl at 1712 cm -1 while Jiang and Li [START_REF] Jiang | Determination of the acid values of edible oils via FTIR spectroscopy based on the OH stretching band[END_REF] used O-H vibration modes of the carboxyl function found in the region between 3300-3500 cm -1 to determine the acid value of edible oils. Lin and Kim [START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF] suggest that the intensity of the carbonyl vibration peak at 1709 cm -1 increases linearly with acid concentration. Contrary to paraffinic solutions, bio-oil matrix has an impact on the spectral output in the MIR. This is mostly due to the presence of compounds with functionalities like those of free fatty acids. As such, it is crucial to identify the main adsorption bands recurrent in IR spectra of lipidic oils. A summary of those bands is presented in Table 3.

Table 3: Table presenting the main absorption bands found in lipidic oils in the MIR (400-4000 cm -1 )

Another characterization tool that can be used to assess the composition of an oil is simulated distillation (SIM-DIS). This gas chromatography standard method (ASTM D2887) has been used as a starting point by Morgan and Santillan-Jimenez. [START_REF] Morgan | Simulated Distillation Approach to the Gas Chromatographic Analysis of Feedstock and Products in the Deoxygenation of Lipids to Hydrocarbon Biofuels[END_REF][START_REF] Morgan | Use of Dual Detection in the Gas Chromatographic Analysis of Oleaginous Biomass Feeds and Biofuel Products To Enable Accurate Simulated Distillation and Lipid Profiling[END_REF] to analyse the biofuel components produced by the deoxygenation of lipids into paraffinic compounds. This entails the identification and quantification of both oxygenates and hydrocarbons. Although the authors precise that even if the standard simulated distillation data is calibrated based on n-alkanes, the technique is still suitable to be used to provide insights into other compounds with different retention times and response factors.

Pure standards are first used to obtain information on the retention times and response factors; this includes FFA like palmitic acid, oleic acid, and stearic acid, and triglyceride like molecules such as trilaurin and triolein. This attempt allows to better characterize complex solutions which contain multiple species. Essentially, the study shows that triglyceride compounds are detected in the upper section of the chromatogram (60-80 min) which is due to the long retention time caused by the relatively high boiling point, while FFA are detected much lower in the chromatogram (28-37 min). The retention time values are obtained from the calibration curves of n-alkanes but can differ based on the type of column and operating conditions (mobile phase and temperature) used. Table 4 presents the retention times values and boiling points of some of the main lipidic compounds detected by simulated distillation. While the technique is to be used primarily for the identification of compounds contained in bio-oils, quantification is possible using dual detection capabilities: flame ionisation detection (FID) and with mass spectrometry (MS). Contrary to the study, a semi-quantitative assessment of the chromatograms by peak integration is considered to establish possible relationships with species evolution without the need to accurately determine the concentration of each compound.

This section presented the feeds typically used in the process. This included the composition of the main components (TG, DG, MG, FFA) and a brief presentation of the minor components (degradation products, impurities, etc.) contained in a bio-oil. Additionally, characterization techniques are proposed that allow to better develop on specific bio-oil components and chemical properties which constitute each type of feedstock. The following section will be devoted to presenting studies made on the corrosion phenomena encountered in conventional oil refining and in biomass processing units.

Corrosion in conventional crude oil refining

A lot of similarities exist between the refining of conventional oils and bio-oils. Research achieved in conventional crude refining can help shed light into the modern problems occurring in bio-refineries. Investigation of equipment exposed to high temperature and pressure reactions during the refining of conventional crude oils led to establishing standards and threshold values to help monitor the corrosion processes. This also involved the identification of corrosive species, the monitoring of progressive chemical breakdowns, and the assessment of reaction mechanisms.

Crude oils are composed mostly of non-polar, saturated paraffinic hydrocarbons and cyclic aromatic compounds such as naphthenes (saturated) and aromatics (unsaturated). They also include trace amounts of sulphur and nitrogen which can evolve into more complex compounds in the presence of H2, CO2 and H2O. Even though crudes are not considered as corrosive, the presence of naphthenic acids, in relatively notable portions, can give an acidic aspect to the oil.

Naphthenic acid corrosion (NAC) in conventional oil processing is a type of damage described as a form of high temperature phenomenon that occurs primarily in distillation and vacuum distillation units. In most crude distillation units, NAC affects heater tubes, transfer lines, and piping systems where its extent depends mainly on the type of flow (high velocity, turbulence, directional changes), the type of naphthenic acid, the temperature, the sulphur content, and the alloy composition. NAC is usually observed through localized corrosion, pitting corrosion, and flow induced corrosion (in high velocity areas). Uniform loss and pitting can also be found in low velocity conditions for low alloy and carbon steels.

Three types of NAC mechanisms are suggested in the literature [START_REF] Ropital | Corrosion and degradation of metallic materials: Understanding of the phenomena and applications in petroleum and process industries[END_REF].

Type I: Direct acid attack:
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Type I is of particular interest since it deals with the exclusive interaction between the acid and the metal, exempted from additional H2 or sulphur influence.

A general approach measures the acidity of an oil through to total acid number (TAN) as a representation of the naphthenic acid content. This is achieved with an acid-base titration method, like the one used for FFA dosing in bio-oils but adapted to conventional crudes (ASTM D664). When it comes to the titration method, whether in crudes or in bio-oils, the acid number can be obtained by an automatic potentiometric titration (equivalent point determined by potential measurement) or by a manual titration that uses an indicator based on colour. However given the variety in the structure, weight, and length of the acids, the TAN alone might not be an accurate depiction of the oil's corrosiveness, as crudes with different acid distributions can have the same TAN [START_REF] Millet | Prediction of the total acid number (TAN) of colombian crude oils via ATR-FTIR spectroscopy and chemometric methods[END_REF]. Nonetheless, studies have observed correlations between an oil's acid content and corrosion rate. In the works of Slavcheva and Turnbull [START_REF]Factors Controlling Naphthenic Acid Corrosion[END_REF][START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF], the influence of acid concentration is well highlighted when testing two different solutions of naphthenic acids at 275°C for 3h immersion time (Figure 14). The media include a model mixture of pure naphthenic acid (cyclohexane carboxylic acid CHCA) in mineral oil and a mixture of different naphthenic acids (NA), both in a TAN range of 0 to 70 mgKOH/g. This is also followed by observations made on the significant decrease in the TAN of the solution as a result of exposure to carbon steel 1018, indicating consumption of the naphthenic acids. No change in the TAN was observed in the absence of carbon steel. It seems that the correlation between corrosion rate of carbon steel and TAN holds regardless of the composition. However, the corrosion intensity varies between the different solutions as TAN values increase. This might indicate that composition has a stronger impact in high acidity ranges, but less in low acid media. The linearity between corrosion rate of carbon steel and TAN is complemented by the works of Wu and Jing [START_REF] Wu | Corrosion and erosion-corrosion behaviors of carbon steel in naphthenic acid media[END_REF] who increased the acid range and varied the temperature. Immersion tests for carbon steel are made in a model mixture of transformer oil and a single naphthenic acid at a TAN range of 27-167 mgKOH/g and at 220°C, 250°C, and 280°C. They noticed that the correlation between corrosion rate and TAN follows the same trend regardless of temperature but at different intensities. As temperature is increased so do the corrosion rate values for the same medium (Figure 15). In another study, Qu and Zheng [START_REF] Qu | High temperature naphthenic acid corrosion and sulphidic corrosion of Q235 and 5Cr1/2Mo steels in synthetic refining media[END_REF] investigated the effects of TAN on low alloy steel (5Cr-0.5Mo).

After conducting immersion tests at 270°C, in a mixture of transformer oil and naphthenic acid with a TAN range of 3-35 mgKOH/g, they noticed that low alloy steel is always more corroded than carbon steel and that the dispersion in the corrosion rate values between both steels increase with acidity (Figure 16). This is the opposite of the results obtained from Slavcheva and Turnbull [START_REF]Factors Controlling Naphthenic Acid Corrosion[END_REF][START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF] who also studied corrosion of the same low alloy steel and observed that it was more resistant than carbon steel. The discrepancy in the observations can be due to differences in apparatus and experimental conditions. However, both authors suggest that composition if the solution might have an impact in a way that some acids can react preferentially with alloying elements, but further investigation is required to validate this hypothesis.

Figure 16: Plot showing the effect of acid concentration on NAC for carbon and low alloy steels [35]

When it comes to industrial standards, threshold values of TAN are used as a general indication of the corrosive risk of a crude. Crudes with a values greater than 0.5 mgKOH/g and distillate sub-fractions with TAN greater than 1.5 mgKOH/g are considered to be corrosive for carbon and low alloy steels [START_REF] Ropital | Corrosion and degradation of metallic materials: Understanding of the phenomena and applications in petroleum and process industries[END_REF][START_REF] Piehl | Napthenic Acid Corrosion in Crude Distillation Units[END_REF][START_REF] Gutzeit | Naphthenic Acid Corrosion in Oil Refineries[END_REF][START_REF]Refinery Corrosion, Organic Acid Structure, And Athabasca Bitumen[END_REF].

Although this rule of thumb is of particular interest for industrial applications, it does not discriminate between various types of naphthenic acids. The composition of the feed seems to have an impact on the intensity of corrosion rate values.

After investigating the effect of TAN, Slavcheva and Turnbull [START_REF]Factors Controlling Naphthenic Acid Corrosion[END_REF][START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF] also noticed an effect of composition on the corrosive behaviour of the different acids. The tested samples include single acids in the carbon number range of 6-14 which were tested individually in similar conditions (TAN = 18 mgKOH/g, T°C = 275°C, t = 3h and 24h). Regardless of the exposure time, results show that corrosion of 1018 and low Cr-Mo steels increase up to a carbon number of 10 beyond which the trend changes. It was stated in the literature that acid concentration is not the only factor affecting corrosion rates. This is quite noticeable in the thesis studies of Patrick [START_REF] Patrick | Understanding Naphthenic Acid Corrosion in Refinery Settings[END_REF] and Millet [START_REF] Millet | Prediction of the total acid number (TAN) of colombian crude oils via ATR-FTIR spectroscopy and chemometric methods[END_REF], and it is also noticed in other publications relating industrial experience [START_REF]Factors Controlling Naphthenic Acid Corrosion[END_REF][START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF][START_REF]Refinery Corrosion, Organic Acid Structure, And Athabasca Bitumen[END_REF]40,41]. This statement was deducted based on the observations that crude oils having the same TAN can significantly differ in the corrosive power. In an attempt to experimentally justify this concept, Dettman and Li [START_REF]Refinery Corrosion, Organic Acid Structure, And Athabasca Bitumen[END_REF] studied the effect of different naphthenic acids and operating parameters on carbon steel at high temperatures (300°C-350°C). A model approach of mixing pure acid compounds with white mineral oil at varying acid concentration was used. They chose the organic acids based on their differences in molecular weight (carbon density) and structure (cycloalkane ring distribution, linear chain length). By maintaining similar TAN values and reaction temperature for the model oil mixtures (5.0 mgKOH/g and 300°C), and only varying the type of organic acid, carbon steel corrosion rates are obtained (Figure 17). The results indicate a tendency for the corrosion rate to decrease with increasing molecular weight, particularly those sharing similar structures such as cyclohexane carboxylic acid, cyclohexane propionic acid and cyclohexane butyric acid, which all include a cyclohexane ring but differ in the remaining chain length. As for the corrosion rates of the aliphatic carboxylic acids there seems to be an impact of chain length. A significant decrease in the corrosion rate is observed when the length, hence the molecular weight (M.W.), increased from C6 (M.W. 116) to C18 (M.W. 284).

Studies in NAC also highlight the impact of temperature on the corrosiveness of oils. In refining processes, and especially in distillation units, the complexity of acid distribution is observed by the generation of cuts at different boiling points. Even if the corrosiveness of a crude is correlated with its TAN value, the corrosion rate can be affected by the individual nature of the acid. Several studies [START_REF] Piehl | Napthenic Acid Corrosion in Crude Distillation Units[END_REF]42,[START_REF]Naphthenic acid corrosion study 44[END_REF] thus suggested a distribution profile of TAN as a function of the true boiling point (TBP) of an acidic crude as a way to identify within the refining process the areas potentially exposed to corrosion risk. By doing so, they identified that naphthenic acids are corrosive at temperatures close to their boiling points or condensation temperatures based on reports stating that corrosion is most severe when vapor deposits as a liquid film over metal surfaces [START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF]44]. To study the effect of boiling point, Dettman and Li [START_REF]Refinery Corrosion, Organic Acid Structure, And Athabasca Bitumen[END_REF] measured the corrosion rates for carbon steel both immersed in a liquid phase and exposed to acid condensates as temperatures exceeding acid boiling points were used (300-350°C). In all cases, the coupons that were exposed to the vapour phase were significantly more affected than those immersed in the solution regardless of acid concentration (TAN = 0.5-5 mgKOH/g). Additionally, some studies observe that pressure has little or no impact on naphthenic acid corrosion but an indirect effect would be on the mitigation of vaporization and condensation of the acids [START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF][START_REF]Naphthenic acid corrosion in the refinery[END_REF]46].

The previous observations propose that naphthenic acid activity is controlled by temperature through boiling point distribution inside complex solutions. Moreover, it is reported that at high temperatures large naphthenic acids are able to decompose into smaller organic acids which can be strongly corrosive [START_REF]Naphthenic acid corrosion field evaluation and mitigation studies[END_REF]. Besides the impact on composition, temperature also affects significantly corrosion kinetics as seen in the works of [START_REF]Factors Controlling Naphthenic Acid Corrosion[END_REF][START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF][START_REF] Qu | High temperature naphthenic acid corrosion and sulphidic corrosion of Q235 and 5Cr1/2Mo steels in synthetic refining media[END_REF][START_REF] Patrick | Understanding Naphthenic Acid Corrosion in Refinery Settings[END_REF]. They observe an Arrhenius relationship between corrosion rate and temperature for carbon and low alloy steels (Figure 18). The conditions and materials in which the Arrhenius relationships are obtained are displayed in Table 5. They also reveal the activation energies which provide information on the involved mechanisms. Gutzeit [START_REF] Gutzeit | Naphthenic Acid Corrosion in Oil Refineries[END_REF] was the first to establish relationships between NAC and temperature and noticed changes in the sensitivity of corrosion in these temperature ranges. At temperatures below 232°C, corrosion rates seemed too low to validate the temperature dependency and at temperatures above 288°C corrosion rates seemed to follow a linear trend. This might be due to the relatively weak TAN values (1.0 mgKOH/g) compared to the more recent studies. The same author then proposed that NAC corrosion can follow an Arrhenius behaviour up to a certain temperature as long as the acids do not vaporize. This is agreed upon by Slavcheva and Turnbull [START_REF]Factors Controlling Naphthenic Acid Corrosion[END_REF] who conclude that the activation energy is sensitive to the composition of the oil and its thermal stability. While the corrosion kinetics are still represented by an Arrhenius relationship, all the authors agree that the process is controlled by surface reactions, mainly adsorption (chemisorption).

It is generally accepted that naphthenic acid corrosion is most crucial in the range between 220°-400°C (below, the kinetics are too slow, and beyond, acids decompose). Some studies have noticed effects at 170°C [START_REF] Ropital | Corrosion and degradation of metallic materials: Understanding of the phenomena and applications in petroleum and process industries[END_REF] and 130°C [START_REF] Qu | High temperature naphthenic acid corrosion and sulphidic corrosion of Q235 and 5Cr1/2Mo steels in synthetic refining media[END_REF] associated with very low corrosion rate values below which carbon and low alloy steels can be used. However, these limits can vary depending on the type of feed.

The selection of appropriate steel grade for industrial application of crude oil distillation has been strongly investigated. Guidelines for material selections have been proposed based on observations made in the industry. In refining applications, corrosion resistance of materials is classified as follows [START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF]: carbon steels < low alloy steels < ferritic and martensitic stainless steels < austenitic stainless steels < aluminised steels and Inconel/Incoloy types. De Bruyn [START_REF]Naphthenic Acid Corrosionin Synthetic Fuels Production[END_REF] informs that the standard materials used in crude distillation units are carbon steel, alloy steels (5Cr and 9Cr), martensitic stainless steels (AISI type 410), and austenitic stainless steels (AISI type 316). AISI type 304 often shows good resistance to light organic acids in the temperature range of 60-180°C but suffers sever pitting from naphthenic acids at temperatures above 220°C [START_REF]Naphthenic Acid Corrosionin Synthetic Fuels Production[END_REF], while martensitic stainless steels AISI type 410 can sometimes perform worse than carbon steel under some conditions [START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF]. In the survey study of Shargay and Moore [START_REF]Survey of Materials in Hydrotreater Units Processing High TAN Feeds[END_REF] on hydroprocessing units, they noticed severe corrosion in the upstream and feed sections including thinning of carbon and low alloy steel piping at 252°C and pitting corrosion of 304L stainless steel at 340°C in the feed exchanger. In the cases where carbon and low alloy steels fail, the general rule is to use AISI types 316 or 317 stainless steels with a minimum of 2.5% Mo. API RP 571 [START_REF]Damage Mechanisms Affecting Fixed Equipment in the Refining Industry[END_REF] states that for vapor condensates a Mo content of 2-2.5% is needed, whereas API 581 [START_REF]Risk-Based Inspection Base Resource Document[END_REF] states that a minimum of 2.5% offers the best resistance. API 581 proposes guidelines for risk-based inspection based on data generated from the industry and uses corrosion rates as an order of magnitude (tables G-23, G-24, G-25). This can be misleading in material selections as the differences in crude composition and operating temperatures can change the requirements making the use of 316 SS conservative in some areas of the unit. Gutzeit [START_REF] Gutzeit | Naphthenic Acid Corrosion in Oil Refineries[END_REF] reports that severe pitting corrosion was seen in the vacuum distillation tower trays (304-338°C), which were made from AISI 316 and AISI 317, in addition to an AISI 316 woven wire mesh demister at 290°C. AISI 321 is also considered in the material selection except for high TAN feeds. However, few information is reported on the corrosion of that stainless steel in industrial applications. The crude composition (TAN, acid types, sulphur content), temperature, and stream flowrate are suggested to be accounted for in the material selection of austenitic stainless steels. Moreover, there have been reports of hydrogen gas having an inhibiting effect on NAC after noticing no corrosion downstream of the hydrogen injection point of a hydroprocessing unit of high TAN feeds [START_REF]Survey of Materials in Hydrotreater Units Processing High TAN Feeds[END_REF]. This was further emphasized in the patent presented by Yao and Panjala [START_REF] Yao | Process To Mitigate The Corrosion Of Oils/Fats[END_REF] for Philipps 66 where they claim that the presence of hydrogen can inhibit the corrosion rate caused by the processing of oils and fats in the upstream section of a hydrotreatment unit. Nonetheless, no mechanism is yet proposed for the impact of hydrogen.

Wu and Jing [START_REF] Wu | Resistance of Mo-bearing stainless steels and Mobearing stainless-steel coating to naphthenic acid corrosion and erosion-corrosion[END_REF] investigated the role of Mo content on the NAC resistance of stainless steels. They approached the subject by using five model stainless steels with increasing Mo content (0-7 wt%) prepared in the laboratory. For all the steel samples, chromium and nickel contents are the same at 17 wt% and 12 wt%, respectively. After exposure of the model stainless steels to a high TAN oil (210 mgKOH/g) at 250°C for 500h, they noticed that in all cases corrosion rates remained under 2 μm/y but that the increase of Mo content provided some additional resistance to the steels. The most improved resistance is only seen as a decrease by 1.2 μm/y for an increase in 7 wt% Mo, even in severe conditions such as these. The author ascribed the advantage of Mo in improving the pitting resistance of stainless steels by maintaining the integrity of the passive film and reducing the availability of active sites. They also added that increase in Mo had an influence on the microstructure after noticing a gradual change from single phase austenite to dual phase austenite and enriched ferrite. The positive effect of Mo content was also reported in the works of Craig [START_REF]Naphthenic acid corrosion in the refinery[END_REF].

Corrosion in biomass-based oils

Contrary to crude oils, which include solely naphthenic acids, oils derived from biomass can include, within the same matrix, other categories of carboxylic acids. For example, crude tall oil contains rosins (solid resins) which are formed of resin acids (condensed naphthene abietic acids) and fatty acids (long chain palmitic, oleic, and linoleic acids). Pyrolysis oils issued from woody plant cells are even more complex and can include a variety of organic acids (formic, acetic, lactobionic), sugars, catechol etc., making it more challenging to trace the reaction dynamics. It is noteworthy to mention that in biomass feeds, sulphur content is present at much lower concentrations than in conventional crudes which reduces the involvement of sulphur related reactions (such as H2S corrosion and iron sulphide protection).

Even though lipidic bio-oils are mainly formed of free fatty acids and fatty acid esters, it remains essential to consider that the structural diversity of bio-oils can influence the industrial standards set in refineries that are usually adapted to conventional crudes. In an attempt to compare the corrosiveness of various types of organic acids, Lu and Jia [START_REF] Lu | Comparing the corrosivity of acidic species in petroleum fractions by raman spectroscopy, energy-dispersive spectrum and scanning electron microscopy[END_REF] experimentally studies the individual effects of each type of carboxylic acid (fatty, naphthenic, aromatic) on stainless steel (AISI 316) after conducting immersion tests in an acid-petroleum blend (of equal TAN = 2.3 mgKOH/g) at 190°C. The corrosion power of each compound was assessed based on the formation of ferric oxides after exposure at 24h, 48h, and 72h. Optical and analytical spectroscopy measurements showed that based on the amount and type of iron oxides deposition on AISI 316, the corrosive power of each acid is distributed as such: Fatty (aliphatic) acids > Naphthenic acids > Aromatic acids. The authors also concluded that the presence of an aromatic group had an inhibitory effect through the early formation of a protective film. Nonetheless, they stressed on the idea that deposit formation does not exclusively indicate the corrosive potential of an acid as no corrosion rate based on weight loss was recorded.

While the classification insinuates that aliphatic acids are the most corrosive for AISI 316 based on weak deposit formation, the tendency might change for other materials. This is seen with the case of Groysman and Brodsky [START_REF]Low Temperature Naphthenic Acid Corrosion Study[END_REF] which notice an inverse trend (i.e. aromatic acids > naphthenic acids > aliphatic acids) for carbon steel when tested at the individual acids' boiling points.

Several articles published by the teams of Connatser and Keiser at Oak Ridge National Laboratory [START_REF]Materials Issues in Thermochemical Production, Processing and Utilization of Bio-Oils[END_REF][START_REF]Corrosion Studies Of Raw and Treated Biomass-Derived Pyrolysis Oils[END_REF][START_REF]Corrosion of Ferrous Alloys by Organic Compounds in Simulated Bio-Oils[END_REF][START_REF]Bio-Oil Properties and Effects on Containment Materials[END_REF][START_REF] Connatser | Approaches to investigate the role of chelation in the corrosivity of biomass-derived oils[END_REF] studied the effect of pyrolysis bio-oils in storing and transport conditions. The team focused on oils containing high amounts of short chain carboxylic acids, notably formic and acetic acid, in which they suggest several approaches and techniques to better understand the core reactions occurring in these organic media. It is important to note that pyrolysis oils from biomass are different in composition from the lipidic bio-oils and that the studies are directed at transport/storage settings and not processing units; nevertheless, their analysis can inspire concepts around the involved mechanisms. In all the works, the approach involved weight loss measurements on carbon steel (C1018), 2.25Cr-1Mo low alloy steel, ferritic 13% Cr stainless steel (409 SS), and austenitic stainless steels 304L and 316L. Corrosion rates are obtained from conducting immersion tests in pyrolysis oils at 50°C for extensive periods of time (up to 1000h). Most of the results noted high corrosion rates on the low-grade alloys (0.5-5 mm/y) and even notable effects on the more resistant stainless-steel grades. Relatively to conventional crudes, their media measured significantly higher values of acid content (up to 180 mgKOH/g) but failed to establish a direct relationship between TAN and corrosion rates. Some of the most notable corrosion rate results are combined in Figure 19 after immersion tests conducted in industrial grade pyrolysis oils (obtained from 7 sources) at 50°C for 500h. Further investigations have led the same group to study two bio-oils (red oak RO and corn stover CS) from which a model pyrolysis system is used to separate the biomass derived products into several boiling point fractions [START_REF]Bio-Oil Properties and Effects on Containment Materials[END_REF]. These stage fractions (SF) constitute the cuts made up of the major acidic species previously contained in the original oil. This technique allows a better assessment of the oil's acid impact based on the contribution from specific acids. The authors then suggest a different measurement of the TAN more adapted to pyrolysis oil systems. This is denoted as the modified TAN or ModTAN which alters the standard acid-base titration method used for conventional crudes (ASTM D664) to compensate for the polarity of some oxygenates which might not be miscible with the nonpolar carrier solvents of the standard method.

Corrosion rate measurements are done on the different stage fractions obtained. Based on the fractions with the highest acidic content (SF3 and SF4), which are also the lowest boiling point fractions, results show severe corrosion rates for carbon steel, low alloy steel, and 409 ferritic stainless steel (Figure 20). Negligible corrosion is seen on 304L and 316L austenitic stainless steels. It is also interesting to mention that for the bio-oil fraction exhibiting the lower average ModTAN value (i.e. corn stover CS SF3-4 at approximately 60 mgKOH/g) compared to the seemingly more acidic cut (i.e. red oak RO SF3-4 at approximately 140 mgKOH/g), the corrosion rate displayed by the Corn Stover (CS) cut is higher which might imply that TAN values alone are not necessarily a direct assessment of the corrosion rate in these media. In fact, analysis by GC/MS of the RO and CS stage fractions SF3-4 composition reveals that other organic compounds are readily available in the solutions. The species include aldehydes, alcohols, ketones, furans, phenols, and methoxy phenols. The abundant presence of the different molecules besides acids in CS, relatively to RO, seem to also interact in the corrosion mechanisms possibly explaining the higher corrosion impact from the seemingly less acidic cut. From the same team, Jun and Warrington [START_REF] Jun | Corrosion of Ferrous Structural Alloys in Biomass Derived Fuels and Organic Acids[END_REF] utilised impedance spectroscopy and microstructural analysis, to investigate the corrosivity of specific organic acids on different steel grades. The approach consisted of using simulated bio-oil formed from a base solvent (85 wt% deionized water and 15 wt% methanol) mixed with 0.1 molal of the targeted acid (lactobionic, formic, catechol). EIS was used to assess the corrosion resistance of the steels based on the resistance limiting charge transfer. In all tested solutions, low alloy steel (2.25Cr-1Mo) recorded the lowest resistance when compared to stainless steels (410, 201, 316L) and was characterized with active uniform corrosion. From corrosion rate values, all stainless steels were shown to have high resistance (2-3 order of magnitude higher than low alloy steel) suggesting a stability of the passive film. These observations were further developed by Connatser and Firth [START_REF] Connatser | Approaches to investigate the role of chelation in the corrosivity of biomass-derived oils[END_REF] who added metal leaching measurements to the electrochemical investigation. A biomass-derived fast pyrolysis bio-oil was used in this study from which specific organic compounds were extracted using separation by capillary electrophoresis. Assessment of the passive film stability using EIS measurements on 410 stainless steel incorporates a larger plethora of oxygenates compared to the study of Jun and Warrington [START_REF] Jun | Corrosion of Ferrous Structural Alloys in Biomass Derived Fuels and Organic Acids[END_REF], which allows for a more thorough comparison of the different organic species. Similar to the results of Jun and Warrington, lactobionic acid was shown to have the highest impact on the reduction of the steel resistance, followed by catechol, with acetic and formic acids falling in the same range. Inductively couple plasma optical emission spectroscopy (ICP-OES) measurements were used to detect Fe and Cr after corrosion measurements on 410 stainless steels during an incubation at 80°C for 6h. Results show that lactobionic and catechol weakly leach the metals compared to acetic and formic acids. Even though the former molecules seemed to have the larger impact on the destabilization of the passive film, their relatively complex structure seems to influence their capacity to leach metals. This suggests that linear chain carboxylic acids are amongst the most corrosive species found in bio-oils and that their structure provides an advantage in leaching metals. They also show that the electrical conductivity of a solution increases with the presence of oxygenates when compared with a nonconductive base solvent.

Bruun and Demesa [START_REF] Bruun | Factors Affecting the Corrosive Behavior of Used Cooking Oils and a Non-Edible Fish Oil That Are in Contact with Ferrous Metals[END_REF] investigated the corrosive behaviours of used cooking oil and raw fish oil for bio-diesel applications in storage settings. Immersions tests of a common low carbon steel were run at room temperatures for periods of 0-10 days and the corrosion measurements were evaluated based on total iron detection using ICP-OES and ICP-MS. The results showed that water content, immersion time and acidity have major impacts on the corrosiveness of raw oils. Additionally, corrosion of the metallic sample seemed to be uniform based on SEM-EDS observations. In low temperature conditions, the water content seems to have a major role in the corrosion intensity of used cooking oil. This was observed after increasing the water content of the oil up to 5130 ppm during which iron dissolution increased uniformly only until 2600 ppm of water. Interestingly, the addition of oleic acid and glycerol to the oils seemed to reduce the dissolution of iron, with glycerol having the highest prevention efficiency. The author attributes the protection ability of oleic acid to their tendency to form self-adsorbed monolayers on the surface of the steel, which is stable at room temperature. Glycerol protection affects mainly the activity of water through the formation of microemulsions by binding to water molecules and preventing them to reach the metal surface. These results strongly suggest that the corrosion mechanisms involved in this study relate to aqueous corrosion in the water phase, rather than corrosion in organic solution with free-fatty-acids. Castro and Piamba [START_REF] Castro | Corrosiveness of biodiesel obtained from different raw materials on gray cast iron[END_REF] also investigated the corrosive behaviours of bio-diesel produced from the transesterification of different raw bio-oils using immersion tests of cast iron at room temperatures. They observed that biodiesels obtained from oils with the highest content of unsaturated fatty acids are most corrosive but that no relationship exists between the size of the fatty acid molecules and the corrosion rate. In these conditions, corrosiveness is controlled by the oxidation of the molecule which converts the esterified fatty acids into free fatty acid radicals thus contributing to the overall corrosion activity. This might not be the case in biorefinery applications where high temperatures are exposed to the raw feed, through which an inert gas flow, instead of the finished product. The impact of oxidation on the corrosion power of a bio-fuel is further highlighted in the works of Hiraide and Sakamoto [START_REF] Hiraide | Corrosion Resistance Test of Stainless Steels in the Biofuel Environment[END_REF] in which they attribute the oxidation of unsaturated lipids to the formation of highly corrosive fatty acid radicals.

Shargay and Moore [START_REF]Impact of Organic Acid on Materials Selection for Biofuels and Bio-Based Chemical Plants[END_REF] propose the main corrosion mechanisms encountered in bio-refineries. They suggest that corrosion by organic acids can occur in high temperature settings with no liquid water. After testing the effect of several types of acids (light to heavy) on carbon steel at the acid boiling point and at temperatures of 100-195°C, they noticed that in all cases corrosion of carbon steel is too high for it to be considered in the material selection. They also report that studies made on Fischer-Tropsch synthetic fuels fractionator unit experienced carbon steel corrosion in non-aqueous streams at 180-240°C. Based on several studies, they also agree that high temperature organic acid corrosion can be active as low as 100°C and varies based on acid composition and other parameters (acid concentration, material composition, temperature, velocity, chloride content).

It seems that corrosion studies in bio-oil media are mostly attributed to the presence of organic acids which actively react at temperatures even as low as 50°C. Nevertheless, the reactivity of these species differs based on the composition of the oil and the operating parameters. Regarding refinery settings, a general tendency towards high acidic oils to cause severe corrosion problems is unanimously agreed upon regardless of the nature of the acid. While the results provided an assessment of the corrosion impact, they also gave a better insight on the possible corrosion mechanism involved which will be discussed hereinafter.

Insights into corrosion mechanisms 2.4.1 Concepts of organo-metallic complexation

The path in understanding the corrosive potential of an organic medium is to model the possible reaction mechanisms occurring at the metal surface. Research in the industry has attributed corrosion by carboxylic acids in organic solutions to a direct chemical reaction between the metal and the acid adsorbed onto the surface creating "organo-metallic" compounds. Further analysis indicates possible reaction mechanisms, of electrochemical nature [START_REF] Gutzeit | Naphthenic Acid Corrosion in Oil Refineries[END_REF][START_REF] Patrick | Understanding Naphthenic Acid Corrosion in Refinery Settings[END_REF], confined to the oil-metal interface involving electrically charged species between reactive carboxylic acids (ions or radicals) and the metal cations mobilized via charge transfer processes on the metal surface.

Connatser and Firth [START_REF] Connatser | Approaches to investigate the role of chelation in the corrosivity of biomass-derived oils[END_REF] investigated the role of chelation as a possible chemical reaction occurring between the metals and the acids. The process includes the dynamic interactions of mobilized metals with reactive radicals at interfacial levels. Chelation is a type of bonding that occurs when an ion or molecule (called ligands) forms a coordination complex with a single central atom (in this case a metal cation) by creating 2 or more separate covalent bonds with the electrons donated by that atom. It is suggested that large acids and oxygenated groups act as chelating agents and have the ability to form charge transfer complexes with surface metals (or metal oxide passive layers) increasing the solubility of the charged metal thus contributing to mobilization of the surface and allowing further acid attack. Connatser and Firth [START_REF] Connatser | Approaches to investigate the role of chelation in the corrosivity of biomass-derived oils[END_REF] approach the subject of ligand formation by assessing the similarity of electronic levels between a metal and an organic compound of interest.

In fact, they indicate that multiple types of oxygenated compounds can form coordination complexes as a result of co-ligand donation but differ based on the availability of donating sites. The proposed reactive sites for several types of oxygenates are presented in Annex D -. In the case of carboxylic acids, two types of coordination modes can arise depending on the position of the electron donating site on the molecule [START_REF] Connatser | Approaches to investigate the role of chelation in the corrosivity of biomass-derived oils[END_REF][START_REF] Mercier | Interaction of amines with native aluminium oxide layers in non-aqueous environment: Application to the understanding of the formation of epoxy-amine/metal interphases[END_REF].

1-Metal-bounded surface complexes (MBSC): direct interaction between the lone e -pair of the donating carbonyl oxygen [C=O] and the charged surface metal through Lewis-like acid base mechanism 2-Hydrogen-bounded surface complexes (HBSC): hydrogen-bonding type between the oxygen of the hydroxyl termination group [OH] and the charged metal surface via protonation (Bronsted like mechanism).

Given these options, four structures can arise from the carboxylate metal binding phenomena. A study on the interaction of metal ions with chelating organic molecules shows that the binding strength between the carboxylic function of an acid and the metal is strongly related to the electronic level of the metal cation as well as on the molecular structure of the complex [START_REF] Bala | Interaction of different metal ions with carboxylic acid group: a quantitative study[END_REF]. They suggest that carboxylic groups having selective binding capacities with different alloying elements, that go beyond the electrostatic interactions, are based on charge to size ratio in terms of ionic radii. Divalent metal ions were investigated and the binding energies as well as the geometries of the metal carboxylates were obtained. Transition metals such as iron and nickel were found to have planar configurations when bound to diacetate after complexation in an aqueous solution. While the geometries are the same for Ni 2+ and Fe 2+ , the bonding energies differ (213 kJ/mol and 155 KJ/mol, respectively) suggesting preferential binding with iron. While the experiment was conducted based on an air-water interface with controlled proportions of metal cations and with a complexing molecule (acetic acid) much smaller in size than the fatty acids commonly found in lipids, the results are best used as indications of the complexing capacity of acids. Further considerations such as acid structure, temperature, and type of medium is to be considered when studying interactions with different alloys. Wu and Jing [START_REF] Wu | Resistance of Mo-bearing stainless steels and Mobearing stainless-steel coating to naphthenic acid corrosion and erosion-corrosion[END_REF] developed this concept when discussing the mechanisms of complex formation in the NAC of stainless steels. To understand the role of different metals in the complexation process, the authors attribute the complexing potential of the reactive carboxylate ligand to differences in the electronic structures of the metals which creates different affinities with the ligand. They propose that the stability of the complexes is associated with the crystal field stabilization energy between the carboxylate ligand and the metal ion. They propose an octahedral configuration between naphthenic carboxylates and metal ions Fe 2+ , Fe 3+ , Cr 3+ , Ni 2+ , Mn 2+ , and Mo 3+ with Fe 2+ having the highest affinity to form complexes. They conclude by confirming that the general formula attributed to dissolved corrosion products is more likely to be Fe(RCOO)2 rather than Fe(RCOO)3. The addition of the other transition metals as alloying elements can contribute to retarding the binding possibilities with iron thus contributing to an overall reduction in corrosion attack.

Studies in the synthesis of magnetic iron oxide nanoparticles using the thermal decomposition of iron oleate complex precursor reveals the capacity of oleic acid to form coordination bonds with trivalent and divalent iron. The affinity to form bonds with one or the other depends on the synthesis mode and the environment. For example, Lin and Kim [START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF] synthesized iron oleate by directly reacting iron (III) nitrate hydrate with oleic acid with HNO3 being a by-product of the reaction. Heating to 120°C for 1h was used to remove the absorbed water and the by-product. They claim that trivalent iron could create more coordination bonds than divalent iron. They also suggest that in non-hydrated iron oleate, iron binds with oleic acid dimers in both bidentate bridging and chelating modes whereas in hydrated complexes, only bidentate chelating and unidentate are observed. They also propose that this reaction can be achieved with any transition metal, including Mn, Ni, and Cr. The results reveal that the possible structures in which iron oleate can exist depend on the valency of the chelating metal. In the case of iron, both Fe 3+ and Fe 2+ can create coordination with the carboxylate ligand of oleic acid. Based on these observations, the authors can suggest a possible structure for the non-hydrated iron oleate complex (Figure 22). In the proposed structure, the binding modes of oleic acid with iron include bidentate chelating and bidentate bridging which are some of the modes suggested in Figure 21. This hypothesis is complimented by the works of Chang and Kim [START_REF] Chang | Molecular-Level Understanding of Continuous Growth from Iron-Oxo Clusters to Iron Oxide Nanoparticles[END_REF] where they reveal that iron oleate complexes formed from strongly chelating carboxylate moieties are found in the form of clusters comprising an oxygen-iron core surrounded by carboxylate ligands. The representation suggested in 

Characterization of organo-metallic complexes

Studies conducted on the mechanisms have noted that the transport and the adsorption of reactive acid to the metal surface is the initial step prior to complexation [START_REF] Chakravarti | Toward the Mechanism of Corrosion in Crude Oil: A Study Using Vibrational Spectroscopic Techniques at Elevated Temperatures[END_REF]. The parameters which are critical for this step are the chemical configuration of the molecule (weight, size, chain length) and temperature. It was noted that metals, such as iron copper and zinc, have a high affinity to form complexes with free radical states of carboxylic acids, i.e. carboxylate ligands, which is facilitated at increased temperatures [START_REF] Patrick | Understanding Naphthenic Acid Corrosion in Refinery Settings[END_REF].

The synthesis of the iron oleate complex produced from the reaction between iron and oleic acid leads to the formation of a viscous/solid waxy and brownish substance [START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF][START_REF] Ding | Colloidal synthesis of ultrathin γ-Fe2O3 nanoplates[END_REF][START_REF] Kim | Synthesis of Non-hydrate Iron Oleate for Eco-friendly Production of Monodispersed Iron Oxide Nanoparticles[END_REF]. Adequately, the studies employ several characterization techniques to monitor the formation and decomposition of the precursors.

Infrared spectroscopy

FT-IR is popular in the characterization of metal carboxylate complexes used in the field of hydrolytic stripping [START_REF] Palacios | Infrared spectroscopy of metal carboxylates[END_REF]. The vibration bands that exist in the chemical structure are associated with the carboxylate chelating agent that is bound to one or more central iron atoms forming a stable oil soluble compound [START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF][START_REF] Palacios | Infrared spectroscopy of metal carboxylates[END_REF][START_REF] Shukla | FTIR study of surfactant bonding to FePt nanoparticles[END_REF][START_REF] Bronstein | Influence of Iron Oleate Complex Structure on Iron Oxide Nanoparticle Formation[END_REF][START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF]. The study of metal ligand binding is improved with FT-IR due to the high sensitivity of the heterogeneous carboxyl-metal bonds to infrared adsorption [START_REF] Ng | Application of factor analysis and band contour resolution techniques to the Raman spectra of acetic acid in aqueous solution[END_REF]. The structures proposed in Figure 21 are used to characterize the structure by IR. Notice how the ionic, bidentate chelating and bidentate bridging are similar in structure of the carboxyl bonds (-O-C-O-) in which both oxygens are bounded to a metal cation. Conversely, in the unidentate structure (-O-C=O-) only one oxygen is bonded to a metal and the carbonyl group of the acid is preserved. The most useful features for recognizing metal carboxylates are the characteristic bands which include strong asymmetric COO stretching vibration (νCOOasym) and a weaker symmetric COO stretching vibration (νCOOsym) [START_REF] Palacios | Infrared spectroscopy of metal carboxylates[END_REF].

Changes of the dipole moment caused by the presence of the metal increases the asymmetric stretching vibrations of the molecule and hence becomes highly polar. A parameter is commonly used to estimate the changes in bond angles expressed by Δν = vCOOasym-vCOOsym. The overall effect is for Δν to decrease as the O-C-O bond angle becomes more acute. The presence of a split peak at the asymmetric carboxylate stretching band is tied to the structure of the complexes and the coordination of the central atom. It could suggest the presence of different configurations which can be hypothesized using the Δ factor.

To differentiate between the structures, the separation of the bands Δν is considered:

Unidentate structures have lower symmetry than the bidentate derivatives and the conservation of the carbonyl group makes it difficult to differentiate from the spectra of the undissociated carboxylic acids. Unidentate structures are characteristic of large band separation (Δν) as the asymmetric stretching frequency increases and the symmetric one decreases. Separations of about 200-300 cm -1 have been reported for unidentate metal acetates [START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF].

Bidentate chelating compounds resemble ionic state in the symmetry of their carboxylate group (-O-C-O-). They are characterized by smaller band separations than those of unidentates as asymmetrical stretching frequencies decrease, and symmetric ones increase. Separations of 94 cm - 1 have been reported for bidentate carboxylates [START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF]. The characteristic IR bands of COO-in the binding modes with other metals are displayed in Annex E - [START_REF] Otero | Characterisation of metal carboxylates by Raman and infrared spectroscopy in works of art[END_REF].

Bidentate

Iron dissolution

The works of Hau and Lorenzo [START_REF]The Iron Powder Test for Naphthenic Acid Corrosion Studies[END_REF] attempted to investigate NAC in crude oils based on iron dissolution measurements. They used a method of mixing pure iron powder with different crudes for several hours inside an autoclave while applying continuous stirring. Acid corrosion was estimated by measuring iron content to eliminate the effects of secondary reaction products (like sulfidation to produce FeS) as the corrosion products are oil soluble. While velocity had little to no impact on the corrosion rate, it allowed to maintain constant contact between the iron particles and the corrosive acids until the acids completely reacted. In most tested samples, results show that the increase in iron concentration is fastest at the start of the test (0-8h) but slows down as the reaction time lengthens (24h). Figure 24 illustrates the trends observed for different crudes and vacuum gasoils at 270°C.

Figure 24: Kinetic relationship for NAC for different crude oil cuts [82]

The sample MVGO/TJP (230°C) does not show an obvious stabilisation towards 24h so investigation beyond that time range is needed to confirm the relationship. Moreover, it is unknown if the trend is associated with the complete consumption of the acids or if the solubility limit of the solutions was reached which might have affected the measured values. Additionally, the high temperatures might have caused a decomposition or vaporisation of some of the low boiling point acids contained in these complex feeds. The authors stated that there are large discrepancies between maximum measured values during repeated tests. The discrepancies might be due to heat dispersions, autoclave settings, oil composition, differences in solubility limits, and differences in thermal stabilities (of the solution and of the corrosion products). While the presented results might not be entirely indicative of the mechanism, the method can be used to study the reactions in bio-oils using pure samples and lower temperatures.

Solubility of the complex plays a major role in the chelating activity [START_REF]Naphthenic Acid Corrosionin Synthetic Fuels Production[END_REF][START_REF]The Iron Powder Test for Naphthenic Acid Corrosion Studies[END_REF]. Yepez [START_REF] Yépez | On the chemical reaction between carboxylic acids and iron, including the special case of naphthenic acid[END_REF] showed that the solubility of iron carboxylates has a strong impact on the concentration of dissolved iron. They also noticed an increase in iron dissolution with the increase in acid concentration and reaction temperature up to a certain limit. The resulting complexes were seen to thermally decompose at temperatures above 300°C, so the corrosion mechanism was evaluated based on the reaction yields which include both the complexes and hydrogen H2, with CO2 being produced as a result of decomposition. In all cases, CO2 only appeared after measured iron started decreasing while H2 was present since the first iron detection implying that both H2 and the complexes are direct products of the reaction while CO2 occurs due to secondary decomposition reactions (Figure 25). Ushikusa [START_REF] Ushikusa | Decomposition Temperature of Fatty Acid Metal Salts Used as the Constituent Molecules of Molecular Cognizance Thin Solid Films[END_REF] studied the thermal properties of several metal salts formed from different coordinating metals and acids. In the cases of the divalent metals Ca, Cu, Cd, Ba which form coordination complexes with palmitic acid (C16:0), stearic acid (C18:0), and oleic acid (C18:1) little impact has been observed from the hydrocarbon chain length on the initiation of thermal decomposition. The temperature for the initial weight loss in all cases was seen in the range of 200-220°C which evolved steadily until a certain temperature beyond which decomposition occurred quite rapidly. The rapid decomposition temperature varies from one complex to another but in all cases, termination occurs at near 500°C. In the case of oleic acid (C18:1) they noticed two phases of rapid decomposition (as opposed to one in the other acid complexes) separated by slow weight loss in the range of 300-400°C, which they attributed to a phase of thermal polymerization commonly affecting polyunsaturated fatty acids. This suppresses the initially rapid weight loss. In all cases, the complexes follow the same decomposition mechanism which initiates from the decomposition of the hydrocarbon moiety and the formation of volatiles (aldehydes and ketones) from the decarbonation of the carboxyl group to the formation of residual substances at temperatures around 500°C. Additionally, no major differences were seen when thermally decomposing the species under air flow or inert flow. Moreover, the reaction mode has a direct impact on the thermal stability of the complex as coordination between oleic acid molecules and iron tends to increase the decomposition/dissociation temperatures of oleic acid. This has been seen in the works of Lin and Kim [START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF] which noticed an increase in the decomposition temperature of iron oleate compared to that of free oleic acid (from 266°C to 300°C). A mixture of unreacted acid and metal complexes can thus affect the general behaviour of the TGA profile which might show different peaks associated with different species. Complementing a TGA profile with IR measurements would allow to indicate the presence or absence of remaining acids.

Kwon and Piao [START_REF] Kwon | Kinetics of monodisperse iron oxide nanocrystal formation by "heating-up" process[END_REF] also studied the thermal properties of iron oleate formed by directly reacting iron (III) chloride with oleic acid at elevated temperature. They state that in this case only Fe 3+ can exist in the iron oleate complex but after complete thermal decomposition, they noticed the formation of Fe3O4 nanocrystals suggesting that some Fe 3+ have been reduced to Fe 2+ by means of CO, H2, or CO2 formed during heating. This might differ in oil environments, but the resulting iron oxide structure might reveal information on the electrochemical aspect of complex formation. A combination of Fe 2+ /Fe 3+ coordination is thus to be considered. Kim and Lee [START_REF] Kim | Synthesis of Non-hydrate Iron Oleate for Eco-friendly Production of Monodispersed Iron Oxide Nanoparticles[END_REF] propose that iron oleate follows this reaction path: (1) formation of complexes at 120°C and hydrophobic dimerization with unreacted oleic acids;

(2) break-up of the dimer bonds at 180°C; (3) start of decomposition of iron oleate ligand and formation of metastable iron oxide nuclei at 200-250°C; (4) complete removal of residual molecules at 320°C. While the temperature values might change depending on the modes of formation, this mechanism can be considered in the production of corrosion products through the refinery process.

It is important to mention that complexes are soluble in oils and in organic solvents and are detectable using the standard titration method used to measure TAN. This would then rule out the use of titration for the detection of corrosion products as this would lead to similar values of TAN before and after tests [START_REF]The Iron Powder Test for Naphthenic Acid Corrosion Studies[END_REF]. Also, in refinery settings, these reaction products are highly soluble in the stream making it difficult to form protective films on the surface of the steels [START_REF]Survey of Materials in Hydrotreater Units Processing High TAN Feeds[END_REF]. We might expect that if iron complexes are formed in the feed preheat section due to corrosion and are carried until the reactor due to their solubility, these complexes will probably decompose to iron oxides in the reactor section when submitted to high temperatures (300-390°C). These iron oxides can be detrimental to catalyst activity since iron is a known poison to HDT catalysts [START_REF] Arora | The role of catalyst poisons during hydrodeoxygenation of renewable oils[END_REF]. Deposition of iron oxides can also lead to reactor or equipment lines plugging. Knowing the thermal behaviours of corrosion products can help to troubleshoot operating problems in refinery equipment's.

Summary of the literature review

The bibliographic study that was presented in this chapter started by an analysis of the composition and physical-chemical properties of bio-oils. This analysis suggest that free fatty acids may represent one of the main corrosive components in bio-oils. Since these free fatty acids present similarities with naphthenic acids present in crude oils, the second part of the literature survey examined the abundant literature and industrial feedback of crude oil refining. Then, laboratory studies dedicated to bio-oils were examined, confirming that the nature and concentration of FFA seem to play a central role, as well as temperature. Finally, corrosion mechanisms were examined. They seem to involve the formation of highly soluble metal complexes. The main types of analytical techniques used for the characterization of such complexes were also identified.

The key learnings of this literature survey are listed hereafter:

Acid concentration

Corrosion rate tends to increase with acid concentration, notably for carbon and low alloy steels. In lipid-based oil, acid content is reflected by the total amount of free fatty acids either naturally present in the oil or produced from the decomposition of triglycerides. In refined vegetable oils, FFA are minor and are present under stable ester forms. FFA are more abundant in waste oils due to higher exposure to degradation activity (heating, oxidation, hydrolysis). Finally, FFA are the most concentrated in industrial by-products which produce oil distillates from processed raw vegetable oils. In the conventional refinery industry, acid concentration is linked with the presence of naphthenic acids in the crude or crude distillate and is measured using the TAN value. In raw pyrolysis oils, acid concentrations are higher than in crude oils and include a larger diversity which are, but not limited to, short chain organic acids (acetic acid, formic acid, oxalic acid, etc.). Keep in mind that TAN is a representation of the total amount of carboxylic acids detected, but it does not differentiate between the acids themselves. Even if naphthenic acids are not similar in structure to fatty acids, they still share the same carboxylic acid functional group and a strong similarity in reaction mechanisms.

Acid structure

Corrosion rate seems to be affected by acid structure. This was noticed in the case of NAC where crude oils having the same TAN result in different corrosion rates. While the effect is less obvious than that of acid concentration, the general tendency seems to show that short chain carboxylic acids are usually more corrosive than larger acids. In pyrolysis oils, the impact of composition is more important. The lack of correlation between the acid concentration and corrosion rate is due to the diversity of the oxygenates which react following the same mechanism as that of carboxylic acids. The differences in structure between the typical FFA found in lipidic oils might not be as important as the ones in NAC or in pyrolysis bio-oils so differences in corrosion rates might not be obvious.

Operating temperature

Temperature has a direct impact on corrosion rate. In NAC, the general temperature range in which corrosion is most crucial for industrial applications is 220-400°C. An Arrhenius relationship exists for naphthenic acids suggesting an increase in corrosiveness of the solution with temperature. However, great importance is given to the thermal stability of the acids and their ability to evaporate or decompose. Individually, acids are found to be the most corrosive at their boiling points as long as they remain in the liquid phase. Beyond boiling point temperatures, acids can either evaporate into the gas phase and condense on exposed steels (thus reducing the overall acidity in the liquid phase), or they can transform into shorter molecules with lower boiling points and higher reactivity. Based on the activation energies, the studies suggest that the reaction is controlled by adsorption.

Steel composition

Carbon and low alloy steels are the most vulnerable to organic acid corrosion. High affinity between the carboxylate ligand and Fe 2+ exists rendering that metal the most prone to form complexes. In the case of stainless steels, molybdenum content seems to have a positive effect on corrosion resistance. However, no general rule can be applied in the material selection as parameters such as the TAN, temperature, velocity, and oil composition can differ throughout the unit.

Corrosion mechanism

Corrosion by carboxylic acids in organic medium seems to involve a direct reaction between metals and the carboxylic group. A chelation type mechanism is suggested to occur at the interface between the bulk and the steel producing oil soluble metal complexes. Deprotonation of the hydroxyl function and the radicalisation of the carbonyl function combined with a supposed oxidation of the surface metals by charge transfer yields a coordination complex with different binding modes. Corrosion is caused by the desorption of these complexes as they have high solubility in the bulk solution. It is suggested that any transition metal can create coordination bonds with acid ligands, which include Fe, Mn, Cr, and Ni.

The suggested model thus involves the following steps:

1-Diffusion of the acid to the oil-metal interface.

2-Adsorption of the acid onto the surface (chemisorption).

3-Reaction between acids and metallic elements (chelation). 4-Desorption of the oil soluble complexes.

Other factors

Water content: The main reaction responsible to produce free fatty acids is hydrolysis, which involves the presence of water and is promoted by high temperature and pressure conditions. A combination of nucleophilic attacks, bond scission and electron redistribution allow the triglyceride to decompose into di-glyceride then mono-glycerides before liberating the initially bonded fatty acids into potentially reactive compounds. Additionally, water can play a role in the diffusion mechanism of acids which might hinder their activity.

Fluid velocity: in refinery setting, this can impact corrosion activity by constantly renewing the feed providing additional reactive species and removing corrosion products. No obvious impact on corrosion rate besides improving contact between the acids and the steels in closed systems. A higher impact might be found in the case of erosion-corrosion phenomena.

Hydrogen gas: might have some inhibitory effect on the corrosion rate of oils.

Characterization tools

The diversity of the bio-oils invites the implementation of several analytical techniques to further understand the chemical changes of species. As such, multiple analytical tools and standardized methods are suggested. Standard methods NF EN ISO 12966-2 and -4 allow to construct a fatty acid composition profile for bio-oils, which is complemented by a glyceridic profile allowing to classify the composition based on the structures in which the fatty acids are found (TG, DG, MG, FFA). Some physical-chemical properties for bio-oils are measured using other standards. As free fatty acid concentration is the focus of this study, titration method (based on NF EN ISO 660) is used to accurately measure the level of acid contained inside an oil. Average unsaturation of fatty acids is estimated using the iodine index based on the standard NF EN ISO 3961/EN 14111. One indicator for the oxidation level of an oil is obtained through the peroxide index based on the standard NF EN ISO 3960 which measures the amount of primary oxidation products. The water content is measured based on the standard NF EN ISO 12937/6296 through a Karl Fischer titration method.

Additionally, ATR-FTIR can be used to identify the different species based on known vibration bands of specific families in the MIR (400-4000 cm -1 ). Characterization of organo-metallic complexes can also be made using ATR-FTIR which focuses on the vibration bands of the carboxylate function. SIM-DIS is technique based on GC ASTM D2887-16a which can be used to identify individual species based on boiling point distributions. ICP-OES is essential for the accurate measurement of metallic elements possibly contained in solution after the tests. Finally, TGA/DTG is essential in constructing a thermal stability profile of the oils and of the corrosion products revealing temperature limits in which species are susceptible to transform. This tool is useful in high temperature applications.

Scope of research

The literature proposes several unanswered questions when dealing with the hydrotreatment of lipidic bio-oils. The stepwise process previously illustrated in Figure 8 infers that the chemical composition of the feed changes throughout the unit, ultimately giving it a hydrocarbon feature like that of a conventional oil. So, to properly assess the corrosiveness of a bio-oil, the project focuses on the stage where the fluid composition presents the highest differences with crude oil. This corresponds to the transfer lines between storage tanks of bio-oil at ambient temperatures and the hydrotreatment reactor with inlet temperatures close to 300 °C. Therefore, the experimental work of this thesis will focus on industrial conditions upstream of the hydrotreatment reactor, prior to any compositional change occurring in the bio-refinery, and in a range of temperature 100-300°C. Different types of metallurgies of industrial relevance need to be considered including conventional carbon steels, low alloy steels and stainless steels.

Since the literature survey showed that the acid concentration seems to be the primary factor, this parameter will be examined thoroughly. One of the goals is to verify if the scientific knowledge of crude oil distillation and corrosion by naphthenic acid also applies to carboxylic acids found in vegetable and waste oils. As the literature study also showed that differences in corrosiveness could be found for naphthenic acids of different molecular weight and structure, this parameter needs to be addressed too for free fatty acids of different chain lengths and saturation, or other types of carboxylic acids like rosin acids.

In order to address this scope of work, the experimental strategy that we propose to use is the following:

1-Conducting corrosion tests on industrially appealing bio-oils (conventional and alternative sources). Here the objective is to use different bio-oils with a variety of physical-chemical properties to identify the main influent parameters governing corrosion.

2-

Conducting experiments in 'model' oil mixtures by doping conventional vegetable oils with varying concentrations of potentially corrosive species identified in the literature (namely free fatty acids).

In addition to corrosion measurements, this part of the experimental work will require to develop and to implement analytical methods to help identify corrosion mechanisms (corrosive species, formed corrosion products…).

3-Testing the other parameters affecting corrosion such as operating conditions (temperature, feed renewal) and steel composition.

4-Attempting to develop a risk prediction model by establishing correlations between chemical composition and corrosive potential.

Experimental methods

The experimental techniques and protocols are developed in this chapter. This involves the setups used to conduct immersion tests in different types of feedstocks under controlled temperature conditions. Additionally, this includes all the analytical techniques and quantification tools used to characterize the chemical composition of the lipidic bio-oils which are used to monitor their variation during the corrosion tests.

A summary of the techniques used in this project are outlined in Table 7. Some methods are further developed in hereafter. 

Autoclave test units

Most of the experimental work consisted of exposing metal samples to lipidic bio-oils at high temperature. This was carried out in autoclaves that allow temperatures of 300 °C to be reached. Several test units were used, each of them having their specificities. They are described hereafter.

Unit for process replication (T-591)

This test unit (designated T-591) has been set up prior to the start of the thesis to test corrosion in oil media under typical hydrotreatment conditions. It is mainly used for accurate representation of industrial pilot scale units and hydrotreatment plants in terms of temperature and pressure. It is also capable of operating under hydrogen, including a batch renewal system while maintaining closed autoclave conditions. The T-591 unit is used to obtain corrosion rate measurements from weight loss measurements of metallic coupons immersed in a variety of bio-oils. While the use of hydrogen will not be developed in this work, only nitrogen is used as the capping gas for all tests. This equipment also allows to conduct semi-batch tests which includes frequent sampling of the oil without interrupting the heating. An annotated photo of the unit is presented in Figure 26. Initially, the metallic materials are mounted on a custom designed quartz holder and then placed into the reactor (R01) after which the liquid is poured until all the metal coupons are fully immersed. 500ml of solution is required to fully cover the suspended metal coupons inside the reactor. The cell is then sealed and placed in a thermal jacket that allows heating and isolation of the reactor (R01). The former is electrically heated by a PID controller, and the temperature is monitored by a Pt-100 thermocouple.

The regulator is also equipped with security instructions that are set to interrupt the heating if temperatures exceed the set values, inside the reactor and for the regulator. Temperature and pressure monitoring is also possible through the installation of an acquisition system which records and visualize measured values from the thermally regulated reactor and lines, as well as from the digital barometer.

The solutions are conditioned to fit operational specifications. The preparation phase is thus adapted depending on the unit used due to setup differences. In the case of the T-591, oil is poured into the reactor containing the suspended metals under atmospheric exposure. The reactor is then sealed, and the proper connections are made. An in-situ purging of the solution with the gas is made at low pressures (0.2-0.5bar) during 5h to eliminate atmospheric impurities. A schematic diagram illustrating the process is shown in Figure 27 below: 

Multiple autoclave system (T-570) and batch reactor (T-536)

The previous test unit (T591) allows covering all test conditions required for this study. However, it was not fully dedicated to this thesis work. It was therefore necessary to use other test devices. The T-570 unit is a secondary setup developed to function on the same basis of the T-591, but with certain limitations. The main advantage is that it is composed of 6 identical autoclaves that can operate concurrently at the same temperature. Metal sample exposure can be carried out too, but due to a smaller volume than T591 (i.e. 90 mL instead of 500 mL), only 3 coupons can be exposed simultaneously. However, it is not able to conduct semi batch tests or to operate at temperatures higher than 220°C. The configuration consists of inserting the reactors inside pockets of the eletrically heated STEM block. Conduction allows for the reactors to be heated similarily. However, the pockets only cover the walls of the reactor while the rest is exposed to the atmosphere. In order to minimize calorific losses, glass fibers and an isolation belt are used to cover the exposed parts. In addition, proper O-ring toric joints must be used for high temperature processes. Basic elastomers have shown to breakup at temperatures near 230°C causing a failure to maintain internal pressure and allowing atmospheric contamination. Kalrez joints are implemeted as they can resist to temperatures up to 327°C. Type J thermocouples are used to monitor solution temperature and are linked to a data logger for acquisition. Pressure gauges are installed on each reactor to monitor pressure but are not recorded. Mechanical restrictions prevent feeding the vessels with pressures exceeding 1bar thus forcing a separate setup to be used in adding the appropriate gas in the mixture.

The same restrictions do not allow in-situ purging of the solutions to be made. Instead, purging occurs separately prior to the experimental start-up. A setup has been installed to ensure proper dissolution of a desired gas by minimizing atmospheric exposure, in a way to replicate the T-591 procedure. The setup involves inserting the oils into septic Schott glasses onto which a combination of needles and iso-versinic tubes allow for a continuous circulation of gas.

Thermal isolation with glass fibres and thermal belt

Bubbling occurs overnight and under constant agitation to ensure proper aeration. The solutions are then transferred into the reactors under inert conditions via a glove box. Figure 30 depicts the procedure: An additional unit is proposed and is primarily dedicated to test the corrosion of stainless steels AISI 321 and AISI 316L alone. The T-536 simply allows to operate in batch conditions at pressures and temperatures like the previous units. The advantage offered by this reactor is the small volume required to conduct the immersion test. Additionally, heating is achieved by a heating collar controlled with a PID interface which eliminates the need to use insulators to minimize calorific losses such as in the case of the T-570. Unfortunately, unlike the T-591, gas blanketing cannot be done in-situ, so the same protocol used with the T-570 preparation phase is also applied for this unit. No coupon support is implemented in this setup, instead the steel samples are cut prior to the polish and are fitted based on the dimensions of the reactor. This allows the resulting coupon to be positioned at the bottom of the reactor with the major faces constantly exposed to the reactive medium. This installation allows for a fast and practical setup while minimizing the large consumption of materials included in the T-570 and T-590. However, to avoid a discrepancy in corrosion rate measurements, this unit is only used to investigate surface changes occurring to stainless steels when subjected to the most severe conditions.

The setup of the T-536 is illustrated in Figure 32. Corrosion rate measurements

Metallic materials

The metallic samples are selected based on the most common materials used in the bio-fuel processing industry. They include stainless steels AISI 316L, AISI 321, mild carbon steel AISI 1018, and low alloyed A387 Gr11 steel. Table 8 displays the chemical composition of the metallic samples. Stainless steel coupons AISI 316L and AISI 321 are supplied by Jacquet. AISI 321 is an austenitic stainless steel stabilized with titanium and often used in high temperature refining processes as stabilisation reduces the risks of sensitization. AISI 316L is similarly used in the same applications as those of AISI 321 but contains higher molybdenum which is known to stabilize the passive layer and reinforce the resistance against localised corrosion. AISI 316L is often used in hydrocarbon refineries to resist against naphthenic acid corrosion. The dimensions for these coupons are 76 mm x 13 mm x 2 mm. Before each experiment, the surfaces are polished with an 800 grit paper.

Carbon steel AISI 1018 coupons are supplied by Instruments & Control. It is a steel grade that is often used in experimental studies. The dimensions are 76 mm x 12 mm x 1.5 mm. No polishing of the surface was applied.

A387 Gr11 coupons are obtained separately as part of a heavy plate. This industrial steel grade is often used in refineries for high temperature applications (>200°C) when hydrogen is present. This provides a good alternative to carbon steels which is prone to high temperature hydrogen attack. The coupons are cut into dimensions 54.7 mm x 9.8 mm x 2.0 mm. Since the sides of these coupons are covered by mill scale, polishing with grit paper of increasing grades (320, 800, 1200, 2000) was applied to ensure a good control and repeatability of surface condition before corrosion experiments.

All coupons include a perforation that is used to keep the samples in suspension and average at 0.52 cm in diameter. The samples are then cleaned with hexane in an ultrasonic bath for 3min then rinsed with ethanol and dried with compressed air.

Weight loss measurement

Weight loss measurement is the most popular technique in assessing corrosion rate. The coupons are weighed prior to the start of the experiment with a precision of +/-1 mg. At the end of the test, the coupons are cleaned in hexane, rinsed with ethanol, and dried with compressed air before weighing.

If needed, chemical cleaning with inhibited acid can be applied to remove adherent scales. The corrosion rate is obtained as a function of coupon dimension, weight loss, and exposure time, as expressed by:

= ∆ * 365 * 10000 ( * * )
With Δw as the weight loss (g), ρ is the specific mass (g/cm 3 ), S is the exposed surface in (cm 2 ), and t is the time of exposure (days). Corrosion rate is converted from cm/day to μm/y to compare with industrial return and standards.

Optical observations

Surface charaterization of the steels and alloys is interesting particularily for immersion test samples..

A profilometer Hirox RX-100 with an adapted control software operated from a PC was used. No corrosion product layer is observed at the end of the tests, so surface analysis does not require any chemical or mechanical modifications of the metal samples prior to the observations. A 2D cartography is initially built for the coupons. Subsequently, any feature related to localized corrosion is noted and a 3D characterization is made. The depths are recorded by applying a cross section through the observed strucutre with the area surrounding it considered as the reference. A correction of the inclination is applied to each measurement.

(1)

Induced Coupled Plasma-Optical Emission Spectroscopy

This technique is used to obtain a quantitative elemental composition of metals dissolved in the tested solutions. The samples are mineralized in an acidic medium through a microwave assisted wet digestion. The obtained digest is diluted in distilled water and analysed through ICP-OES by means of a SPECTRO ARCOS (Spectro Ametek). The solution is then injected by nebulization into the argon supported plasma. At this stage, temperature of 9000K is reached allowing the solution to vaporize and the analytes to atomize, ionize and thermally excite. The OES coupling allows to detect and quantify elements by measuring the intensity of the emitted rays in relation to the characteristic wavelength of the element under the excited atomic or ionic form. The intensity of the emission is proportional to the concentration of the element which is calculated by comparison to a calibration curve using as matrix matching calibration and Scandium as the internal standard. Scandium is selected as an internal standard to correct for potential matrix effects due to its scarcity in samples, its possession of several emission lines to select from, and its strong emission signals allowing it to be used at low mass fractions.

Lipidic bio-oil characterization

This section is dedicated to describing the analytical methods used in developing on the changes in oil composition and properties. Information from these methods is complementary to the standard methods used to construct a chemical profile for the unaged bio-oils in Table 2. Here, measurements are made on the oils before and after the tests to assess the transformation of species and to detect corrosion products.

Potentiometric titration of model mixtures

A potentiometric titration method was developed at IFPEN (based on the standard NF EN ISO 660) and is used for the determination of a model mixture's acid content. Based on the same principles, the method measures the total amount of free fatty acids titrated with an ethanolic solution of potassium hydroxide (KOH). Acidity is then expressed in the amount of KOH needed to neutralize the free fatty acids in one gram of fat (mgKOH/g). To distinguish from the TAN given for the conventional crude oil, the measurement of a lipidic oil's acid content is referred to as the Acid Value (AV). This also allows to attribute a reference acidity to each tested solution. The following expression is used to calculate the acid value:

= × ×
Where MKOH is the molar mass of KOH (56.1 g/mol); Ctitrant is the concentration of the titration solution (mol/L); VKOH is the volume of KOH used to neutralise the sample (L); msample is the mass of the sample (g).

The acidity in oils is also often expressed in weight percentage as "wt% oleic acid". The relation between acid value and wt% oleic acid is given by:

(2)

= ( %) × 2
Often, the acid value is converted to a FFA content by multiplying the acid value with a factor that equals the molecular weight of the fatty acid concerned (conventionally oleic acid, MW = 282.4 g/mol) divided by ten times the molecular weight of the potassium hydroxide (56.1 g/mol). This factor "ten" stems from the fact that the acid value is expressed as mg/g, whereas the FFA content is expressed as a percentage. When the FFA content is expressed as "wt% oleic acid", this factor therefore equals 0.50.

Using this method, it is not possible to discriminate between the different types of acid as the titrant reacts directly with the carboxylic functional group. Other techniques are suggested for the identification of specific species.

Attenuated Total Reflectance-Fourier Transform Infra-red Spectroscopy

Infrared spectra are recorded using a Nicolet iS50 spectrometer with an MCT detector module (cooled by liquid nitrogen) adapted with a Golden Gate ATR diamond crystal. The crystal is mounted on a heating plate which is connected to a PID controller allowing a maximum set temperature of 200°C. The measurements are achieved by adding a droplet of the product on the diamond crystal and repeating the procedure three times to obtain a repeatability. All absorbance spectra are obtained in the mid-infrared region at 4000-650 cm -1 with a resolution of 4 cm -1 . Background acquisition is made with a blank crystal and is taken after each sample. Based on the interactions between the electromagnetic radiations in the infrared domain and the molecules in the solution, the nondestructive technique allows for an identification of species based on functional groups having specific bond vibrations. This is particularly useful as the detection of some species and products might not be possible with the standard analytical techniques. The information extracted is used for the identification and the evolution of some key chemical components. All presented spectra are corrected by removing the signals of atmospheric contaminations.

Simulated Distillation (GC technique)

A gas chromatography-flame ionization detector (GC-FID) method is conducted based on the conditions of the standard ASTM D2887-16a broadly used for the hydrocarbon product analysis, known as Simulated Distillation GC (Sim-Dis). The temperature range covering the eluted species is 35-650°C. Measurements are conducted using a Restek chromatography nonpolar column (10 m x 0.53 mm x 0.88 μm) with helium used as the gas vector (flow rate = 26 ml/min). 80 μl of the sample is diluted in 1 ml of CS2 which is then injected using an on-column injector. Injection is made from 100-400°C at a gradient of 50°C/min and a temperature standstill of 0.5min at 100°C and then 15min at 400°C. Column heating is performed in an oven with a ramp from 60 to 400°C at a gradient of 35°C/min and by maintaining a final temperature standstill for 15min. The species are separated by increasing boiling points and correlated with the retention times in the GC column through a calibration curve obtained by running a calibration mixture of hydrocarbon normal paraffins. Although this method is specific to hydrocarbon species, identification of other organic compounds can also be achieved by assessment of major individual peaks in the chromatogram by using standards. A more accurate evaluation is made in combination with complementary information obtained from other chemical characterization techniques (glyceridic profile, acid value, fatty acid composition). As for corrosion test products, an entire method should be developed using representative oxygen species standards and turning to more complex, fastidious, and expensive analytical tools coupling separation and identification techniques such as GC-MS and/or LC-MS for a more precise analysis. Although GC-FID Sim-Dis method

lacks for accurate identification of unknown chemical structures, it can be used as a powerful quantification and monitoring tool for the known species identified in the initial oil solutions.

Thermogravimetric analyses/Differential Thermogravimetry

Thermogravimetric analysis (TGA) is conducted primarily to study the thermal stability of the oils as they are subjected to strong thermal environments. The information obtained provides temperature limits at which lipidic species, mainly the free fatty acids and triglycerides, decompose. Additionally, differential thermogravimetry (DTG) provides the decomposition rates of the identified species based on weight loss measurements. The technique can be coupled with IR measurements of the volatiles providing general information of secondary products generated from the thermal decomposition of some species. The technique is also applied on organo-metallic complexes to study their stability relatively to the FFA and the potential products from their thermal decomposition. Dynamic thermogravimetry is used in the analysis of the solutions, i.e. heating is achieved by a linear increase of temperature as a function of time. TGA-2 Mettler thermobalance is used to measure weight loss during heating. The sample is place inside an alumina crucible (70 μl) constantly kept under N2 circulation at 25 ml/min flow rate. A temperature range of 500°C is applied at a heating rate of 5°C/min.

Corrosion test results

This chapter presents the results from corrosion tests conducted on a variety of lipidic oils in different conditions. They are complemented by a thorough chemical analysis of the oils before and after the tests. The chapter is divided in 3 main sections:

The first part aims at identifying the main corrosive parameters in lipidic bio-oils. It uses a range of industrial feedstock, from refined conventional vegetable oils to alternative industrial wastes and fatty acid distillates. The corrosiveness of various industrial oils is analysed with regards to their detailed composition to determine the most influential parameters. Here corrosion rate values are obtained by conducting immersion tests of all steel grades (Table 8) using the test unit T-591.

The second part of the experimental work uses model solutions. This aims at investigating the effect of free fatty acids alone on the corrosivity of bio-oils. These model solutions are elaborated with a noncorrosive lipidic matrix with various amounts of selected free fatty acids. It is thus possible to investigate the impact of acid concentration and acid structure in a well-controlled manner without side effects induced from minor constituents. Here corrosion rates are obtained by conducting immersion tests of carbon steel coupons using the multiple autoclave test unit T-570. The FFA corrosion mechanism is further developed by reacting pure FFA with pure iron while adding mechanical rotation to allow a better contact between the species. For that, the unit U864 is used.

The third part uses a highly corrosive feedstock to investigate the impact of operation conditions. While the focus of this section is on temperature, the effects of exposure time and feed renewal are also suggested. The corrosion of all steels (Table 8) is studied by conducting a series of immersion tests at various temperatures in the range between 100-290°C using the T-591 unit. The corrosion of stainless steels alone is further investigated at specific temperatures using the T-536 batch reactor. Additionally, temperature effects are studied on the stability of corrosion products.

A summary of the objectives is presented in Table 9. A first group of feedstock includes refined vegetable oils which contain different types of fatty acids that vary in chain length and degree of unsaturation. In these oils, the fatty acids mainly exist in esterified structures (TG, DG, MG), and to a lesser extent as free fatty acids. Moreover, these oils are of similar quality (i.e. physical-chemical properties) to reduce influence from additional parameters. In the refining industry, these bio-oils can be considered as conventional sources which are in competition with the agro-nutrition sector.

Table 9: The main objectives set in conducting corrosion tests

A second group of industrial feedstock incorporates bio-oils from alternative sources. These include mainly waste oils and industrial by-products from both vegetable and animal origins. This brings about strong variations in both the fatty acid composition and in the physical-chemical properties. The fatty acids vary in structure (chain length, degree of unsaturation, esterified, and FFA) and the properties vary based on the chemical indices (acid value, peroxide value, water content, iodine index) and on the physical aspects (viscosity and density). In the refining industry, these oils are considered as potential resources to replace the refined vegetable oils as they do not compete directly with consumer demands.

The following section presents a detailed analysis of the industrial feedstocks used for this part of the experimental work. The first part will present the selected bio-oils according to their fatty acid composition and their physical-chemical properties. The second part aims at presenting the corrosion rate measurements obtained and the established relationships with the bio-oil properties. All oils are supplied by Daudruy Van Cauwenberghe (Dunkirk, France). Only the main components are presented hereinafter, however, a complete profile of the industrial bio-oils is presented in Annex I -.

Composition of industrial lipidic feedstock

Refined vegetable oils (conventional bio-oils)

The first batch of samples consists of several refined vegetable oils from different origins composed of marked differences in the relative distribution of the main fatty acids encountered in lipidic oils (C12-C22). These oils are selected as they belong to the same category of conventional lipidic oils used in the hydrotreatment process. While the glyceridic profile reveals that in all these oils 99wt% of fatty acids are present in esterified structures, the differences in composition might provide a first insight on the corrosivity of lipidic oils. Moreover, it is suspected that they are nearly identical in quality as they have undergone treatment which abides with nutritional standards (low water content, low impurities, low oxidation, etc.). Similarities in quality can help to provide a clearer link between the corrosion behaviour and the fatty acid content without additional influence from external elements. The differences in composition between the vegetable oils lies in the structures and the relative concentrations of the major fatty acids. For example, refined rapeseed oil, sunflower oil, and soya oil are rich in unsaturated fatty acids, with oleic acid (C18:1) being the highest in rapeseed oil (60 wt%), and linoleic acid (C18:2) being the highest in both sunflower and soya oils (50-60 wt%). Refined palm oil on the other hand is less rich in unsaturated fatty acids as palmitic acid (C16:0) is found in abundance (45 wt%). The relative abundance of specific acids reflects on the physical properties of the oils. Saturated fatty acids, such as palmitic acid and stearic acid (C18:0), are solid at ambient temperature and when present in high concentrations can render the oil to be highly viscous and sometimes nearly solidified. Conversely, unsaturated fatty acids, such as oleic and linoleic acids, are liquid at ambient temperature which renders the oil to also be liquid when high enough concentrations are present. In this category of oils, palm oil is highly viscous and so a pre-heating phase of the sample is done at 60°C to improve handling of the product before initiating the test. The remaining oils are liquid, so no additional manipulations are done.

While fatty acid composition is the focus of this experiment, it remains essential to assess the other chemical properties of these oils. Figure 36 presents the main chemical properties of the selected vegetable oils. As suspected, the measurements reveal that the oils are initially of similar quality. This is particularly evidenced by the low acid and peroxide values indicating that no severe changes have occurred to the original ester matrix during storage, prior to the corrosion tests. Since most of the fatty acids are present in the form of triglycerides, the acid value would directly correlate with a low free fatty acid content. Indeed, regardless of the oils, acid values fall within the same range (<1 mgKOH/g, Figure 36d). As for the peroxide value, slight variations exist but most fall within the acceptable range imposed by the standard (<10 meqO2/kg, Figure 36-c). Peroxide value can also evolve in time as oils are prone to oxidation reactions which are accelerated by exposure to light and to heat. In the presented vegetable oils, the ones with high amounts of unsaturated fatty acids are expected to undergo the highest risk of degradation due to the instability caused by the presence of polyunsaturated fatty acids (oxidation usually targets allylic sites in polyunsaturated fatty acids). To avoid further transformations, the oils are stored at 6-8°C and isolated from exposure to light and air. Water content also seems to be identical for all the oils and falls within the standards (< 2000 ppm, Figure 36-b). Given the hygroscopic nature of the fatty acids, water content can evolve during storage and depends on exposure to humidity. As such, the oils are sealed and stored in a dry environment. Finally, the main difference is in the iodine index which reflects the average unsaturation in the oils and is directly related to the fatty acid composition. For example, palm oil has an iodine index of 50 g/100g which is much lower than that of the other oils which fall in the range of 100-120 g/100g (Figure 36-a). This is consistent with the fatty acid profile presented in Figure 35 which shows the relatively higher content of palmitic acid in palm oil. Unlike the other properties, iodine value is directly correlated to the nature of the acid.

As a conclusion, these refined vegetable oils are used to evaluate if the fatty acid composition (chain length / saturation) is likely to influence corrosion reactions.

Waste oils and industrial by-products (alternative bio-oils)

The second series of tests enlarges the selection of feedstocks and incorporates oils with different qualities and sources. These bio-oils include animal oils and fats, waste cooking oils, and industrial byproducts. They are selected as they are being considered as alternative sources that can potentially replace the refined vegetable oils. While they all have the same lipidic features as the conventional bio-oils, their composition and properties vary greatly. Some of these oils are of animal sources (animal fat and fish oil) while the others are of vegetable sources. Waste cooking oil (WCO) is a bio-oil produced from consumer waste, while palm fatty acid distillate (PFAD), tall oil fatty acid (TOFA), distilled tall oil (DTO) are industrial by-products. Additionally, other structures of fatty acids are proposed beside the standard alkyl chains, which include rosin acids. Varying both the composition and the properties might help to develop the impact of bio-oils beyond what can be established from the conventional refined vegetable oils. Animal fat and fish oil are feeds extracted from animal wastes produced mainly from the agri-food industry. One main difference from refined vegetable oils is the water content. Karl Fischer titration shows that animal fat and fish oil include 709 ppm and 1000 ppm of water, respectively, compared to the refined oils in which water content ranges between 100-170 ppm. Another major difference relates to the free fatty acid content which varies between 4.6 mgKOH/g (fish oil) and 10.2 mgKOH/g (animal fat). The peroxide index of these feeds is also significantly higher, reflecting a higher degree of oxidation. Nonetheless, given the diversity in these types of untreated feeds and given the unusually high presence of water, properties such as acid value can evolve readily during storage. The range of values presented here is not exclusive to the type of oil and can differ from one oil to another.

The remaining samples, WCO, PFAD, TOFA, and DTO, are feeds obtained from industry and consumer wastes. These oils are the most complex out of the entire series and their characterization using analytic methods, like those for vegetable oils, might not be entirely accurate since most tools were developed for edible vegetable oils. Nevertheless, a complete profile is constructed for these oils in which major compositional features are distinguished from the other sources. While the waste cooking oil is still mainly composed of fatty acid esters (93.9 %), the acid content is greater than previous feeds. It also has the highest water content of all tested oils (3000 ppm). While WCO derive from a mixture of degraded vegetable oils with fatty acids commonly varying between C12-C18, the other oils of this series are obtained as industrial process by-products and are almost entirely formed of FFA. PFAD, which results from the distillation of CPO, is mainly composed of palmitic acid (C16:0) and oleic acid (C18:1). TOFA and DTO are cuts of tall oil distillates obtained from the Kraft process in the paper manufacturing industry. While they differ from the typical oleaginous sources, they contain intense concentrations of free fatty acids (oleic, linoleic, and palmitic) as well as rosin acids (abietic, dehydroabietic, pimaric etc.). Rosin acids also belong to the family of carboxylic acids, but while free fatty acids are composed of a linear alkyl chain, rosin acids contain three condensed naphthenic and/or aromatic rings. TOFA are obtained from the fractionation of tall oil under vacuum distillation and are characterized by having important concentrations of oleic acid C18:1 and linoleic acid C18:2. The composition of DTO is quite similar to that of TOFA, except for the rosin acid content which is significantly higher (22wt% compared to 3.3wt% in TOFA).

Results of corrosion experiments

Corrosion tests are carried out in the batch reactor of unit T-591 and are performed according to the adapted protocol (section 3. To better interpret the data, each group of bio-oils is treated separately. For the conventional bio-oils, the results are presented in Figure 39. In most oils, corrosion rates of carbon and low alloy steels are below the detection limit (5 μm/y). Measurable corrosion rates are only observed for carbon steel in rapeseed oil (41 μm/y) and for carbon steel and low alloy steel in sunflower oil (respectively 6 μm/y and 44 μm/y). These trends do not seem to be directly correlated to the acid value since one of the least corrosive oils (palm) is the one with the highest acid value in the series (Figure 36-d). It is assumed that the differences in acid content are not significant. The slightly higher corrosiveness of sunflower and rapeseed could be explained by the variation of the feed during heating. Bio-oil degradation can lead to the formation of additional FFA and other reactive oxygenates (aldehydes, ketones, peroxides which are shown to also have complexing potential with metals [START_REF] Connatser | Approaches to investigate the role of chelation in the corrosivity of biomass-derived oils[END_REF]). One hypothesis is that larger amounts of unsaturated fatty acids attribute to an increasing availability of highly abstractable allylic hydrogens. At high temperatures, bond cleavages can lead to the formation of scission radicals which can introduce reactive oxygen to the system and initiate lipid autooxidation chain reactions [START_REF] Tian | Chemical factors affecting degradation processes of vegetable oils during frying[END_REF][88][89]. However, this trend is not observed for refined soya which presents an iodine index of 132 g/100g which is very close to that of refined rapeseed (115 g/100g) and refined sunflower (126 g/100g). Here, the lower corrosiveness of refined soya might be explained by the presence of natural antioxidants stabilizing the lipid [START_REF] Tinello | Antioxidant Properties of Soybean Oil Supplemented with Ginger and Turmeric Powders[END_REF][START_REF] Sousa Ls De | Use of natural antioxidants in soybean biodiesel[END_REF][START_REF] Angel | Effect of Refining Process and Use of Natural Antioxidants on Soybean Oil[END_REF]. As no known correlation is seen between the iodine index and corrosion rate, no definitive conclusion can be made regarding the impact of unsaturated oils in these types of feeds.

Nevertheless, all corrosion rates measured in these refined vegetable oils are very low, and the differences between the lower (5 μm/year) and upper (44 μm/year) are not highly significant, especially for such short exposure times. Elucidating the parameters at the origin of such minute differences would require extensive testing over longer periods, but it would not be of great industrial interest.

of 7270 μm/y for AISI 1018 and 1522 μm/y for low alloyed steel A387 Gr11. Immersion in DTO (AV = 192 mgKOH/g) results in corrosion rates of 6451 μm/y for AISI 1018 and 6054 μm/y for A387 Gr11, while corrosion rates result from exposure to TOFA (AV = 196 mgKOH/g) are 10324 μm/y and 5514 μm/y, respectively. For AISI1018 carbon steel, the proportionality between the corrosion rate and the acid value previously observed with animal fats is generally confirmed. The amount of free fatty acids can no longer be neglected as an active corrosive species. Interestingly, the gap in corrosion rate values between the AISI 1018 and A387 Gr11 do not seem to remain uniform in the highly corrosive solutions. While A387 Gr11 always presents lower corrosion rates compared to AISI 1018, the difference varies between 6 % in DTO and 79 % in PFAD. At this stage, no clear explanation of the interactions between corrosive species and alloying elements can be proposed. However, from the industrial standpoint, these results do not conclude differently for the applicability of carbon and low alloy steel. When it comes to these types of feeds, investigation should be made on each system separately. Other factors, besides FFA content, can cause the discrepancy in the corrosion rates of AISI 1018 and A387 Gr11. It is still unclear what the impact of impurities (such as salt and water content) has on the corrosion mechanisms. One speculation is that in water-in-oil emulsions, the hydrophilic properties of the carboxylic head group allow FFA to bind to water molecules forming micelles soluble in oil by means of the hydrophobic alkyl chain. This can eventually hinder the activity of the acids. Additionally, acid structure might play a role on the efficiency of FFA to react.

One interesting observation is the appearance of pits on the surface of AISI 321 after exposure to PFAD, TOFA, and DTO. The photographs below illustrate the pits observed in the case of DTO (Figure 41). As for the cases of PFAD and TOFA, the presence of pits is too minimal for a developed observation to be made. It has to be noted that for all these tests, 316L did not exhibit pits. This is probably a consequence of the impact of Mo to reinforce the protectiveness of the passive layer. 

First analyses and established correlations

By attempting to establish correlations with some of the properties, only the initial acidity can link well with the corrosion rate of AISI 1018 (Figure 42). Some values seem to present a higher scattering because of the complexity in the composition of some feeds, but the general trend seems quite clear. Regardless, the acid value remains the best criteria in estimating the corrosive power of an oil compared to the other proposed properties.

Figure 42: Correlation between corrosion rate of AISI 1018 and (a) iodine value; (b) acid value; (c) peroxide index; (d) water content in the case of industrial oils with different properties and compositions

Interestingly, dissolved iron concentration generally follows the same trend as corrosion rates, and correlates directly with the total coupon weight loss. Figure 43 depicts the relationship between iron content measured by ICP-OES in the industrial feeds after corrosion test and the total weight loss calculated from all the present coupons.

Figure 43: Relationship between iron concentration measured by ICP-OES and total weight loss of all steel coupons in industrial feeds

The correlation shows a good linear trend between iron content and total weight loss with a slope close to unity. This indicates that all corroded iron remains dissolved in the test solution without suffering further precipitation. Compared to solubility limits of iron in aqueous solutions, which commonly vary from few mg/L to few hundreds of mg/L, values exceeding tens of g/L are observed here. This suggests that oil soluble corrosion products are formed. Some transition metals are also detected by ICP-OES, in minor amounts compared to [Fe], suggesting that complexation might also occur with alloying elements. Results are presented in Annex J -.

For the tests exhibiting high corrosion rates and dissolved iron, a significant change of the aspect of the solution was observed between the beginning and the end of the test turning from light yellow to dark brown. On the contrary, non-corrosive refined vegetable oils present similar visual aspect before and after the tests. A selection of pictures of the test solutions before and after the tests are provided in Figure 44. Another major observation from these tests is the high corrosion resistance of AISI 316L stainless steel grade. As for AISI 316L weight losses below the detection limit are measured and no localized corrosion is observed on the coupons in any of the tests. As for AISI 321, pitting corrosion is observed after exposure to PFAD, TOFA, and DTO (with the former being the most severe), suggesting that the material might not be appropriate for its use in the processing of highly acidic feeds. In comparison, carbon and low alloy steels suffer multiple levels of corrosion attack which varies based on the type of feed. As inferred from the literature study, the level of corrosiveness seems to be strongly correlated to the acid value of the feeds. Based on this parameter, three categories of test solutions can be distinguished. The first category (non-corrosive) presents corrosion rates that do not exceed 0.1 mm/y. It is composed of refined vegetable oils with acid values close to zero. The next category (mildlycorrosive) includes animal-based waste oils with acid levels from 4 to 10 mgKOH/g. Here, corrosion rates of a few tenth of mm/y are observed at 220°C. The third category (highly-corrosive) is constituted of waste cooking oil (AV = 16 mgKOH/g) and fatty acid distillates (AV above 185 mgKOH/g). These feeds are highly aggressive with corrosion rates recorded above 1 mm/y. Interestingly, dissolved iron concentration generally follows the same evolution as corrosion rates, reaching values as high as tens of grams per litre.

Fundamentally, these tests indicate that like naphthenic acids for conventional oils, the concentration of carboxylic acids in vegetable and waste oils plays a major role in corrosion. The results obtained in this run propose the following conclusions:

-Three categories of feedstocks can be classified based on their corrosive power: Refined vegetable oils < animal oils/fats < waste oils/industrial by-products -AISI 1018 and A387 Gr11 are unsuitable for this application. Austenitic stainless steel AISI 321 cannot be used in the processing of highly acidic feeds. AISI 316L offers the best resistance in all conditions. -The initial acid value seems to be the main property to consider in the corrosion assessment.

-No clear correlation is observed for the iodine value, peroxide index, and water content.

-Iron dosing by ICP-OES reveals a similar evolution to acidity as the corrosion rate values.

Given these preliminary observations, investigation is further developed into evaluating the impact of free fatty acids alone on corrosion phenomena using a model mixture approach (section 4.2). Then, a thorough investigation of the impact of temperature is carried out for a highly corrosive oil, to check how the corrosion rate of carbon and low alloy steels varies with temperature, and to evaluate more closely the pitting of AISI 321 (section 4.3).

Impact of free fatty acids on the corrosion of carbon steel

The corrosion test results obtained from the industrial bio-oils indicate that there is a correlation between the corrosion rates of carbon and low alloy steels and the concentration of free fatty acids. However, the industrial feeds are composed of complex mixtures of species. As such, to obtain a clear understanding on the interactions between the different compounds and the involved mechanisms, a strategy is developed which allows to control the selected parameters related to FFA activity. In this section the impact of FFA on the corrosion of carbon steels is investigated. This entails the study of acids structure and acid concentration. Compared to the previous experimental section, detailed analysis of test solutions before and after the tests are also carried out to better understand the corrosion mechanism.

Preparation of the model mixtures

A model mixture approach is chosen as the strategy to investigate the impact of individual free fatty acids on the corrosion of carbon steel.

High erucic rapeseed oil is chosen as the base oil with which the various acids are mixed. This particular oil distinguishes itself from other refined vegetable oils in the industrial feeds by having near 50 wt% erucic acid (C22:1) in its original fatty acid ester structures. It has been chosen based on its availability at the time of the test program and its verified low corrosiveness during preliminary testing. It also provides easier operational advantages since it is in liquid state at ambient temperature. Moreover, the oil is representative of typical lipidic feedstock used in the process. The complete chemical profile of this high erucic rapeseed oil can be found in Annex K -.

To assess the individual effect of free fatty acids, a certain number of pure products are selected based on their common occurrence in all the oils presented above. They were also chosen to cover a range of chain length from C12 to C18, and various degrees of saturation. A detailed description of the selected fatty acids is displayed in Table 11. The values represent the data provided by the supplier. Boiling points are presented at 760 mmHg except for that of linoleic acid which is at 16 mmHg. The acids differ in alkyl chain length and degree of unsaturation (represented by the number of double bonds). The chain length ranges from C12 to C18 and the number of double bonds ranges from 0 to 2. All the acids are purchased from Merck with each having a degree of purity above 90%, except for linoleic acid that contains significant amounts of oleic acid. The acids also range in physical composition based on their degree of saturation, where the saturated fatty acids are solid crystal like, and the unsaturated fatty acids are liquid. Before use, all acids are stored in a cold room at temperatures between 2-8°C as recommended by the supplier. These acids are used to create model mixtures with a base vegetable oil to assess the effect of acid structure and acid concentration. From the selected series, it is possible to test the impact of acid chain length in the carbon range of C12-C18 and of acid unsaturation in the range of 0-3 double bonds.

The first part of the model mixture approach involves testing the effect of free fatty acid content. This is achieved by focusing on oleic acid as it is the acid most found in all the industrial feeds. Also, the physical state of the sample at ambient conditions (liquid) makes it simple to operate without applying any additional manipulations during the preparation phase. The method involves varying the oleic acid content within the same range of acidity measured in the industrial feeds. The acid value of the resulting mixture is measured using the potentiometric titration technique developed in section 3.3.1.

The acid values for the different mixtures are reported in Table 12. The second part of the model mixture approach focuses on the structure of individual acids. The acids listed in Table 11 are chosen based on their widespread availability in the industrial feeds. Two criteria are selected in the choice of the acids: chain length and degree of saturation. A range of acid value is applied to each mixture based on the same dosing method used for the oleic acid mixtures. Given the physical state of the saturated acids at ambient condition (solid), pre-heating of the samples is made until one homogeneous liquid phase is observed. The resulting acid values are presented in Table 13. 

Advanced characterization of the model mixtures

ATR-FTIR and SIM-DIS are the main techniques used in assessing changes in the chemical composition of the model mixtures. Initially, they are used to identify the main compounds present in the test solutions with focus on functional groups and product distribution. In the case of FFA corrosion, both techniques can be used to develop on the mechanism by measuring the transformation of the acids after the test. Those tools offer an advantage over the potentiometric titration method for which the results can be hindered by the presence of corrosion products.

Doping with oleic acid C18:1 has a significant impact on the IR spectra of the model mixtures before test, particularly in the regions specific to the carboxylic vibration modes (Figure 45). A decrease of the peak intensity at 1744 cm -1 , which is attributed to the vibration mode of carbonyl (C=O) in the esters, is due to the relative decrease of ester concentration in the solution as the concentration of oleic acid is further increased in the mixture. This feature is accompanied by a decrease in the stretching and rocking vibrations of (C-O) in the ester at 1157 and 1099 cm -1 . An increase of the peak intensity at 1711 cm -1 belongs to the vibration mode of carbonyl (C=O) in oleic acid. Additionally, the absorbance region attributed to (O-H) vibration modes between 3400-3000 cm - 1 evolves as FFA concentration increases which is linked to the increase of hydroxyl intensity in the carboxylic group of oleic acid. Without additions of oleic acid, the reference rapeseed oil is composed mainly of triglycerides, the (O-H) functionality of fatty acids is absent due to the ester (C-O-C) type bonding. The peak intensity at 3009 cm -1 corresponds to the vibration modes of (C-H) in cis double bonds which increases coherently with the acidity of the mixtures as oleic acid includes one double bond predominantly in the cis configuration. The peak increase at 966 cm-1 also indicates the presence of a trans configuration in the acid mixtures.

Figure 46 focuses on the absorption bands specific to carbonyl vibrations of fatty acids for the various mixing ratios of model solutions. As expected, the absorbance level of the carbonyl group for free fatty acids (1711 cm -1 ) increases with the acid content. Simultaneously, a decrease of the peak at 1744 cm - 1 is seen, which is attributed to the vibration mode of carbonyl in the fatty acid esters (TG, DG, MG).

Additionally, the absorbance region attributed to O-H vibration modes between 3400-3000 cm -1 The region with the longest retention times (9-11 min) is attributed to triglycerides since it is the compound with the highest boiling point in the matrix. It is composed of several peaks corresponding to different chain lengths of fatty acids bounded to form the ester structure. The highest peak at 10.5 min can be attributed to triglycerides of erucic acid (C22:1) which represents 47 wt% of the total fatty acids in the glyceridic matrix. The other peaks can be associated to triglyceride structures with gondoic acid (C20:1), linolenic acid (C18:3), linoleic acid (C18:2), and oleic acid (C18:1). The different peaks can then indicate that a considerable amount of TG is heterogeneous. High erucic rapeseed oil also contains small fractions of diglycerides (1.8 wt%) and monoglycerides (0.2 wt%), which correspond to the weaker signals found in the region between 6-9 min. In the lower region of the chromatogram, the signals relative to the doping agent used for the preparation of the model mixtures appear. Its main constituent is oleic acid (90 wt%), but it also contains other acids such as palmitic acid (10 wt%). The major peak at 4.4 min can thus be attributed to oleic acid (C18:1), while the smaller one at 3.7 min corresponds to palmitic acid (C16:0).

The time domain corresponding to the evolution of free fatty acid concentration is presented in Figure 48 and expressed as a function of weight percent acid inclusion. As expected, the peak intensities of C16:0 and C18:1 increase with the percentage of added acid in the refined oil matrix. It should be noted that based on the relative peak intensities, weaker signals for the esters appear due to the increase in the oleic acid contribution. The same effect is seen with the carbonyl vibrations in the IR spectra (Figure 46). Interestingly, a pseudo-quantification method of peak integration applied on both the SIM-DIS chromatograms and the ATR-FTIR spectra can be used to measure the acidity of an oil. In the IR spectra, the area under the carbonyl peak (C=O) at 1711 cm -1 (Figure 46) is calculated as it is directly related to the total amount of FFA present, without discrimination of the structure. In the SIM-DIS chromatograms, the area under the peaks of the identified acids in their associated retention times (Figure 48) is calculated as it is correlated with the presence of individual acids. As will be seen later, this method is superior to potentiometric titration for post-test measurements as titration does not discriminate between unbounded free fatty acids and the acids found in metal complexes. Nonetheless, to validate the use of this method, potentiometric titration values carried out in untested solutions (without dissolved metal cations) are used as references. As such, correlations are established between the acid values obtained by the titration method (AV in mgKOH/g) and the acid values obtained by the peak integration method in both ATR-FTIR (Figure 49 Based on the obtained trends, it is possible to use this technique to measure the evolution of acid content before and after the test. One advantage of the SIM-DIS technique over that of the ATR-FITR is that there is a separation between the different acids which allows a more accurate measurement especially in complex feeds.

The different FFA can be identified by SIM-DIS based on their boiling point distributions and their relative retention times in the column. This is verified by analysing different series of model mixtures composed of high erucic rapeseed oil and the individual FFA presented in Table 13. While two representations of the results can be suggested, only the peak intensity as a function of the retention time is used for identification of the species (Figure 50). The second representation consists of plotting the chromatograms based on the boiling points of the species as a function of their weight% composition (Annex L -) From qualitative analysis of the chromatograms, several information can be extracted regarding the main lipidic compounds present in the initial feed (Table 14). LIT: values taken from the literature [START_REF] Stull | Vapor Pressure of Pure Substances. Organic and Inorganic Compounds[END_REF] and [START_REF] Morgan | Simulated Distillation Approach to the Gas Chromatographic Analysis of Feedstock and Products in the Deoxygenation of Lipids to Hydrocarbon Biofuels[END_REF] EXP: values taken from measured data It has to be noted that the retention time values are a function of the column type and the response factor of each species. As measurements were done based on a calibration curve obtained from standard hydrocarbon normal paraffins, retention time values of the lipidic compounds can be associated with those of the known paraffins. This would allow to compare with the data presented in the literature. However, only the retention times presented in Table 14 will be used later on in the data treatment.

Information obtained from these analyses allow to further understand the evolution of the species involved in the corrosion reactions. The following section is dedicated to investigating the parameters of initial FFA concentration and FFA structure. Only carbon steel AISI 1018 was used, as previous results in industrial feeds showed that similar trends were observed for carbon and low alloy steels (section 0).

Effect of acid concentration

In all immersion tests, unit T-570 is used with its adapted protocol (section 3.1.2) following these conditions: 220°C, N2 capping gas, 5 days exposure. Table 15 presents the corrosion rate values along with the iron content measured by ICP-OES at the end of the test. Reported values of corrosion rates represent the average and deviation of two identical coupons. Like the observation made in the industrial feeds, the linear evolution of corrosion rate of carbon steel with the acid value is confirmed. Interestingly, the correlation aligns well with the one obtained from industrial feeds (Figure 51). This can indicate that acid value plays a major role compared to other parameters such as composition, impurities (oxidation products, water content), and degree of unsaturation as results from some complex industrial bio-oils do not diverge from the established tendency. This contradicts the conclusion proposed by Slavcheva and Turnbull [START_REF]Factors Controlling Naphthenic Acid Corrosion[END_REF][START_REF] Turnbull | Review of naphthenic acid corrosion in oilrefining[END_REF] who state that a correlation between TAN and corrosion rate can only be established in the case of model mixtures. However, their results were obtained at higher temperatures in which thermal degradation of the species might play a role in distorting the corrosion rate values generated from the acids initially present in the feed. In the case of bio-oils, acid value can thus be considered as a first order parameter for risk inspection studies, regardless of the composition of the feed, in areas of the unit exposed to temperatures up to at least 220°C. (industrial feeds) and Table 15 (model mixtures), dissolved iron measurements are carried-out after each test. The total amount of dissolved iron is then compared to the weight change of corrosion coupons, which is assumed to be composed mainly of iron (Figure 52). For the sake of consistency of units, dissolved iron is expressed in mass. ppm, while the weight-loss of coupons (mgFe) is related to the total mass of test solution expressed in kg. This normalization permits a direct comparison between the tests in industrial feeds carried out in a 500 mL autoclave and the tests in model mixture conducted in 100 mL reactors.

Figure 52: Relationship between iron concentration measured by ICP-OES and total weight loss of all steel coupons in industrial feeds and model mixtures

The obtained trend follows the one obtained with the industrial feeds (Figure 43) which implies that composition has no effect on the solubility of corrosion products.

After the corrosion tests, noticeable changes are observed in the physical properties of the model oil samples. While the initial visual aspect of model mixtures is light yellow, immersion tests transform the solutions to dark brown after 5 days of exposure at 220°C (Figure 53). This is similar to the observation made with the industrial bio-oils (Figure 44). Lu [START_REF] Lu | Petroleum products additives[END_REF] propose that oil soluble complexes (iron naphthenates) catalyse the oxidation of oils, rendering the solution black. Besides the variation of colour, the solutions also undergo an increase in viscosity, and emit a rancid smell. As a clear correlation is observed between free fatty acid content and corrosion rate, then an attempt at measuring acid consumption would reveal more on the mechanisms. At first, potentiometric titrations were conducted after the tests following the same procedure applied on the initial solutions. The results did not reveal significant modifications between measurements before and after the tests. It appears that this analytical method is not capable of discriminating between unreacted free fatty acids and complexes formed between metal cations and free fatty acids [START_REF]The Iron Powder Test for Naphthenic Acid Corrosion Studies[END_REF]. To overcome these limitations, the pseudo-quantification approach used to estimate the acid content from SIM-DIS chromatograms is employed. Significant changes are observed, primarily in the solution with 50 wt% acid. First, the intensity of the oleic acid (C18:1) peak (3.9-4.2 min) is much lower at the end of the test compared to its initial value. The same trend is observed for all model mixtures comprising oleic acid. This suggests that this free fatty acid is consumed during the corrosion process. The evolution of acid concentration between the beginning and the end of the test is further assessed by conducting an analysis based on surface integration of the appropriate peaks (i.e. C16:0 and C18:1 since they are the only ones already present in the initial model solution). Since SIM-DIS is developed for hydrocarbon species, the response factor for FFA and fatty acid esters is not known. Therefore, an empirical response factor is obtained from comparison between acid values measured (NF EN ISO 660) and the total surface of FFA acid peaks identified in SIM-DIS chromatogram. However further calibrations using fatty acid standards should be made to obtain an accurate response factor based on each component.

The amount of oleic acid consumed during the tests (expressed as ∆[C18:1] in moles) is obtained and compared to the quantity of iron dissolved (expressed in moles Fe) (Figure 55). C18:1 is presented as the reference as this was the original acid that was used to prepare the model mixtures. A good correlation is found between the total metal mass loss and the variation of initial acid value. This is a clear indication of a direct implication of free fatty acids in the corrosion process. In addition, the results interpretation suggests that 2 moles of acid react with one mole of iron which provides information on the structure of the complexes (to be discussed in section 4.2.5).

Figure 55: Relationship between total coupon weight loss and consumption of the initial acids in the model mixtures after immersion tests

Other changes in the composition of test solutions are revealed from the SIM-DIS chromatograms particularly for that of AV = 97 mgKOH/g (50 wt%) (Figure 54-b). The region of short retention times (3-5 min), which contains the peaks of palmitic acid (C16:0) at 3.75 min and oleic acid (C18:1) at 3.9-R 2 = 0.98 4.2 min shows that new peaks are formed at 4.7 and 5 min. Since the retention times are slightly longer than those of C16:0 and C18:1 acids, these peaks are presumably associated with free fatty acids of longer chains, newly formed from the decomposition of the original triglycerides. This decomposition is further confirmed by the decrease of the group of peaks at 9-10 min (attributed to triglycerides), and the rise of new peaks in the intermediate region (7-8 min) that would relate to mono-and diglycerides. The last evolution of SIM-DIS chromatograms relates to the region of retention times between 5 and 7 min. Here, no clear peak is detected, but a continuous hill that represents several compounds with nearly similar boiling points, present in co-elution, and impossible to separate and identify using this GC-FID method. These results also suggest that the alteration of triglycerides is enhanced by corrosion activity. Indeed, the relative decrease of the triglyceride peaks and subsequent increase of mono-and di-glyceride peaks is far less pronounced for the tests in solutions with a lower initial acid value such as presented in Figure 54-a. It is likely that dissolved metals act as catalysers for free radical chain reactions leading to intense thermal decomposition of the esters.

ATR-FTIR analysis of model mixtures carried out after the tests reveals significant changes of the initial spectra, notably in the regions specific to the carboxylic acid absorption bands. Major changes are observed. An important decrease in the peak intensities occurred at the hydroxyl and carboxyl bands of oleic acid, at 3400-3000 cm -1 and 1711 cm -1 respectively. As previously concluded from simulated distillation measurements, this result confirms that free-fatty acid is consumed during the corrosion process. The stretching vibration of the triglyceride carbonyl (1744 cm - 1

) is also affected, indicating changes at the fatty acid level of the ester chain. Focusing on the region 1700-1500 cm -1 , a newly formed absorption band is observed. This band is characterized by a split peak at 1567 cm -1 and 1605 cm -1 which is attributed to the asymmetric vibration of carboxylate (COO -). This band is most intense in the mixture with the highest initial acidity amongst the series and non-existent in pure rapeseed oil with no added oleic acid. A similar increase occurring at 1462 cm -1 is attributed to the symmetric vibration of carboxylate, indicating additional modifications of the acid function. These types of vibrations exist in chemical structures composed of organo-metallic ligands found as coordination complexes [START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF][START_REF] Palacios | Infrared spectroscopy of metal carboxylates[END_REF][START_REF] Shukla | FTIR study of surfactant bonding to FePt nanoparticles[END_REF][START_REF] Bronstein | Influence of Iron Oleate Complex Structure on Iron Oxide Nanoparticle Formation[END_REF][START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF]. The produced vibration bands could indicate that these complexes are in the form of a carboxylate chelating agent bound to one or more central iron atoms forming stable oil soluble structures. Based on the principles described in the literature (section 2.4.2), Δν is used to identify the possible coordination modes existing. The overall effect is for Δν to decrease as the (O-C-O) bond angle becomes more acute. The presence of a split peak at the asymmetric carboxylate stretching band is tied to the structure of the complexes and the coordination of the central atom. It could suggest the presence of different configurations which can be hypothesized by calculating the Δν factor (VASYM-VSYM). This is facilitated by presenting the evolution of the carboxylate bands in all the analysed solutions (Figure 57). In the measured spectra, the major peak intensity of the split band is at 1567.24 cm -1 and the minor peak at 1605.80 cm -1 while the symmetric vibration appears at 1462.64 cm -1 . The Δν values for the major and minor peaks are 104.6 cm -1 and 143.16 cm -1 respectively indicating a dominating bidentate bridging mode and to a lesser extent a bidentate chelating mode (Table 6). Solubility of these structures in the organic matrix is insured by the hydrophobic alkyl chain of the free fatty acids forming the coordination complexes which seems to have been unaltered. This assumption is further supported by the vibration bands of the asymmetric and symmetric stretching of (C-H) in CH2 at 2922 cm -1 and 2853 cm -1 which are similar to the initial intensities in all solutions.

Effect of acid structure

As the initial FFA concentration is shown to be a first order parameter in the determination of corrosion rates for carbon and low alloy steels, it is interesting to verify if the acid structure also affects the corrosiveness. This is achieved by preparing model mixtures with various types of FFA; here, six types are used based on Table 13: Four saturated acids allowing to test the effect of chain length (lauric acid C12:0, myristic acid C14:0, palmitic acid C16:0, and stearic acid C18:0). Two unsaturated acids allowing to test the effect of the number of double bonds (oleic acid C18:1 and linoleic C18:2). These FFA are chosen based on their common occurrences in the industrial feeds. The tests are conducted using the T-570 unit and its adapted protocol (section 3.1.2) following the same preparation procedure used for the oleic acid model mixture approach. However, the saturated FFA, i.e. C12:0, C14:0, C16:0, C18:0, are solid at ambient temperatures so the preparation phase (potentiometric dosing and N2 bubbling) included a pre-heating phase at 80°C to create one single homogeneous liquid phase. Comparing the different FFA is based on the general tendencies established from the correlations between acidity and corrosion rate for each type of FFA.

The following results are illustrated in Figure 58 after conducting immersion tests of AISI 1018 carbon steel at 220°C, in batch, for 5 days. Reported values of corrosion rates represent the average and deviation of two identical coupons. In order to compare these results with previous ones obtained with model solutions prepared with oleic acid of various concentrations, the linear correlation determined from these tests is also plotted. It is not clear if either the alkyl chain length or the degree of unsaturation influences the corrosion rate of AISI 1018 in this selected range of FFA. At high acid values, it can seem that smaller acid chain lengths are the more corrosive (Figure 58-a), and that corrosion rate decreases with the number of double bonds (Figure 58-b). However, this behaviour is not seen at low acid values (20 and 40 mgKOH/g). No conclusion can be drawn aside that acid concentration remains the main parameter governing the corrosion rate of carbon steel regardless of the acid structure.

Using SIM-DS, it is possible to assess the evolution of the matrix for all the mixtures. Based on the chromatograms measured for the solutions initially containing an initial 20 wt% FFA, it is apparent that the matrix has undergone a similar degradation regardless of the type of acid used (Figure 59). In all cases, additional FFA of high chain length (C20 and C22) have been produced during the test following the degradation of the initial triglyceride (TG). This is shown by the appearance of new peaks between 4-5 min. These new FFA are likely formed by thermal degradation of the erucic acid esters forming the matrix of the test solution, as illustrated by the drastic decrease in the peak intensities of the triglycerides (9-10 min). In the region between that of FFA and TG, there is a broad band appearing in all the chromatograms (5-6 min) which corresponds to several species with nearly similar boiling points present in co-elution. Beyond that band, several peaks with varying intensities appear in the region known for the presence of monoglycerides (MG) and diglycerides (DG) (7-8 min) which might correspond to the production of these species from the stepwise decomposition of TG. Additionally, these peaks might also be interpreted as polymerized/dimerized FFA. Finally, in all cases, the signals corresponding to the FFA initially present in the solution suffer a significant decrease in peak intensity indicating a strong consumption of the acids regardless of the structure. It seems that varying the type of FFA does not alter the corrosion mechanism as all species react almost similarly.

Evolution in the composition of the test solution is also seen using the ATR-FTIR. Figure 60 presents the spectra measured for the model mixtures containing each FFA for the initial concentrations of 10-70 wt%. This is the series of solutions after immersion test in the presence of AISI 1018, at 220°C, for 5 days. Contrary to the SIM-DIS chromatograms which represent only the measurements on the model mixture at 20 wt% acid, the choice of presenting the IR spectra of the series at increasing acid concentration allows to show the evolution of the corrosion products (complexes) which are not detected by SIM-DIS. In all the tested solutions, there is an observed repeated behaviour associated with the evolution of acids. Regardless of the FFA, the strongest response from the carboxylate vibration band is always associated with the highest concentration of acid. The band maintains the same shape characterised by a split peak with the minor one at 1611 cm -1 and the major one at 1568 cm -1 . Given that the symmetric band at 1464 cm -1 in similar all cases, calculating the Δν value which allows to indicate the type of vibration mode is done alike for any of the tested FFA. This is represented by a dominating bidentate bridging mode and a lesser present bidentate chelating mode. It thus seems like varying the structure of FFA (chain length and degree of unsaturation) in the acid range of C12-C18 has little impact on the structure of corrosion products and the dispersion of corrosion rate values for AISI 1018. This indirectly implies that the corrosion mechanism is the same and acid concentration remains the dominant parameter in these feeds.

Additional tests with pure iron and concentrated oleic acid

The previous results showed that FFA are the main species responsible for the corrosion of carbon steel. It was also shown that initial FFA concentration decreases during the test and correlates well with the amount of iron detected in the solution. This is found in the case of the oleic acid model mixtures where it is suggested that 2 moles of acid react with 1 mol of iron (Figure 55). To get a better insight on the corrosion mechanism, the following test aims at understanding the reaction between FFA and steels and at characterizing the formation kinetics of corrosion products. This is achieved by the direct reaction of pure species of iron and acid to eliminate any parasitic influence from the lipidic matrix (like the decomposition of triglycerides). The experiment is conducted using the U864 setup proposed in (section 3.1.3) and is based on a similar procedure used in the works of Hau, Lorenzo and Yepez [START_REF]The Iron Powder Test for Naphthenic Acid Corrosion Studies[END_REF][START_REF]Classifying Crude Oils According to Corrosiovity Using the Fe Powder Test[END_REF] and the patent developed by Yépez and Miranda [START_REF] Yépez | Method of Determining the Corrosiveness of Naphthenic Acid in Crude Oil Refinery Streams[END_REF].

The experiment involves reacting pure iron particles (99%) with oleic acid (90%) to produce iron oleate complex. A high iron surface area is chosen, and the test is conducted under constant agitation to maintain continuous contact between the metal particles and the acids for a complete reaction to occur. The experiment is set for 72h, at 220°C, and an agitation rate of 1000 rpm. To ensure a complete consumption of the acids, the quantity of iron is chosen to be in stoichiometric excess so that the acids are the limiting reactants. An iron to acid ration of 3.5 is calculated relatively to the reactor setup.

Samples are collected at specific times and analysed using ATR-FTIR and ICP-OES to monitor the evolution of the acids and the production of complexes.

Figure 61 depicts the evolution of the visual aspect of the samples after different exposure times. Notice how there is a strong change in the viscosity and in the colour of the initially liquid oil (t = 0h) to reach a near solid and black compound (t = 72h). The final aspect is consistent with the observations made in the literature [START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF][START_REF] Ding | Colloidal synthesis of ultrathin γ-Fe2O3 nanoplates[END_REF][START_REF] Kim | Synthesis of Non-hydrate Iron Oleate for Eco-friendly Production of Monodispersed Iron Oxide Nanoparticles[END_REF].

the mass of iron particles is solely due to the corrosion reaction. It is suspected that all the consumed iron is dissolved in the solution and that no precipitation has occurred. An estimation of the molar ratio between oleic acid and iron is done following the set of calculations:

1-Calculating iron content [ ] based on the total dissolution of consumed iron (concept of Figure 52):

[ ] = = 14.55 177.27 = 0.0820 = 8.2 %

2-

The general reaction equation between iron and oleic acid is proposed:

+ → [ ] +
3-Calculating the molar mass of iron oleate product ( ) using calculated iron content [ ] by assuming that the iron in solution is completely found in iron oleate: It seems like the molar ratio of iron to oleic acid is a factor close to 2, which is in line with the results obtained in the model mixture approach (section 4.2.3 Figure 55).

ICP-OES is used to validate the amount of dissolved iron calculated from the mass balance (8.2 wt%).

For the final product at t = 72h, iron content is measured at 81700 ppm (+/-4100) which is perfectly correlated with the mass balance and confirms that all dissolved iron remains soluble. Moreover, ICP-OES measurements are made on each aliquot collected during the test to establish a kinetic relationship for iron dissolution. Table 17 presents the iron content measured in the samples collected during the test. However, problems with the repeatability of measured iron in samples at t = 24h and t = 32h prevent the construction of a complete relationship. As a result, peak integration of the ATR-FTIR spectra done on each sample is used to estimate the iron content. Based on the same principles used for establishing correlations between the acid value obtained by potentiometric titration and the carbonyl vibration band in section 4.2.2 Figure 49, a pseudo-quantification approach is made by attempting to correlate iron content data by ICP-OES with the carboxylate asymmetric vibration band in the IR spectra. During the test, observation of the region between 1200-1900 cm -1 is used to monitor the evolution of the reaction. The peak relative to the carbonyl vibration of FFA (1711 cm -1 ) should decrease with time as free fatty acids are consumed by corrosion, while the band relative to the asymmetric carboxylate vibration (1500-1650 cm -1 ) should increase in parallel indicating the production of iron oleate complexes. Indeed, there is a consistent variation in the relative intensities of the absorption bands except for the carboxylate band of the sample at t=32h. This might be due to the sampling times falling in the same range of dispersion in the ATR-FTIR measurements. Nevertheless, an attempt to quantify to consumption of oleic acid and the production of iron oleate is made based on peak integration. Table 18 presents the [Fe] measured by ICP-OES and the calculated surfaces of the relative absorption bands for all samples. The results follow the same tendency established by Lorenzo and Hau [START_REF]The Iron Powder Test for Naphthenic Acid Corrosion Studies[END_REF] that was performed with NAC in crude oils at 270°C. This highlights the idea that the kinetics of the corrosion by FFA follows progressive consumption of the FFA from the excess of the available iron leading to a progressive reduction in the corrosivity of the bio-oil medium with time. The intensity of corrosion will depend mostly on the aggressivity of the solution characterized by the amount of FFA available to react.

Impact of operation conditions

The previous tests aimed at investigating the effect of bio-oil composition on the corrosion of steels and alloys. It was proven that FFA concentration was a first order parameter controlling the corrosion of carbon and low alloy steels, while FFA structure had minimal effect in the selected range of acids. Moreover, pitting corrosion was observed when exposing AISI 321 stainless steel to high acid oils (PFAD, TOFA, DTO). Amongst those bio-oils, pitting was most severe in the case of DTO.

In this last experimental section of the work, DTO is used to investigate the impact of temperature on the uniform corrosion of carbon and low alloy steels and on the pitting corrosion of AISI 321.

Effect of temperature on the uniform corrosion of carbon and low alloy steels

As the impact of FFA on the corrosion behaviour of oils is investigated, it is important to test the effect of process parameters notably that of temperature. This is studied by selecting a highly corrosive oil, in temperature ranges comparable to that of the upstream section of the refinery unit. In this case, distilled tall oil (DTO) is used, with a measured initial acid value of 192 mgKOH/g, which induced extremely high corrosion rates for AISI 1018 and A387 Gr11 during the preliminary tests (Table 10).

The following results present the relationships established for AISI 1018 and A387 Gr11 in the temperature range of 100-290°C (Figure 66). A first look at the correlation between temperature and corrosion rate reveals that carbon steel and low alloy steel are corroded similarly except at 290°C where A387 Gr11 is slightly more affected (Figure 66-a). Also, an exponential rise in corrosion rate values is seen for both steels which indicates a thermally activated process. When plotting the natural logarithm of corrosion rate against the reciprocal of absolute temperature (Figure 66-b) the effects are more apparent. The behaviour obeys an Arrhenius equation from which the activation energies can be extracted. For AISI 1018 the activation energy is 58 KJ/mol and for A387 Gr11 the activation energy is 72 KJ/mol. This is within the same range of values reported in the literature for naphthenic acids (Table 5) in which they suggest that the reaction is controlled by chemisorption. Given the higher activation energy for A387 Gr11, it seems that increasing temperatures accelerates the corrosion of low alloy steel faster than that of carbon steel. Moreover, the tendencies established for each steel grade seem to diverge as temperatures decrease. The protectiveness of the chromium/molybdenum elements of A387 seems to be slightly effective in the temperature range of 100-220°C (increase in dispersion between the corrosion rates of both steels towards lower temperatures). From 220-290°C the alloying elements seem to lose their protective aspect as corrosion rate values become almost identical. The obtained trends are different than the results presented by Qu and Zheng with naphthenic acids [START_REF] Qu | High temperature naphthenic acid corrosion and sulphidic corrosion of Q235 and 5Cr1/2Mo steels in synthetic refining media[END_REF] showing a higher corrosion rate for low alloy steel (5Cr-0.5Mo) compared to carbon steel (Q235) at most experimental temperatures in the range of 130-315°C. However, their results were obtained in test solutions of lower acidity and different composition. In the case of DTO, the FFA are mostly high boiling point species (>300°C) which are supposed to have remained in the liquid phase in the tested temperature range. However, it is still yet unclear how temperature affects the stability of the DTO lipids as there might be some decomposition phenomena causing the breakdown of the large acids into smaller, perhaps more volatile compounds.

From these results, guidelines for the use of carbon steel in the process application can be proposed. This incorporates temperature and bio-oil acidity limits that allow the operator to select the appropriate ranges for the safe use of carbon and low alloy steels. These limits are presented in the form of iso-corrosion curves delimiting corrosion rate values of 0.1, 0.5, and 1 mm/y. To obtain these curves, the following calculations are made.

1-Correlation between AISI 1018 corrosion rate and acid value:

Linear correlation between corrosion rate and acid value is obtained from the model mixture solutions containing oleic acid in the acid concentration range of 0-70 wt% tested at 220°C and presented in section 4.2.3.

The following equation is obtained: 

( ) ° =
( ) = × -From Figure 37, DTO is mainly composed of oleic acid, linoleic acid, and rosin acids. However, as the type of FFA was shown not to have a major impact on the corrosion rate, then results from the model mixtures can be combined with the results obtained with DTO at the selected temperature (T). In this case, the reference temperature is 220°C (Tref = 493.15 K). By combining both equations, the relationship becomes: Even if this diagram would require a greater number of experiments to be used for industrial purposes, it suggests that carbon and low alloy steel should not be used at temperatures above 100 °C for treating highly acidic feeds.

ATR-FTIR investigation of the solutions after test gives several information. Figure 69 illustrates the measured spectra of DTO after test in the temperature range of 180-290°C. For the IR spectra of the samples below 180°C, no major changes are detected and so will not be presented. Given that DTO is almost entirely formed of FFA, no vibration bands relative to the esters are observed (1740 cm -1 for carbonyl (C=O); vibrations of (C-O) in the ester at 1157 and 1099 cm -1 ). Major changes are seen in the vibration bands relative to FFA. As expected, there is a decrease of the carbonyl peak of FFA at 1711 cm -1 from 180-290°C indicating that acids are more actively being consumed with increasing temperature. This is followed by an increase of the carboxylate asymmetric vibration band at 1500-1600 cm -1 indicating the increasing presence of metal complexes which is strongest at 250°C. On the other hand, the IR-spectra region of the metal complexes (1500-1600 cm -1 ) vanishes for the test at 290°C, suggesting that the complexes are not stable at this temperature and possibly decompose.

To better characterize the high temperature evolution of these test solutions, thermogravimetric analysis (TGA) was carried out. This would allow to indicate regions of intense thermal degradation based on weight loss measurements (wt% variation) across a range of temperatures (0-500°C). TGA curves are presented with their differential thermogravimetric curves (DTG) to illustrate the decomposition rate (mg/min). Analyses was done on unaged DTO (Figure 70) and DTO after immersion test (Figure 71) to identify the influence on corrosion on the stability of the bio-oil. These measurements are also coupled with IR analysis of the volatile effluents to detect the possible species produced from the heating (Figure 72). The onset for thermal degradation of unaged DTO (Figure 70) seems to initiate around 200°C on the TGA curve. Beyond that, a rapid decrease in the weight loss is detected where about 50 wt% of the sample is lost. DTG reveals that the temperature where the highest weight loss rate occurs is at 315°C. IR coupling reveals that during decomposition H2O and CO2 are produced as early as 200°C. The TGA curve for DTO after immersion test at 220°C has a different behaviour than that of unaged DTO (Figure 71). The onset for thermal degradation remains the same at 180°C, and the strongest decomposition rate occurs between 250-350°C with double peaks of high weight loss rates appearing at 300°C and 320°C. Another phase of fast decomposition occurs from 400-460°C with a strong peak at 435°C. The two major phases are separated by a pseudo-stable phase from 350-400°C where decomposition evolves slowly. A similar trend is seen by Ushikusa [START_REF] Ushikusa | Decomposition Temperature of Fatty Acid Metal Salts Used as the Constituent Molecules of Molecular Cognizance Thin Solid Films[END_REF] who interprets this intermediate step as a phase of thermal polymerization affecting polyunsaturated acids causing a suppression of the initial rapid weight loss. While it is unclear if polymerization occurs during heating or is present in the initial structure of the organo-metallic complex, it is clear however that the presence of corrosion products alters the thermal behaviour of the oil. Additionally, IR spectra of the vapor phase shows signals for acid carbonyl and CO2 vibrations suggesting the production of low boiling point acids during the entire heating stage (Figure 72). H2O is not detected in any of the IR spectra possible due to its evaporation during the corrosion test. Finally, only 97 wt% of the initial sample is consumed, contrary to 100 wt% of the unaged DTO, suggesting the presence of some inorganic residues. Temperature has an effect not only on the kinetics of corrosion reaction but also on the composition of the feeds. This is especially apparent at temperatures above 250°C where rapid decomposition occurs, possibly releasing other reactive species besides FFA. Moreover, the presence of corrosion products seems to have an effect on the thermal properties of the bio-oil. Information on the thermal stability of the oil can help to identify the areas within a process unit in which changes to the feed can occur.

Effect of temperature on the localised corrosion of stainless steels

Temperature variations also affect stainless steels. While AISI 316L shows strong resistance to weight loss and to surface changes, AISI 321 is seen to have evolved with increasing temperatures. This was already noticed at 220°C with the appearance of pits on some parts of the surface (Figure 41). Here, the pitting tendency of AISI 321 was studied through 5 days exposure tests at various temperatures from 100 °C to 290 °C in DTO. AISI 316L was also tested simultaneously to evaluate the impact of Mo. First, it has to be noted that no pits were observed for AISI 316L at all temperatures. For AISI 321, pits were only observed at 220 °C and above. Raising the temperature from 220 °C to 250 °C results in a significant increase of the density of pits. The diameter of the pits is also slightly higher at 250 °C compared to 220 °C. Visual aspect of these pits shows two distinct areas: the centre of the pit (anodic region) is surrounded by a light disc suggesting a cathodic area. At 290°C, corrosion of AISI 321 changes aspect and weight gain is recorded for the first time (2.7 mg/cm 2 ). The surface is now characterized by adherent deposits, which cover numerous pit sites that are still visible. Weight gain is also measured on AISI 316L (1.6 mg/cm 2 ) but no pits are observed. It is thought that this gain is linked with thermal decomposition of the oil, possibly accelerated by the presence of iron complexes formed by the corrosion of carbon and low alloy steel coupons which were also exposed in the autoclave for these tests. This specific aspect is developed in section 4.3.3.

To eliminate the influence of carbon and low alloy steel corrosion on the activity of stainless steel corrosion, additional test series were conducted, where only stainless steels were exposed without carbon steels.:

The first consists of increasing the exposure time from 5 to 10 days while including periodic renewals of the feed. This approach allows to extend the time for the pits to develop while constantly suppling the system with FFA. The minimum temperature where pitting was first seen (i.e. 220°C) is selected which, based on the previous results, is considered as the onset for pitting corrosion to occur. Here, unit T-591 and its adapted protocol are applied as it is the only unit which provides the possibility for feed renewal. Both AISI 316L and AISI 321 are exposed in the same system. Figure 74 presents the surface observations made after exposing AISI 321 to DTO under different control conditions. Renewing the feed and extending the exposure time seems to have an effect on the evolution of the pits. There looks to be higher surface coverage and a stronger development of the geometries. Average pit diameter increased from 100 μm to 170 μm with coverage extending all over the surface. A cross section analysis of the pits from the test with renewal reveals that pits depth is much smaller than their diameter, suggesting that the propagation rapidly evolves to uniform corrosion (i.e. lateral dissolution proceeds at a faster rate) (Figure 75). Based on these results, it cannot be concluded which parameter has the highest impact, but it is suspected that exposure time allows for highest surface coverage while feed renewal allows for a constant availability of reactive acids. Nevertheless, it is clear that AISI 321 actively corrodes, either through pits or uniform corrosion from initial pit sites. For this test, no pitting was observed for AISI 316L.

A similar approach was also conducted at 250°C, with two additional tests of 5 days and 10 days where only the stainless steel grades were exposed. However, for these tests, no renewal of the test solution was carried out. The unit T-536 was used to conduct the test. Moreover, comparison with previous tests where carbon and low alloy steel coupons were also present in the autoclave (Figure 73-c) shows that more pits are formed when only stainless steels are exposed. This would suggest that the consumption of FFA by the corrosion of carbon and low alloy steel decreases the corrosiveness of the test solution.

Finally, the effect of Mo protection is strongly highlighted as very little pitting is observed on AISI 316L. However, for the test at 250°C and a duration of 10 days, one small pit was found at the surface of the 316L coupon (total exposed surface of 25 cm²) suggesting that there might be some vulnerable sites on the passive film which might allow acid attack to occur.

Since industrial practice often consists in using corrosion resistant alloys when the corrosiveness prevents usage of carbon and low alloy steels, it is important to verify suitability of usual austenitic stainless steels. Our results show that AISI 321, which is vastly employed for refining applications in temperature range 100-300 °C is not appropriate for highly acidic lipidic oils. Indeed, pitting was observed, rapidly evolving to uniform corrosion. Only at 290°C, surface deposits were observed, possibly associated with thermal decomposition of the matrix or metal complexes. The next paragraph aims at studying specifically this phenomenon.

Effect of temperature on complexes decomposition

There seems to be a strong correlation between temperature and pitting evolution of AISI 321. At 290°C, corrosion has evolved into solid deposits adherent to the surface. These deposits are suspected to be a result of the thermal decomposition of the metal complexes formed from the corrosion of carbon and low alloy steels which were also present in the same system at the time of the test. A first look into the composition of these deposits is made by SEM-EDS analysis which reveals that they are formed of iron and oxygen (Figure 77). Chemical etching is used to remove the solid deposits using an inhibited acid solution (50 vol% HCl (37%) + 50 vol% H2O + 3.5g HMTA inhibitor). Also it allows to reveal the sites which are occupied by the deposits. Figure 78 illustrates the surface of AISI 321 before and after chemical etching. Given the structure of the organo-metallic complexes, it is possible that the alkyl chains have decomposed and detached from the iron oxide core which later precipitated on the surface of AISI 321 and occupied the pre-formed pits. EDS analysis shows a high concentration of iron on the surface. This iron might also be part of the coupon matrix, however, if it was the case, then the EDS analysis should also detect the presence of nickel and chromium. Since these elements are not present in the resulting spectra then it is safe to assume that only the deposits are analysed.

To understand the behaviour of metal complexes in high temperature environments, it is interesting to measure the thermal profile of a pure metallic sample. This is done by conducting a TGA/DTG analysis on the iron oleate complex obtained from the reaction of pure oleic acid and pure iron in section 4.2.5. The product retrieved at t = 72h is chosen for this analysis since it is considered as the sample with the most concentrated amount of metal complexes. Figure 79 presents the obtained TGA/DTG curves. The first step weight loss appears between 200-300°C which corresponds to the thermal decomposition of unreacted or oleic acid weakly bound to Fe atoms in the Fe-Ol structure. On the DTG curve, it is represented as the small depression in which a maximum mass loss rate occurs at 265°C. This phenomenon is proposed as the range corresponds to the thermal decomposition of free oleic acid [START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF]. A strong increase in the weight loss occurs between 300-400°C with the strongest peak intensity appearing at 330°C on the DTG profile. This most likely corresponds to the thermal decomposition of iron oleate. Since the chemical coordination with iron stabilizes the oleate molecules increases the decomposition/dissociation temperature of the ligand, it would be logical that the decomposition of iron oleate occurs after that of oleic acid. The general behaviour of the TGA curve seems to align with the results in the literature [START_REF] Ding | Colloidal synthesis of ultrathin γ-Fe2O3 nanoplates[END_REF][START_REF] Kim | Synthesis of Non-hydrate Iron Oleate for Eco-friendly Production of Monodispersed Iron Oxide Nanoparticles[END_REF] and falls within a similar range of intense thermal decomposition. However, the exact temperature values such as the onset, can differ due to the differences in synthesis modes. Studies in the literature also observe that the complex does not decompose completely as a residue is found at the end. In this case, around 12 wt% of the initial sample is recovered and is attributed to the formation of iron oxide particles. While the purpose of this analysis is to provide an insight on the high temperature transformations of corrosion products in the aim of A387 Gr11) with low alloy steel showing 50% or more protection than carbon steel except in the cases of DTO and WCO. As for the austenitic stainless steels, both show good resistance to weight loss, but pitting appears on the surface of 321 when exposed to the high acid oil distillates.

While the effects of water and salt contents is not yet understood, it is clear that initial acid value of these oils is the main property that governs corrosion rates of carbon and low alloy steels.

Impact of free fatty acids

The initial acid value of the different industrial feeds is a first order parameter governing the corrosion of carbon and low alloy steel. This effect was further validated by testing a series of model mixtures consisting of a base non-corrosive oil doped with controlled levels of FFA. High erucic rapeseed oil and oleic acids were used, and the tested acid content range is 0-70 wt% acid. After conducting immersion experiments of AISI 1018 at 220°C for 5 days, a linear correlation was established between corrosion rate and initial acid value. Moreover, the obtained tendency aligns with the one obtained with the industrial feed runs suggesting that the nature of the FFA as well as the exact composition of the lipidic matrix do not influence the corrosion kinetics.

This was confirmed by additional tests in model solutions prepared with a range of FFA commonly found in lipidic oils: C12:0, C14:0, C16:0, C18:0, C18:1, C18:2. This range allowed to test the effect of acid chain length and degree of unsaturation. After conducting immersion experiments of AISI 1018 at 220°C for 5 days, no significant differences were observed between the different FFA. Nevertheless, regardless of the type of acid, there is always a linear correlation between corrosion rate of AISI 1018 and acid value.

Moreover, iron content measured using ICP-OES on the solutions after test correlated well with the total coupon weight loss revealing that corrosion products are oil soluble. Analysis of the SIM-DIS data indicate that 2 moles of FFA react with one mole of iron. This was observed after plotting iron concentration [Fe] as a function of oleic acid concentration [C18:1] in the model mixtures. ATR -FTIR reveal that both a bidentate bridging coordination mode and a bidentate chelating mode characterise the structure of corrosion products regardless of the FFA involved, with the former being dominant. At this point, the corrosion mechanism involves the direct reaction of FFA with iron (through the carboxylic end group) producing stable oil soluble organo-metallic complexes. This was finally validated after reacting pure oleic acid with pure iron, for 72h, under constant agitation to ensure that a complete reaction occurs. Iron dissolution was monitored in time where it was seen that corrosion is very rapid at the start of the test but continuously slows down after 10h. This can be due to the progressive consumption of the acids or to the solution solubility limit being reached. ATR-FTIR done on the sample at the end of the test revealed that trace amounts of oleic acid remain indicating that the reaction was nearly completed.

Impact of temperature on the uniform corrosion of carbon and low alloy steels and localized corrosion of stainless steels

Temperature has a strong influence on corrosion reactions. This was first observed after conducting immersion tests for 5 days in batch with distilled tall oil as the corrosive solution (DTO, AV = 192 mgKOH/g). Corrosion of AISI 1018 and A387 Gr11 is most crucial in the range of 100-290°C with corrosion rate values reaching 30 mm/y. A kinetic relationship which obeys an Arrhenius behaviour is established for carbon and low alloy steels from which the activation energies can be extracted. Based on these results, an engineering iso-corrosion diagram was established, that could be used to define the temperature / acidity regions compatible with the use of carbon and low alloy steels.

Pitting is observed on the surface of AISI 321 which was seen to initiate at 220°C. Pit depth and surface coverage were seen to increase with temperature indicating that the propagation rapidly evolves to uniform corrosion (fast lateral dissolution around the pits). This was noticed when exposing the steel to a high acid oil but might not yield the same effect if exposed to a low acidity bio-oil (as in refined vegetable oils) in the same conditions. Several parameters seem to influence the pitting of austenitic stainless steels, mainly temperature, composition of the feed, exposure time, Mo content of the stainless steel, and FFA availability. Based on the observations made, the increase in temperature increases the pitting activity, while an increase in Mo content enhances the pitting resistance of the steel as no changes were seen on AISI 316L in any test. Additionally, FFA availability impacts pitting evolution. After an incubation stage at 220°C, the active evolution of the pits was confirmed by experiments which included frequent feed renewal and without the presence of carbon and low alloy steels. It was seen that pits depth and pit coverage on AISI 321 evolves when only stainless steels are present suggesting that FFA are more active when not consumed by the corrosion of non-passivated steels.

Temperature also has an impact on the stability of corrosion products. TGA/DTG analysis done on iron oleate obtained after reacting pure oleic acid with pure iron for 72h reveals that strong decomposition of the products occurs in the range of 300-400°C. This temperature range also corresponds to reactor conditions of the hydrotreatment process. The literature indicates that iron oleate decomposes into iron oxides under these conditions. The presence of iron oxide is particularly important as they can deposit on the surface of catalysers and cause plugging of transfer lines. They can also deposit on the surface of steels as was observed when a mass gain was measured for the first time on the surface of AISI 321 after exposure to DTO at 290°C. It was suggested that the complexes formed from the corrosion of carbon and low alloy steels (also present in the autoclave) decomposed into iron oxides and deposited on the pitted surface of AISI 321. This was confirmed from SEM-EDS analysis and from optical observations.

Conclusion and presentation of the mechanism

This research project aimed to study the effect of lipidic oils on the corrosion of steels and alloys in high temperature process environments. Literature review of works done in both the petroleum oils and biomass refineries have shown that carboxylic acids are strong corrosive agents. In crude hydrocarbon oils they exist in the form of naphthenic acids and are usually in low concentrations. In biomass such as pyrolysis oils and raw biodiesel feeds, acids can be readily produced from the degradation of the initial raw feed to reach, in many cases, very high concentrations. In lipidic feeds, acids are in the form of long chain aliphatic carboxylic acids that are either naturally present in the raw feed or are produced from the degradation of the fatty acid ester.

An initial attempt of establishing a connection between lipidic bio-oils and corrosion rate did not show an impact from fatty acids when they are present in esterified forms (triglycerides, diglycerides, monoglycerides). This was seen when conducting immersion tests at 220°C with refined vegetable oils of triglyceride content >99 wt% (conventional sources). After enlarging the selection of bio-oil samples to include animal oils and fats, waste cooking oils, and industrial process by-products (alternative sources), a first important change in the properties was seen. An increase in free fatty acid content is recorded based on the measured acid values spanning between 5-196 mgKOH/g (animal fats/oil < WCO < industrial by-products). Water content also drastically changed relatively to the vegetable oils. This is particularly apparent in the case of WCO, animal fat, and fish oils which have recorded relatively high amounts of water (700-3300 ppm) compared to values less than 200 ppm in vegetable oils. As for the degree of oxidation, the peroxide index can indicate the presence of primary oxidation products which can evolve depending on the exposure of the oil to an oxidative environment. However, for all the tested oils (conventional and alternative), values remained <20 meqO2/Kg indicating no important presence of oxidative species in the initial feeds. Finally, the iodine value, which is directly correlated to the fatty acid composition, indicates the average unsaturation of a bio-oil. This indicator can be important as the presence of polyunsaturated fatty acids can increase the instability of an oil when exposed to an oxidative environment.

Immersion tests conducted in all the oils at 220°C revealed that the acid value is the only property that correlates well with the corrosion rates of carbon and low alloy steels. It was also demonstrated that corrosion rates can vary over 3 orders of magnitude, which is considerable and highly relevant for the industrial application. In highly acidic bio-oils (> 16 mgKOH/g), generalised corrosion rates of 1 mm/y were measured. The relationship was further validated when a similar trend was obtained for carbon steel after conducting the same experiments in model mixtures of a base non-corrosive bio-oil and controlled levels of oleic acid C18:1 (0-70 wt%). Regardless of the tested oil, corrosion rate of carbon steel remains higher than that of low alloy steel at 220°C.

However, the compositional complexity of the industrial oils makes it challenging to identify a single corrosive element. The same model mixture strategy used to confirm the effect of initial acid value was applied to test the impact of acid chain length and the degree of unsaturation. This was done in a fixed acidity range of 0-70 wt% acid for lauric acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0), stearic acid (C18:0), and linoleic acid (C18:2). Combined with the results obtained in the model mixtures containing oleic acid, the trends observed suggest that neither acid chain length nor acid unsaturation have an important effect on the corrosion rate of carbon steel in the selected acid range C12-C18. Nevertheless, there seemed to be a dispersion in the measured corrosion rates for AISI 1018 in high acidity ranges (>80 mgKOH/g). While in model mixtures no definitive conclusion could be drawn, differences in acid structure might be more significant in highly acid complex mixtures. This could explain the strong dispersion seen in corrosion rate values obtained in TOFA and DTO, even though acidity is relatively similar, in which rosin acids seem to play a role. The impact of acid structure on the corrosion mechanism might be revealed from studies of surface interactions between the different acids which require investigation in short exposure times (in the order of hours).

Operation conditions and material selection play an important role in the corrosion reactions. A kinetic relationship for the corrosion of carbon and low alloy steels is established and follows an Arrhenius behaviour in the temperature range of 100-290°C. This was achieved after conducting immersion tests in DTO (AV = 192 mgKOH/g). Interestingly, the corrosion rates for low alloy steels remain lower than carbon steel in temperatures below 220°C but are similar beyond. This infers that the alloying elements seem to lose their protective ability above a certain temperature threshold. For stainless steels, the appearance of pitting on the surfaces of AISI 321 coupons in the runs between 220-290°C was noticed. Moreover, the size and coverage of the pits increase as a function of temperature suggesting a progressive loss in the passivity of AISI 321. The role of molybdenum content in stabilizing the passive film is highlighted as no pitting is observed for AISI 316L in any test.

FFA corrosion involves a direct reaction between the carboxylic group of the acid and the surface metals of the steel. This includes a chelation process confined at the oil-steel interface which includes a transformation of the carboxylic function and the formation of coordination complexes. ATR-FTIR spectroscopy can identify specific regions and peak intensities attributed to the recognition of FFA and corrosion products. While the technique can be used to detect the appearance and disappearance of acids based on the carbonyl vibration band, it does not allow to differentiate between the acids themselves. Nonetheless, it can clearly detect the presence of corrosion products based on the vibration bands of the carboxylate function which is an integral function of the organo-metallic complexes. Conversely, SIM-DIS can be used to differentiate between the different species based on boiling point distributions. The technique shows that the triglycerides initially present in the oil have significantly degraded to form secondary products such as free fatty acids, diglycerides, monoglycerides, and other unidentified intermediate species, when oils were subjected to heating. While corrosion products cannot be detected using SIM-DIS, a correlation can be made between the coupon weight loss and the amount of acid consumed during the test. This is achieved through a pseudo-quantification technique of the identified chromatographic bands for the FFA initially present in the solution. The detection and quantification of corrosion products are complemented by ICP-OES measurements which successfully detects the presence of metals in the solution suggesting that the corrosion products are oil soluble. The combination of ATR-FTIR, SIM-DIS, and ICP-OES measurements reveals that in the case of a direct reaction between FFA and iron, 2 moles of acid is consumed for each mole of iron thus validating the proposed reaction mechanism. Finally, a thermal stability study of the corrosion products reveals that organo-metallic complexes tend to decompose in the temperature range of 300-400°C to form iron oxides. It also seems that iron oxides can occupy pit sites formed on stainless steels (such as the case of AISI 321) and possibly deposit on the surface of catalysts inside the reactor.

In coordination chemistry, the structure of a molecule dictates the efficiency of the acid to react with surface metals. Structural features include alkyl chain length, number, and position of the double bonds, and to some extent the configuration (cis/trans, conjugated/non-conjugated). Adsorption is a crucial step in the formation process of organo-metallic compounds and relies on the weight of the compound (which is reflected by the chain length) and the size (which is reflected by the structure and configuration). The suggested mechanism includes mass transfer of the acid from the bulk, adsorption of the acid onto the metal surface, ligand formation, chelating process, and desorption of the soluble organo-metallic product in the oil. In complex media, dispersions between the corrosion power of oils may lie in diffusion and adsorption stages. As the diffusion coefficient of the acids is affected by the molecular weight, surface reactions can depend highly on the availability of acids. In some cases, structurally complex acids can hinder the activity on the surface of the steel and prevent further acid attack. In all, the parameters affecting the corrosion reaction are availability of FFA (acid value), number of active sites (adsorption controlled), steric hinderance effects (complexity of acids), solubility of corrosion products.

A corrosion mechanism scheme is proposed in Figure 80. 

Future studies

The experimental study focused on the impact of lipidic bio-oils on the corrosion of steels in the upstream section of the hydrotreatment process. This involved the evaluation of different types of biooils including vegetable oils (raw and refined), animal oils and fats, waste cooking oils, and industrial process by-products (bio-oil acid distillates). The assessment of corrosion phenomena is mainly conducted in the liquid phase, during long exposure times, with no feed renewal, and under nitrogen capping. Corrosion was investigated in a temperature range of 100-290°C for carbon steel AISI 1018, low alloy steel A387 Gr11, and austenitic stainless steels AISI 316L and AISI 321.

While the study focused on the corrosion by free fatty acids in the liquid phase, other factors should also be investigated. The list below proposes some of these factors:

1-Other FFA structures:

It was seen that when varying the acid structure in the selected range between C12-C18, no major impact occurred to the corrosion rate of carbon steel at 220°C. However, when studying the high acidic feeds, there is a suspected effect of composition on the pitting corrosion of AISI 321. This was concurred when pits were mostly seen when exposed to DTO at 220°C, contrary to TOFA and PFAD where minor pits were observed. Given that DTO is slightly less acidic than TOFA, there may be an influence from the larger presence of rosin acids which might explain the stronger pitting seen in DTO.

It may thus be interesting to study the effect of rosin acids, individually, on the corrosion of AISI 321. Since rosin acids are various, abietic acid is first proposed as it is the most commonly encountered in rosin acid.

2-Volatiles:

As the corrosion of steels by FFA is developed in the liquid phase, it would be interesting to test the corrosion phenomena occurring in the gas phase. In the conventional crude refining, importance is given to the gas phase in which naphthenic acids have been seen to be corrosive through the formation of a film of condensates on the surface of steels when brought to their boiling points. This in parallel reduced the concentration of acids in the liquid phase and consequently affected corrosion rates. In the case of lipidic bio-oils, corrosion in the gas phase might be more complex. The increase of temperature leads to the decomposition of the lipids into different oxygenates by means of autooxidation and thermos-oxidation reactions. This produces a gas phase that can be rich in short chain FFA, ketones, hydroperoxides, peroxides, and aldehydes. The literature suggests that all these compounds can form coordination complexes with metals following the same mechanism of FFA. As such, investigation of the volatile phase should include a thorough characterisation of degradation products produced by heating, over a range of temperatures (100-300°C), followed by corrosion tests in autoclave settings where coupons are maintained in suspension over the heated oil. It is also possible that the presence of FFA, metals, and metal complexes can accelerate the degradation of the oil (thermal and oxidative), so these factors should also be incorporated in the investigation.

3-Water content:

Due to the hydroscopic nature of the bio-oils, the influence of water cannot be neglected. While water can either evolve during storage or be initially present in the feed, its presence can affect the activity of FFA. One hypothesis includes the formation of a thin film of water on the surface of the steel blocking the activity of acids by adsorption of the hydrophilic carboxylic group and preventing them from leaching the metal. Another hypothesis revolves around water-in-oil emulsions which can lead to micelle formation of different acids clustering around water droplets and preventing the diffusion from the bulk towards the steel surface.

4-Impurities:

Aside from the lipidic composition of bio-oils, several impurities can exist. One main impurity includes the presence of salts. They can be of inorganic nature (NaCl, KCl, FeCl3, NH4Cl, etc.) or of organic nature (FFA chlorides, chlorinated glyceridic esters). In the case of organic salts, a particular attention is given to 3-monochloropropane diol (3-MCPD) which has the structure of a typical glycerol but with a chlorine atom replacing a hydroxide molecule. This species is formed from the reaction between fatty acid esters (triglycerides, diglycerides, monoglycerides) and chlorine [Cl] -which dissociates first into an MCPD diester (chlorine replaces one fatty acid) then into an MCPD glycerol. This reaction is promoted by the presence of water which dissolves the inorganic chlorine in the oil and is catalysed by temperature. Investigation can be done by mixing inorganic salts dissolved in water added to a refined vegetable oil or test the MCPD compound directly by mixing it in a refined vegetable oil with controlled concentrations.

5-Electrochemical concept:

The proposed mechanism includes a chemical aspect (via the chelation process producing carboxylate) and a suggested electrochemical aspect (via the oxidation of surface metals). However, while the chemical reaction was experimentally validated, no investigation has been done on the electrochemical contribution of the reaction. Some concepts are proposed in the literature [START_REF]Factors Controlling Naphthenic Acid Corrosion[END_REF][START_REF] Qu | High temperature naphthenic acid corrosion and sulphidic corrosion of Q235 and 5Cr1/2Mo steels in synthetic refining media[END_REF][START_REF] Wu | Resistance of Mo-bearing stainless steels and Mobearing stainless-steel coating to naphthenic acid corrosion and erosion-corrosion[END_REF] which investigate the mechanism of naphthenic acid corrosion. They suggest that at high temperatures the carboxylic acid can dissociate into a carboxylate anion (RCOO -) and a hydrogen proton (H + ) which is possible even in oil media. This was concluded based on observations made in the increase of oil conductivity and current density with temperature. The authors agree that the electrochemical aspect of NAC involves 2 reactions:

o Anodic: + 2 = ( ) + 2 o Cathodic: 2 + 2 =
Given the similarity in mechanisms between NAC and FFA corrosion, an electrochemical investigation in bio-oils might be possible. The anodic reaction relates to the chemisorption of acids onto the steel surface via complexation (MBSC and HSBC) which is considered spontaneous. The cathodic reaction involves the reduction of hydrogen protons produced from the carboxylate ligand. To validate the cathodic contribution, a first approach would be the detection of H2 by gas chromatography during an immersion test. A direct reaction between pure acid and iron can be used as a first test.

6-Hydrogen influence:

While not presented in the present work, some immersion tests have been conducted with hydrogen being introduced as the capping gas. Results suggest an inhibitory effect from hydrogen as corrosion rate values were decreased relative to the runs conducted under nitrogen atmosphere. While further tests should be conducted to confirm this effect, some speculations can be issued. Based on Le Chatelier's principle and on the equation proposed for the direct reaction between FFA and iron, hydrogen is a product of the corrosion reaction. Adding an excess of hydrogen in the initial system forces the equilibrium of the reaction to tend towards the products and reduce the kinetics of reaction.

If the electrochemical aspect of the reaction involves oxidizing the metals by charge transfer of the reduced protons H + , then the addition of hydrogen in the form of protons reduces the difference in redox potential between hydrogen and metals and decreases the tendency to form metal ions which can be leached from the steel.

7-Online monitoring:

Study of the corrosion reactions in this thesis work was mainly done by ex-situ analysis of the solution and the steel evolution. A first approach of an online monitoring was made using acoustic emission which revealed that an activity can be measured in the case of carbon steel corrosion in a highly acidic feed (220°C for 2 days). This was observed when comparing the evolution of signal detection with a blank test which involved the use of a non-corrosive solution and a corrosion resistant coupon. However, while the equipment and experimental protocol is established, more tests are needed to validate the results. This includes:

a. Repeating the blank test using a corrosive solution and a resistant steel in the same conditions as the corrosion test. This is made to ensure that the signals detected are related to the corrosion activity and not to the evolution of the solution. b. Repeating the corrosion test of carbon steel in a highly acidic feed in the same conditions. This is made to validate the obtained trends. c. Corrosion test of stainless steel potentially exposed to pitting in a highly acidic feed. This is made to study the possible detection of stainless steel corrosion which is of interest to the industry. AISI 304L or AISI 321 are proposed as test samples.

Another suggested online monitoring technique, which can study the evolution of corrosion is by IR spectroscopy. In the thesis work, ATR-FTIR measurements were done on the solutions after the test which allowed to detect the presence of corrosion products as oil soluble compounds. The monitoring of these products was further developed when IR measurements were done on the aliquots frequently obtained when reacting pure oleic acid with pure iron under turbulent conditions. A consistent decrease of the acids was observed in parallel to the increase in the detected corrosion products. Insitu monitoring can be achieved by inserting a high temperature mid-IR ATR probe (art photonics: PIR fiber 900/1000, 30cm shaft Hastelloy C22, 200cm total, LTP conduit with SMA 905 connectors, air flow cooling silicon ATR crystal 600-3100 cm -1 , 12mm shaft diameter, T°C range= -150°C-250°C, P°=100 bar).

Industrial applications

Corrosion phenomena in the upstream stage of the hydrotreatment of lipidic oils involves reactions with FFA. These acids can be present in the initial feed or can evolve during heating. Acid value is a good indicator for corrosivity when evaluating the initial properties of bio-oils. As such corrosion mitigation strategies are developed based on the elimination of acids initially detected in the feed. This could involve the complete removal of FFA or reducing their activity to reach an acceptable applicability. The following section represents some solutions proposed to manage corrosion, which includes both changes in the material selection and in the composition of the oil:

1-Co-processing:

This technique involves the blending between a highly corrosive bio-oil and a non-corrosive base oil. This method would be interesting in the case of highly acidic oils, like TOFA, PFAD, and DTO, which are composed almost of 100% FFA. Mixing these oils with "neutral" solutions can be used to reduce the acid value below an acceptable threshold thus impacting the activity of acids. However, blending bases should include oils of nearly similar hydrocarbon properties to ensure proper miscibility of the resulting mixture. Moreover, the stability of the oil is important to prevent early evaporation of the solvent in high temperature applications. As such, the base oil should contain paraffinic compounds of high boiling point fractions in which FFA can properly mix.

Co-processing applications are already implemented in recently converted bio-refineries. One example is that of a fluid catalytic cracking unit (FCC) which processes pyrolysis derived raw bio-oils (lignocellulosic) mixed with vacuum gas oil (VGO) [START_REF] Bhatt | Bio-oil co-processing can substantially contribute to renewable fuel production potential and meet air quality standards[END_REF]. Great attention was given to the relative percentages of each blend to ensure a proper yield of the final product. In the presented case, a product yield similar to 100% VGO is noticed when the raw bio-oil content remains under 20 wt%. The blending percentages can differ based on the application and the type of feed, however, in addition to feed composition, product yield is an important factor to consider for economic advantages. Coprocessing of vegetable oils and petroleum feedstocks is also reported in existing refinery reactors of Petrobras, ConocoPhillips, Haldor Topsøe, and BP where the resulting mixture is later hydrotreated to produce bio-fuels [START_REF] Vásquez | Hydrotreatment of vegetable oils: A review of the technologies and its developments for jet biofuel production[END_REF]. Another common practice in the industry, like in the case of the Vegan™ hydrotreatment process, blending occurs by mixing different sources of lipidic feeds such as animal fats+WCO+rapeseed oil. While the purpose is to meet to process specifications (e.g. acidity limit), the overall composition still includes oxygenates which are prone to evolve into potentially corrosive species when exposed to strong thermal environments.

2-Metallurgy upgrade:

Results in the thesis study, along with industrial experience in NAC, showcase the importance of alloying elements. Emphasis is made on the role of molybdenum in the resistance of austenitic stainless steels against pitting corrosion. The experimental results suggest that the use of AISI 321 may not be appropriate for highly acidic feedstocks as pitting corrosion is observed at temperatures above 220°C (in batch and feed renewal conditions). Upgrading to AISI 316L or other Mo austenitic stainless steels is the most viable option when incorporating high acid oils.

While in some cases fully upgrading the metallurgy to implement higher Mo containing alloys is economically inflexible, some specific areas of the process can tolerate the use of lower grade steels while other areas are critically less accommodating.

3-Chemical inhibitor:

This technique makes use of a chemical compound that forms a stable protective film on the surface of steels. As the FFA corrosion product does not adhere to the surface, and since no sulphides are present in bio-oils, the chances of forming a protective film through the corrosion mechanism are low.

In the oil and gas industry, studies have been made on different types of chemical inhibitors.

Traditionally, nitrogen containing compounds were used (imidazolines, amines, amides, ammonium salts), however due to their environmental impact, these inhibitors are no longer favourable. In the case of NAC, the use of phosphate esters is commonly investigated in the case of high acidic crudes.

The mechanism includes the formation of a stable film from adsorption of the phosphorus compound through binding between iron/iron oxide and the hydroxyl group of the inhibitor. A non-phosphorous based inhibitor has also been reported, yet its application is not as widespread [START_REF]Naphthenic Acid Corrosion: The Effect of Phosphorous and Non-Phosphorous Inhibitors on Carbon, paper 09344[END_REF]. In the bio-oil refining application, the risk of using phosphorus containing compounds is the potential to poison and deactivate the catalyst during the hydrotreatment phase [100].

4-FFA esterification:

This technique involves the formation of fatty acid esters from the recombination of FFA. This would allow the transformation of highly acidic bio-oils into less reactive and more thermally stable esters (such as triglycerides).

Fischer esterification is one method of ester formation that involves the refluxing of FFA vapours and alcohol in the presence of an acid catalyst. Fundamentally this reverse reaction takes advantage of the equilibrium of an ester hydrolysis into FFA to achieve the reverse reaction. As water is a by-product of this reaction, its removal is important to drive the reaction forward. Another way to drive the reaction is also to add excess alcohol. The reaction is autocatalyzed as H3O + is a product of the reaction.

Another esterification strategy involves basic conditions and makes use of the carboxylate anion. The use of a strong base, such as NaOH, is needed to deprotonate the carboxylic acid. Esterification is achieved by reacting the nucleophilic part of the carboxylate with a primary alkoxy radical, originating from an alkyl halide or a pseudohalide, through a substitution reaction (SN2).

As the reactions involve aqueous conditions, great care has to be taken in the downstream section potentially exposed to aqueous corrosion. This is especially critical when dealing with salt formation in the case of esterification using a base and acid corrosion in the case of esterification using a hydronium catalyst. However, this method has not yet been implemented as a technical solution in the industry as it implies adding a supplementary reactor and associated operational costs. Annex F -In-situ monitoring by acoustic emission

Annex E -Characteristic IR bands for carboxylate binding with different metals

Configuration of the acoustic emission setup

Acoustic emission is used to monitor corrosion activity in high temperature conditions. An immersion test method is chosen to conduct the experiments by combining autoclave settings with known acoustic emission techniques. This involves two main sections based on the illustration in Figure 84. -The autoclave: the reactor is placed at the bottom of the heating bath so that the walls are uniformly in contact with the heating fluid. In the current setup, the reactor lid is modified to include an entry point for nitrogen gas and an exit point for built-up gas purging. In the centre, a waveguide penetrates the reactor. On one end the metallic sample is screwed and is immerged in the test solution. On the other end of the shaft, the piezoelectric transducer is fixed. The waveguide is composed of an aluminium composite and is fixed onto the lid by metal bolts and PTFE ferrules to maintain a proper sealing. PTFE is used to hinder the effect of transmission of parasitic noise that can interfere in the measured signal. Additionally, a PTFE plate is used to maintain the lid outside the bath opening and separates it from the rest of the reactor. This is made to isolate the transducer from the resonating noise generated by the pump inside of the bath. Bath fluid temperature is measured using a type-K thermocouple connected to a data logger. Unfortunately, the test solution temperature is not measured during the test due to conceptual constraints. An estimation of the solution temperature in the reactor is made based on metrological measurements.

Acoustic emission section:

-Piezoelectric transducer: the component is used to convert the mechanical propagation of the elastic waves emitted from the activity into an electric signal. Since the activity relative to uniform corrosion in acidic oils is not well identified, the transducer chosen in this study is a ceramic piezoelectric Mistras R3α with a resonance sensitive in the broad range of 50KHz to 1MHz.

-Waveguide: piezoelectric transducers are characterized by having a temperature sensitivity beyond which the material loses its ferro-electric properties and is no longer polarized. This is known as the Curie temperature which is usually in the range of 300-400°C for ceramic piezoelectric materials. Since the corrosion reactions take place at elevated temperatures close to the Curie point, and inside an organic solution (with unknown effects on the transducer), an aluminium shaft is used to connect the metallic sample with the piezoelectric.

To ensure a proper transmission of the AE waves, a fluid coupling is used. This involves a thin silicon grease layer (-40°C-200°C) covering the ceramic component of the transducer and maintained by an overbearing pressure plate to maintain constant contact with the waveguide.

-Preamplifier: a preamplifier is used to amplify the low impedance signals obtained at the transducer output for a proper processing to be made. This occurs in two steps: a first amplification and low impedance matching of the signal followed by a second amplification to bring the signal at a sufficient level to process it. Frequency filtering is included in this component allowing for noises emitted by the installation to be eliminated. In this setup, a Mistras preamplifier 2/4/6 is used with a programmable gain between 20 and 60 dB and a frequency range of 20 kHz to 1200 kHz.

-AE system: the system used is Mistras PCI2 which includes two acquisition channels with transient analysers. Data acquisition is made using AEWin software and waveform analysis is made with a software developed at MATEIS lab. Data treatment is achieved using specific programs developed on MatLab.

Acquisition mode used to measure acoustic activity

A first approach aims at a qualitative characterization of the corrosion activity. Great care is taken at the identification of noise emitted from the heating system before launching corrosion experiments. This is achieved by conducting a series of blank tests at different temperatures using a non-corrosive solution and a resistant steel coupon. This strategy allows to monitor the evolution of noise during heating and the assessment of its intensity at selected temperatures. A proper identification of noise allows a better treatment of the final signal during future processing stages. As such, a first acquisition usually overlap for a proper identification to be made. The selected characteristics are thus defined as time and frequency domain descriptors and are detailed in Table 21.

Table 21: Selected AE signal characteristics based on descriptors in time and frequency domains

Wave characteristic Definition Amplitude (dB)

The peak amplitude reached by the signal during the entire duration Absolute energy (attoJoules)

The integral of the square of the signal amplitude over the entire duration Rise time (μs)

The time interval between the first threshold crossing and the instant when the peak amplitude is reached Average frequency (kHz)

The number of threshold crossings (counts) divided by the duration Frequency centroid (kHz)

The centroid of the surface obtained from the frequency spectral density of each signal in a selected timeframe (calculated from Fast Fourier Transform FFT) Peak frequency (kHz)

The frequency at which the FFT of a signal represents a maximum Number of counts

The number of threshold crossings

First results

Acoustic emission measurements were conducted in a non-corrosive environment to identify the noise emitted from the system and any surrounding activity. Only some main results will be presented to simplify the section.

Initially, it is suspected that the heating of the oil bath is a possible major source of noise however it was unclear how it would impact the measurements when it comes to corrosion tests. To detect the activity related to the heating system, two components are used in the blank test: a non-corrosive paraffinic solution, and AISI 304L stainless steel coupon. Immersion test is conducted for 24h at 220°C. Acquisition was initiated at the launch of the heating. Front end filters are added which eliminates signals with energies < 3 during the acquisition. This filter is chosen due to some preliminary screening tests which shows that these signals are parasitic but contribute greatly to the quantity of recorded data. The following acquisition conditions are used (Table 22): 

a.u. = arbitrary units

The results related to the blank test at 220°C are displayed below. A first look at the activity is done by representing the number of signals detected as a function of time (Figure 86). It seems that by removing the background noises, no major changes have occurred to the general behaviour of the trend. However, there was a decrease in the intensity of the values on the y-axis which is expected as there was a notable reduction in the quantity of removed signals. Thus, filtering using number of counts (< 1) and energy (< 5) does not alter the dynamics of acoustic activity emitted from the heating system.

To better characterize the emitted signals, representation of the parameters presented in Table 21 is suggested and are displayed in Figure 88. A first corrosion test is made using the same system and the same acquisition mode done with the blank test (Table 22). Here, pure oleic acid is chosen as the corrosive solution and carbon steel AISI 1020 is chosen as the metal coupon. Acquisition includes the front-end filter of signals with energy < 3. Similar to the blank test, immersion is conducted at 220°C with recording beginning at the launch of the heating. However, the total duration of the test was 42h compared to the blank test which was 24h. 

(d) cumulated energy

Data filtering of the parameters reveals interesting information on the characteristics of the recorded activity in the corrosion test. Considering that the time range between 0-20000 s is mainly attributed to the emission from the heating system, and that contribution to the measurements reduces beyond that timeframe, then characterization of the corrosion activity can be attempted particularly in the range between 20000-80000 s. Here, it seems that the signals are defined in a frequency between 250-400 kHz and at amplitudes between 35-45 dB. The phenomenon is low energy and increases from 1 to 2.7x10 6 attojoule during the selected timeframe. Corrosion activity is further validated by weight loss measurements that recorded a generalised corrosion rate of 33 mm/y.

While the source of acoustic emission is still unclear some suggestions can be made. Based on the mechanism of FFA corrosion proposed in the study, H2 is a by-product of the reaction. In the literature, the thesis study of Lionel Jaubert [102] studied the uniform corrosion of stainless and non-alloyed steels in acid solutions by acoustic emission. They were able to detect the source of the emission which 

Main corrosion activity

Main corrosion activity Main corrosion activity they attributed to the evolution of hydrogen gas bubbles from within the system. More specifically, they state that the detection of the acoustic activity is centred around the reduction of hydrogen protons which drives the corrosion reaction. However, they propose that the source of acoustic emission is not related to the vertical movement of hydrogen bubbles nor their popping at the liquidgas interface but rather to the sliding and impacts produced on the surface of the metals. They suggest that in the case of hydrogen bubbling, some signature acoustic characteristics can be measured but the values are highly sensitive to the setup, the acquisition parameters, the type of transducer, and the propagation environment. Additionally, they were able to measure corrosion activity in industrial settings even when corrosion rates were significantly less than laboratory results. Since hydrogen production is detectable by acoustic emission then this could be the phenomenon detected in our study.

The series of experiments offers a first insight into the in-situ monitoring of corrosion in bio-oils by acoustic emission. While no definite conclusion can yet be drawn, the developed method shows that it is possible to detect changes in the acoustic emission activity in high temperature batch conditions. However, further experiments are needed to validate the obtained dynamics, primarily that of the corrosion of carbon steel. Additionally, it will be interesting to test the evolution of pitting corrosion of stainless steels as the rupture of the passive film is also considered as a source of acoustic emission. Conductivity plots show a clear linear correlation with acid content, increasing values from 8.81*10 -11 Ω -1 .m -1 to 3.12*10 -10 Ω -1 .m -1 for AV = 0 and AV = 80, respectively.

Moreover, temperature has a strong effect on the measurements. Similar conductivity tests were conducted on refined rapeseed oil (lipidic) and paraffin oil (mineral). Conductivity values were obtained at 5°C increments in the range of 60-75°C. Regardless of the oil, conductivity increased proportionally to temperature. When plotting the natural logarithm of conductivity as a function of the inverse of temperature, the obtained trends for both oils follow an Arrhenius behaviour (Figure 94). EIS was used to measure the conductivity of the oils and showed that increasing free fatty acid content and temperature enhances conductivity of the initially resistant medium.

Mineral Oil

Refined rapeseed 1-Depressurization: Occurs in R01. Pressures inside the reactor vary during the transfer process.

To maintain a desired pressure, a series of gas injections and depressurizations occur until both the gas phase and liquid phase are in equilibrium. Volatiles produced during the test are to be monitored and are purged out of the system in case of intense pressure rise. In case of overpressures, R01 is protected by a back-up system which reroutes the pressurized liquid from the reactor to a recovery reservoir through a series of isolated lines.

2-Sampling: Occurs between R01 and T03. Usually conducted at the beginning of the solution renewal procedure. 100ml of the degraded solution is extracted out of the reactor and stored inside T03 which is exposed to atmospheric conditions. A safety valve is connected in case of overpressures.

The tests can be conducted similarly with H2 but only at the reactor level. The transfers must be conducted with N2 to minimize circulation of the combustible gas through the unit. Seeing that the reactor is in autoclave, a series of lines and pressure relief valves allow the entire process to be conducted without any atmospheric exposure. Also, thermal tracing along the lines is active to ensure that oils are maintained in the liquid state all the time while reducing the thermal shocks during circulation. Lines and chambers are constantly purged with N2 to reduce contamination.
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  TOFA: Tall Oil Fatty Acid WCO: Waste Cooking Oil

  représente de façon simplifiée les sections principales du procédé : 1-Pré-traitement : cette étape consiste à éliminer les contaminants présents dans la charge initiale qui pourraient engendrer des problèmes plus loin dans le procédé. Quelques contaminants majeurs sont les phospholipides, les cires, les métaux, et l'eau. 2-Hydrotraitement : cette section consiste à éliminer les groupes oxygénés pour les transformer en n-paraffines à longues chaînes hydrocarbonées. Les conditions dans le réacteur sont une température T°C = [280-320°C] et une pression d'hydrogène PH2 = [50-100 bar]. Une section de préchauffe de la charge est située en amont du réacteur et ses conditions de fonctionnement sont T°C = [100-300°C] et de pression partielle d'hydrogène de 10-20 bar. 3-Hydroisomérisation : cette section consiste à convertir les n-paraffines en iso-paraffines afin d'améliorer leur propriété physique et leur propriété à froid. Les conditions sont T°C = [290-340°C] et PH2 = [35-60 bar].
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 1 Figure 1: Schéma représentatif du procédé d'hydrotraitement de la biomasse pour produire des biocarburants. Ceci est l'application industrielle suivant laquelle le sujet de thèse est inspirée

Figure 2 :

 2 Figure 2: Diagramme représentant les composés identifiés dans les charges lipidiques [1]

Figure 3 : 1 )

 31 Figure 3: (Gauche) corrélations établies entre la vitesse de corrosion d'un acier carbone Q235 et d'un faiblement allié 5Cr-0.5Mo sous conditions de TAN = 3-35 mgKOH/g et à 270°C [2]. (Droite) Corrélations établies entre la vitesse de corrosion (en échelle log) et l'inverse de la température (K - 1 ) pour différents types d'aciers carbones et faiblement alliés sous conditions de TAN variables entre 1-18 mgKOH/g et dans une gamme de température entre 170-320°C [2-5]

Figure 4 :Figure 5 :

 45 Figure 4 : Relation obtenue entre la vitesse de corrosion de l'acier carbone et l'acidité de la charge après tests d'immersion sous N2, pour 5 jours, à 220°C dans les charges industrielles et les mélanges modèles.

Figure 6

 6 displays the demand for oil in 2021 as well as the projections for 2030 in million barrels per day (mb/d), and in which transport and industry are associated with the biggest changes.
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 6 Figure 6: Chart representing the increasing trend of oil demand (mb/d) by major end use sectors [1]

Figure 7

 7 depicts data, published by the IEA[2], showing the contribution of each sector in the global emissions represented as percentages of CO2 production (based on data collected in gigatons of CO2, Gt CO2).
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 7 Figure 7: Charts representing the global GHG emissions (presented in gigatonnes of CO2 ) associated with the use of fossil fuels. (Left) are the emissions by fuel. (Right) are the emissions by sector [2]
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 8 Figure 8: Schematic representation of the proposed biomass conversion process to produce drop-in fuels. This process is the industrial application from which the study is inspired [3]

Figure 9 :

 9 Figure 9: Diagram depicting the main components forming a typical lipidic bio-oil (modified from [4])

Figure 10 :

 10 Figure 10: Schematic representation of a triglyceride, a diglyceride, and a monoglyceride

Figure 11 :

 11 Figure 11: Schematic representation of a reaction mechanism to form free fatty acids through hydrolysis of a triglyceride

Figure 12 :

 12 Figure 12: Schematic representation of the structural composition of the three types of carboxylic acids. (Left to right): Lauric acid, cyclohexyl acetic acid, benzoic acid

Figure 14 :

 14 Figure 14: Plots showing the effect of acid concentration on NAC for carbon steel. Immersion tests are conducted at 275°C for 3h in model mixtures: mineral oil/CHCA and mineral oil/NAs [32]

Figure 15 :

 15 Figure 15: Plots showing the preserved linearity between corrosion rate of carbon steel and TAN for a large acid range regardless of temperature as reported by Wu and Jing. [34]

Figure 17 :

 17 Figure 17: Diagram showing the effect of organic acid structure on the corrosion rate of immersed carbon steel, at constant temperature (300°C) and TAN (5.0 mgKOH/g) [38]

Figure 18 :

 18 Figure 18: Plots representing the Arrhenius relationship between corrosion rate and temperature [32, 35, 39]

Figure 19 :

 19 Figure 19: Diagram representing the absence of a direct relationship between TAN and corrosion rate on carbon steel (C1018), 2.25%Cr/1%Mo low alloyed steel, and ferritic 13% Cr stainless steel (409 SS) (data obtained from [57])

Figure 20 :

 20 Figure 20: Diagram showing intense corrosion rates of the two most acidic stage fractions SF3 and SF4 for RO and CS pyrolysis oils. The highest contribution for the acidity comes from acetic and formic acids (data collected from [59])

Figure 21

 21 is a proposed mechanism route for complex formation based on conclusions made in the literature[START_REF] Connatser | Approaches to investigate the role of chelation in the corrosivity of biomass-derived oils[END_REF][START_REF] Mercier | Interaction of amines with native aluminium oxide layers in non-aqueous environment: Application to the understanding of the formation of epoxy-amine/metal interphases[END_REF][START_REF] Palacios | Infrared spectroscopy of metal carboxylates[END_REF][START_REF] Marshall | Petroleomics: the next grand challenge for chemical analysis[END_REF]:

Figure 21 :

 21 Figure 21: Schematic representation of possible structures arising from the chelation process by carboxylic acids

Figure 22 :

 22 Figure 22: Suggested structure of iron oleate complexes by Lin and Kim [16] based on the different binding modes

Figure 23

 23 Figure 23 adds a 3D representation of the structure presented in Figure 22 with emphasis on the geometry of the core.

Figure 23 :

 23 Figure 23: Suggested structure of the iron oleate core by Chang and Kim [70]

Figure 25 :

 25 Figure 25: Plot depicting the evolution of NAC and the produced by-products in the temperature range of 100-380°C [83]

Figure 26 :

 26 Figure 26: Annotated photograph of the T-591 installation

Figure 27 :

 27 Figure 27: Schematic illustration of the purging process on the T-591 unit

Figure 28 :

 28 Figure 28: Glass support used for T-591 (max capacity = 6 coupons)

Figure 29

 29 Figure 29 below illustrates the setup:

Figure 29 :

 29 Figure 29: Photograph of the T-570 installation

Figure 30 :Figure 31 :

 3031 Figure 30: Photographs of the T-570 preparation procedure

Figure 32 : 33 Figure 33 :

 323333 Figure 32: Annotated photograph of the T-536 installation

Figure 34

 34 Figure[START_REF] Wu | Corrosion and erosion-corrosion behaviors of carbon steel in naphthenic acid media[END_REF] illustrates the configuration inside the reactor during the test:

Figure 34 :

 34 Figure 34: Illustration showing the setup inside the U864 reactor during the test. Iron granules are held inside a closed, perforated, basket traversed by the rotary tube and allowing constant circulation of the solution

Section presenting the results Part 1 :

 1 To identify the corrosive properties of a raw feedstock (conventional and alternative bio-oils) Identification of the main corrosive parameters Part 2: To investigate the impact of specific bio-oil components Impact of free fatty acids Part 3: To investigate the effect of operation parameters and steel composition Impact of operation conditions

Figure 35

 35 Figure 35 depicts the fatty acid composition displayed based on the relative distribution of the main fatty acids.

Figure 35 :

 35 Figure 35: Figure displaying the chemical composition of conventional refined vegetable oils based on their differences in the main fatty acid content

Figure 36 :

 36 Figure 36: Figure describing the conventional refined vegetable oils based on their chemical properties. (a) water content; (b) iodine index; (c) peroxide value; (d) acid value.

Figure 37

 37 Figure 37 depicts the fatty acid composition displayed based on the relative distribution of the main fatty acids.Figure 38 presents the main chemical properties of the alternative bio-oils oils.

Figure 37 :Figure 38 :

 3738 Figure 37: Figure displaying the chemical composition of alternative waste oils and industrial byproducts based on their differences in the main fatty acid content

Figure 39 :

 39 Figure 39: Corrosion rate results obtained for AISI 1018, A387 Gr11, AISI 316L, and AISI 321 after exposure to refined vegetable oils at 220°C for 5 days and 10 bar of initial N2

Figure 41 :

 41 Figure 41: Observed pitting corrosion on AISI 321 after exposure to distilled tall oil (DTO) at 220°C, for 5 days, in batchWhen it comes to the pitting of AISI 321, the study will be further developed in section 4.3.2.

Figure 44 :

 44 Figure 44: Changes in the visual aspect of industrial bio-oils before and after corrosion tests (5 days exposure at 220 °C)

Figure 45 :

 45 Figure 45: Infrared spectra showing the effect of oleic acid doping on high erucic rapeseed oil (0-50 wt% acid)

Figure 47 :

 47 Figure 47: SIM-DIS chromatogram showing the effect of oleic acid doping on high erucic rapeseed oil (0-50 wt% acid)

Figure 48 :

 48 Figure 48: Characteristic retention time peaks of the model mixtures in SIM-DIS chromatograms. Minor peak at 3.7 min for palmitic acid (C16:0) and major peak for oleic acid (C18:1) at 4-4.5 min

  .a) and SIM-DIS (Figure 49.b). The data illustrated groups both the values obtained in the analysis of the model mixtures and those obtained for the industrial feeds.

Figure 49 :

 49 Figure 49: Plots representing the relationships between acid value (AV) determined by potentiometric titration and (a) FFA carbonyl vibration band (C=O) at 1711 cm -1 in the ATR-FTIR spectra; (b) FFA peaks in the SIM-DIS chromatograms at RT = 3-5min.

Figure 50 :

 50 Figure 50: SIM-DIS chromatograms of the model mixtures high erucic rapeseed oil with different FFA [C12:0; C14:0; C16:0; C18:0; C18:1; C18:2] presented as relative intensity (%) as a function of the retention time in the column (min)

Figure 51 :

 51 Figure 51: Relationship between corrosion rate of AISI 1018 and acid value after immersion tests in model mixtures and industrial feeds (220°C/ 5 days exposure/ batch)

Figure 53 :

 53 Figure 53: Pictures representing the visual transformations of a model mixture of high erucic rapeseed oil with oleic acid (50 wt%) after exposure at 220°C/5 days/batch/AISI 1018

Figure 54

 54 shows the evolution of the SIM-DIS chromatograms before and after the tests in pure rapeseed oil (a) and in model mixture containing 50 % oleic acid (b).

Figure 54 :

 54 Figure 54: (a) SIM-DIS chromatograms showing the evolution of 0 wt% oleic acid mixture after immersion test. Appearance of peaks in the FFA region and minor changes in the fatty acid ester region. (b) SIM-DIS chromatograms showing the evolution of 50 wt% oleic acid mixture after immersion test. Decrease of the peak intensities of oleic acid and triglycerides and increase of peak intensities in the mono-and diglyceride region.

Figure 56 -

 56 a and Figure 56-b respectively illustrate the evolution of IR spectra for the tests in pure rapeseed oil (AV = 0 mgKOH/g) and in the model mixture with 50 wt% oleic acid (AV = 97 mgKOH/g).

Figure 56 :

 56 Figure 56: (a) ATR-FTIR spectra showing the evolution of 0 wt% oleic acid mixture after immersion test. No major changes except increase of peak at 966 cm-1 suggesting cis/trans inversion of fatty acids. (b) ATR-FTIR spectra showing the evolution of 50 wt% oleic acid mixture after immersion test. Decrease of peak intensities of -OH vibration (3400-3000 cm -1 ) and C=O vibration (1711 cm -1 ) of FFA. Appearance of vibration modes at 1567 and 1605 cm -1 suggesting new coordination structures.

Figure 57 :

 57 Figure 57: Characteristic wavelengths of carboxylate produced from the corrosion of carbon steel by FFA in all model mixtures (0-50 wt% acid). Increase of the carboxylate (O-C-O) asymmetric vibration at 1500-1650 cm -1 and of the symmetric vibration band at 1460 cm -1 . Decrease of the carbonyl C=O vibrations in FFA at 1711 cm -1 .

Figure 58 :

 58 Figure 58: Relationship between corrosion rate of AISI 1018 and acid value for the different FFA after immersion tests in model mixtures (220°C/ 5 days exposure/ batch). (a) represents the differences in acid chain length. (b) represents the differences in number of double bonds

Figure 59 :

 59 Figure 59: Chromatograms obtained from SIM-DIS measurements for model mixtures containing high erucic rapeseed oil with individual FFA at 20 wt% initial acid concentration. (a) lauric acid C12:0; (b) myristic acid C14:0; (c) palmitic acid C16:0; (d) stearic acid C18:0; (e) oleic acid C18:1; (f) linoleic acid C18:2. The plots show the evolution of species after exposure to AISI 1018 at 220°C for 5 days

Figure 60 :

 60 Figure 60: Measured ATR-FTIR spectra for the model mixtures of high erucic rapeseed oil with individual FFA at 10-70wt% initial acid concentration. (a) lauric acid C12:0; (b) myristic acid C14:0; (c) palmitic acid C16:0; (d) stearic acid C18:0; (e) oleic acid C18:1; (f) linoleic acid C18:2. The plots show the evolution of species after exposure to AISI 1018 at 220°C for 5 days

4 -

 4 Calculating the molar ratio using the molar mass of iron oleate and the proposed reaction equation:

Figure 62

 62 Figure62represents the ATR-FTIR spectra of oleic acid at t=0h and of iron oleate at t=72h, while Figure63represents the superposed spectra for all the samples in the region specific to iron oleate evolution.

Figure 62 :Figure 63 :

 6263 Figure 62: ATR-FTIR spectra of oleic acid at t=0h compared to that of produced iron oleate at t=72h showing the evolution of the main absorption bands

Figure 64 :

 64 Figure 64: Correlations between [Fe] and the integrated surfaces of v(C=O) vibration band at 1711 cm -1 and v(O-C-O) vibration band at 1500-1650 cm -1 for the samples obtained during the production of concentrated iron oleate

Figure 65 :

 65 Figure 65: Kinetic relationship for iron dissolution obtained during the reaction of pure iron and oleic acid at 220°C after 72h exposure time. The blue dots are values measured by ICP-OES and the orange squares are values calculated by peak integration of ATR-FTIR data

Figure 66 :

 66 Figure 66: Relationships established for AISI 1018 and A387 Gr11 after immersion tests in DTO for 5 days in batch at a temperature range of 100-290°C. (a) corrosion rate (μm/y) vs temperature (°C); (b) corrosion rate (μm/y) on log scale vs 1/T (K -1 )

151 + 42. 9 × 2 -

 92 Correlation between AISI 1018 corrosion rate and temperature: Based on Figure 66-b, the activation energy for AISI 1018 is 58 kJ/mol. The general equation correlating corrosion rate and temperature is in the form of:

  From this equation, one can calculate Vcorr as a function of 1/T for a range of acid values resulting in the plot of Figure67. For comparison, experimental data are also plotted. The lines correspond to calculated corrosion rates using the established equation and the dots correspond to the experimental data (model solutions at different acid values & DTO at different temperatures).

Figure 67 :Figure 68 :

 6768 Figure 67: Established correlations between corrosion rate of AISI 1018 and 1/T for different acidities (0-100 wt%) and in the temperature range of 100-310°C. The colours of the dots presenting experimental data correspond to colours of the lines presenting calculated values at given acid values

Figure 69 :

 69 Figure 69: ATR-FTIR spectra of DTO after immersion tests at 180-290°C

Figure 70 :Figure 71 :

 7071 Figure 70: TGA/DTG curves of unaged DTO measured in the temperature range of 0-500°C

Figure 72 :

 72 Figure 72: IR spectra of the vapor phase produced from the heating of DTO obtained after immersion test at 220°C
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Figure 73

 73 compares the surface of AISI 321 after the tests at 180°C, 220°C, 250 °C, and 290 °C.

Figure 73 :

 73 Figure 73: Surface observations of AISI 321 steel after 5 days exposure in DTO at (a) 180 °C, (b) 220 °C, (c) 250 °C, and (d) 290 °C

Figure 74 :

 74 Figure 74: Photographs taken of the surface of AISI 321 after exposure to DTO at 220°C. (Left) for 5 days in batch and in the presence of AISI 1018/A387 Gr11/AISI 316L. (Right) for 10 days under frequent renewal of the feed only in presence of AISI 316L and AISI 321

Figure 75 :

 75 Figure 75: Cross section analysis of the pits obtained after immersion test of AISI 321 in DTO for 10 days and periodic renewals. Note that only AISI 321 and AISI 316L were present in the system at the time of the test

Figure 76 Figure 76 :

 7676 Figure[START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF] illustrates the surface aspect of AISI 321 coupon after 5 days and 10 days exposure. The trend that was already observed at 220°C is clearly exacerbated. A greater number of pits is observed at 250°C, and the surface coverage has grown significantly, suggesting the onset of uniform corrosion

Figure 77 :

 77 Figure 77: SEM-EDS analysis of the deposits formed on the surface of AISI 321 after exposure to DTO at 290°C

Figure 78 :

 78 Figure 78: Microscopic observations of the solid deposits formed on the surface of AISI 321 after exposure to DTO at 290°C. (left) before chemical etching; (right) after chemical etching

Figure 79 :

 79 Figure 79: TGA/DTG analysis of iron oleate at t = 72h in the temperature range of 0-500°C

Figure 80 :

 80 Figure 80: Suggested mechanism of corrosion by FFA

Figure 84 :

 84 Figure 84: Illustration of the acoustic emission setup used in this study

Figure 86 :

 86 Figure 86: Number of cumulated signals as a function of time for the blank test (220°C/24h)

Figure 87 :

 87 Figure 87: Number of cumulated signals as a function of time for the blank test (220°C/24h) after post-acquisition filtering (NC < 1 and E < 5)

Figure 88 :Figure 87 )

 8887 Figure 88: Representation of selected descriptors in function on time for the blank test (220°C/24h). (a) Peak frequency. (b) frequency centroid. (c) amplitude. (d) cumulated energy

Figure 89

 89 presents the number of cumulated signals detected in the corrosion test compared to that of the blank test. To better compare the trends, the values are normalized to 1.

Figure 89 :

 89 Figure 89: Comparison between the trends obtained from plotting the number of normalized cumulated signals as a function of time for the blank test and the corrosion test

Figure 90 :

 90 Figure 90: Representation of selected descriptors in function on time for the corrosion test (220°C/42h). (a) number of cumulated signals. (b) frequency centroid. (c) amplitude. (d) cumulated energy

Figure 92 :

 92 Figure 92: Nyquist spectra for mixtures of coconut oil and oleic acid at AV = 0, 20, 40, 60, 80, 100 measured at 50°C showing the effect of acid concentration

Figure 93 :

 93 Figure 93: Plot showing a linear correlation between conductivity and acid concentration for the mixtures of coconut oil and oleic acid at AV = 0, 20, 40, 60, 80 mgKOH/g measured at 50°C

Figure 94 :

 94 Figure 94: Plots showing an Arrhenius behaviour for conductivity as a function of temperature for (Left) mineral oil and (Right) refined colza, measured in the range of 60-75°C
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Tableau 1: Liste des charges industrielles sélectionnées dans cette étude. (En vert) Les huiles de première génération. (En bleu) Les huiles de deuxième génération.

  

	Propriétés physico-chimique	Refined Rapeseed	Refined Sunflower	Refined Soya	Refined Palm	Animal fat	Fish oil	WCO PFAD TOFA DTO
	Esters d'acides gras [%m/m]	>99	>99	>99	>99	96.7	98.5 93.9	6.2	-	-
	Acides gras libres	[%m/m]	0.1	<0.1	<0.1	<0.1	3.3	1.5	6.1	93.8 96.7 77.6
	Acidité (TAN)	[mgKOH/g]	0.06	0.06	0.06	0.16	10.2	4.6	16	185	196	192
	Indice de péroxide [meqO2/kg]	0.6	2.1	0.7	1.1	13.4	3.4	1.2	1.2	7.2	-
	Teneur en eau	[mg/kg]	150	170	150	100	709	1000 3310 1468 240	640
	Indice d'iode	[g/100g]	115	126	132	53.5	78	136	87	61	146	166
	Densité (15°C)	[g/cm 3 ]	0.921	0.923	0.923	0.916	0.917 0.923 0.921 0.897 0.909 0.940

WCO : huile de cuisson usagée ; PFAD : distillat d'huile de palme ; TOFA et DTO : distillats de l'huile de tall Les propriétés intéressantes sont l'acidité, qui est une mesure totale des acides gras libres ; l'indice de peroxyde, qui est une mesure de la présence de produits primaires d'oxydation ; la teneur en eau qui mesure la présence d'eau dans la charge ; l'indice d'iode, qui est une mesure de l'insaturation moyenne des lipides.

Concernant les échantillons métalliques étudiés, une sélection de grades d'aciers a été faite sur base des matériaux typiquement utilisés dans l'industrie. Ceci inclut un acier au carbone (AISI 1018), un acier faiblement allié (A387 Gr11), et deux aciers inoxydables austénitiques (AISI 316L et AISI 321). La composition chimique de ces aciers est présentée dans le Erreur ! Référence non valide pour un signet..

Tableau 2: Composition chimique des aciers utilisés dans cette étude

  

	Acier						Composition (wt%)				
		C	Mn	Si	Cr	Ni	Mo	Ti	P	S	N	Fe
	AISI	0.019	1.26	0.45	17.15	10.19	2.02	0.017 0.035	0.001	0.051	68
	316L											
	AISI 321	0.048	1.35	0.53	17.18	9.13	0.43	0.440 0.034	0.001	0.009	70
	AISI	0.18	0.84	0.02	0.02	0.01	<0.01	-	0.01	<0.005	-	99
	1018											
	A387 Gr	0.1	0.5	0.7	1.25	-	0.50	-	0.02	0.02	-	97
	11											

  Les essais menés en conditions représentatives de l'amont du réacteur d'hydrotraitement révèlent que la présence d'acides gras libres dans la charge est un facteur de premier ordre dans la corrosion des aciers au carbone et faiblement alliés tandis que leur structure a un effet mineur. La température est aussi un paramètre de premier ordre à considérer entre 100 et 290°C. Une relation qui obéit la loi d'Arrhenius a été établie entre la vitesse de corrosion et la température pour les aciers au carbone et faiblement alliés avec les énergies

Conclusion

L'étude s'est focalisée sur l'impact de la composition des charges lipidiques sur la corrosion d'aciers dans les unités de bio-raffinage. L'exemple du procédé d'hydrotraitement pour convertir les huiles végétales, animales, et de déchets en biocarburant a été utilisé. d'activation qui révèlent une corrosion plus accélérée par la température de l'acier faiblement allié. Les aciers inoxydables peuvent être affectés sous certaines conditions. L'acier AISI 321 subit une corrosion par piqures quand il est exposé aux charges fortement acides (distillats d'acides) à 220°C : cette corrosion localisée se transforme en corrosion généralisée en augmentant la température. La haute résistance de l'acier AISI 316L comparée à celle de l'acier AISI 321 met en valeur l'importance du molybdène dans la protectivité du film passif.

Fatty acid composition (wt%) Colza oil Sunflower oil Soya oil Palm oil Corn oil

  

	Palmitic acid	16:0*	-	5-7	9-11	41-45	11-14
	Stearic acid	18:0	-	3-5	3-5	4-6	1.5-3
	Oleic acid	18:1	55-63	19-22	21-24	35-41	24-30
	Linoleic acid	18:2	17-22	65-69	52-57	9-12	45-55
	Linolenic acid	18:3	7-11	-	6-9	-	-

*

CX:Y, [X = number of C; Y = number of double bonds] Table 1: Table displaying the major chemical composition of some bio-oils of industrial interest (based on data collected from [4])

  

Table 2 : Standardized methods used for the characterization of bio-oils regarding chemical composition and physical-chemical properties Global physical-chemical properties Method Reference Information obtained

 2 

	Acid value	NF EN ISO 660 (titration)	Total concentration of FFA	
	Iodine value	NF EN ISO 3961/EN 14111 (titration)	Measures an average degree of unsaturation
	Peroxide value	NF EN ISO 3960 (titration)	Identifies (peroxides, aldehydes, ketones) primary oxidation	products
	Water content	NF EN ISO 12937/6296 (Karl Fischer)	Possible link to FFA production by hydrolysis of fatty acid esters
	Chemical structure profile Method Reference	Information obtained	
	Fatty acid composition	NF EN ISO 12966-2 and -4 (GC method)	Quantifies and identifies fatty acid methyl esters molecular structure
	Glyceridic profile	Internal ITERG/GC method	Identifies and quantifies lipid families (TG, DG, MG, FFA, glycerol and sterol)

Table 4 : Table presenting the retention time values and boiling points of triglycerides and some main FFA [29, 30]

 4 

	COMPOUND	RETENTION TIME (MIN)	BOILING POINT (°C)
	Triglyceride	60-80	550-599
	Free fatty acids:	28-37	309-360
	Myristic acid (C14:0)	28.4	309
	Palmitic acid (C16:0)	34.3	343
	Stearic acid (C18:0)	37.3	361
	Oleic acid (C18:1)	36.8	358

Table 5 : Activation energies obtained from the corrosion of carbon and low alloy steels in different oils

 5 

	Reference	Steel	Oil medium	TAN (mgKOH/g)	Exposure time (h)	Temperature range (°C)	Activation energy (KJ/mol)
	Slavcheva and Turnbull [32]	AISI 1018	CHCA in mineral oil NAs in mineral oil	18.14 17.23	3 3	210-300	31.8 23.8
	Gutzeit [37]	Carbon steel	Crude oil	1.0	-	288-420 <232	66.9 No linearity
	Patrick [39]	Pure iron	CHBA in mineral oil	-	-	240-320	55.4
	Qu and Zheng [35]	Q235 5Cr1/2Mo	NAs transformer oil in synthetic	14.51	-	130-315	54.0 63.2

Table 6 : Suggested threshold values for structural identification of organo-metal complexes by ATR- FTIR [16] STRUCTURE ∆ (VASYM-VSYM)

 6 

	Unidentate	> 200 cm -1
	Bidentate chelating	110 < ∆ < 200 cm -1
	Bidentate bridging	< 110 cm -1

bridging compounds is like the unidentate structure in that only one oxygen coordinates with one metal cation. However, carboxylate group symmetry of the bridging structure is like that of the chelating one. Nonetheless, Δν has been suggested to be smaller in the chelating than in the bridging based on the hypothesis that the (-O-C-O-) angle is smaller in the chelating group (180° in bridging) leading to a decrease in vCOOasym and an increase in vCOOsym

[START_REF] Palacios | Infrared spectroscopy of metal carboxylates[END_REF][START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF][START_REF] Mehrotra | Metal Carboxylates[END_REF][79][80] 

A general trend is attributed to the band separation of the carboxylate coordination complexes

[START_REF] Patrick | Understanding Naphthenic Acid Corrosion in Refinery Settings[END_REF][START_REF] Palacios | Infrared spectroscopy of metal carboxylates[END_REF][START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF]

: Non-associated acid > unidentate > bidentate bridging > bidentate chelating > ionic Based on the principles established by Bronstein and Huang

[START_REF] Bronstein | Influence of Iron Oleate Complex Structure on Iron Oxide Nanoparticle Formation[END_REF]

, Lin and Kim

[START_REF] Lin | In situ thermolysis of magnetic nanoparticles using non-hydrated iron oleate complex[END_REF] 

attribute different modes of ligand coordination by linking the carboxylate absorption values in IR with threshold values of Δν. The values are displayed in Table

6

.

Table 7 : List of the experimental techniques used in this study

 7 

		Bio-oil characterization
	Analysis	Method	Information obtained
	Acid value	Potentiometric titration	Quantifies total free fatty acid content for model mixtures
	ATR-FTIR	Vibrational spectroscopy	Assessment of species based on reference absorbance frequencies of functional groups
	Simulated	Separation and Gas	Identifies species based on boiling point distribution. Monitors
	distillation	chromatography	the evolution of individual species initially present
	TGA/DTG	Thermogravimetric analysis	Thermal behaviour and stability of species
		Corrosion evaluation
	Analysis	Method	Information obtained
	Corrosion rate	Immersion test	Corrosion rate values to establish correlations
	Optical observation	Microscopic 2D/3D	Surface characterization of steels
	ICP-OES	Elemental analysis by spectroscopy	Quantifies corrosion products through dissolved metal detection
		Additional techniques
	Analysis	Method	Information obtained
	In situ		
	measurement by		
	acoustic emission		

Ultrasonic

In-situ. Measures evolution of corrosion and localisation of sources (pits, crevasses…) Annex F -

Electrical conductivity of oils

Impedance spectroscopy Influence of FFA on the electrical conductivity of solutions Annex G -

Table 8 : Table displaying the chemical composition of the selected metallic samples
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	Metal						Composition (wt%)				
		C	Mn	Si	Cr	Ni	Mo	Ti	P	S	N	Fe
	AISI	0.019	1.26	0.45	17.15	10.19	2.02	0.017 0.035	0.001	0.051	68
	316L											
	AISI 321	0.048	1.35	0.53	17.18	9.13	0.43	0.440 0.034	0.001	0.009	70
	AISI	0.18	0.84	0.02	0.02	0.01	<0.01	-	0.01	<0.005	-	99
	1018											
	A387 Gr	0.1	0.5	0.7	1.25	-	0.50	-	0.02	0.02	-	97
	11											

Table 10 . Weight-loss corrosion rate results and dissolved iron counts from industrial feeds after immersion tests

 10 Exposure time is set at five days, 10 bars of N2 is initially introduced into the system, and AISI 316L, AISI 321, AISI 1018, and A387 Gr11 steel coupons are present simultaneously. A constant temperature of 220°C is set during the entire test.Corrosion rates are summarized in Table10. The values are presented as the average of two coupons and the corresponding deviation and are complemented by iron concentration measurements obtained from ICP-OES measurements on aged solutions. The corrosion rate values are converted from coupon weight loss measurements based on equation 1 in section 3.2.2.

				Corrosion rate (μm/y)		[Fe]
	Industrial oils					
		AISI 316L	AISI 321	AISI 1018	A387Gr11	(wt. ppm)
	Refined Soya	<5	<5	<5	<5	N/A
	Refined Sunflower	<5	<5	44 +/-2	6 +/-4	N/A
	Refined Rapeseed	<5	<5	41 +/-4	<5	N/A
	Refined Palm	<5	<5	<5	<5	N/A
	Fish oil	<5	<5	179 +/-3	132 +/-12	265
	Animal fats	<5	<5	307 +/-18	247 +/-8	459
	WCO	<5	<5	1187 +/-28	1355 +/-56	1935
	PFAD	<5	<5	7270 +/-3	1522 +/-151	8420
	TOFA	<5	<5	10324 +/-78	5514 +/-406	12800
	DTO	<5	<5	6451 +/-16	6054 +/-50	9210

1.1).

Table 11 : Table listing the selected fatty acids and their properties
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	Acid	Purity (%)	Acidity (mgKOH/g)	Boiling point (°C) 1	Melting point (°C)	Molecular weight (g/mol)	Density (g/ml)	Physical state
	Lauric (C12:0)	99.70	283.5	298.9		43.2	200.3178	0.883	Solid
	Myristic (C14:0)	99.30	246.2	325.9		54.4	228.3709	0.862	Solid
	Palmitic (C16:0)	99.60	219.1	349		62.9	256.42	0.852	Solid
	Stearic (C18:0) 99.00	201.5	375		68.8	284.48	0.845	Solid
	Oleic (C18:1) * 90.90	226	360		-	282.46	0.887	Liquid
	Linoleic (C18:2) *	66.00	220	230 16mmHg	at	-	280.45	0.902	Liquid

*Oleic

acid contains 10% palmitic acid *Linoleic acid contains 25% oleic acid and 10% palmitic acid

  

Table 12 : Measured acid values for the model mixtures between oleic acid and rapeseed oil
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	Weight % oleic acid added	0	10	20	30	40	50	70
	Acid value (mgKOH/g)	0.76	19	38	58	77	97	152

Table 13 : Measured acid values for the model mixtures between all selected FFA and rapeseed oil
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	Weight%	Rapeseed +	Rapeseed +	Rapeseed +	Rapeseed +	Rapeseed +	Rapeseed +
	FFA added	C12:0	C14:0	C16:0	C18:0	C18:1	C18:2
	10 wt%	21	22	22	21	19	21
	20 wt%	41	42	42	42	38	41
	40 wt%	86	87	86	85	77	87
	70 wt%	156	152	154	159	152	158

Table 14 : Identification of several lipidic compounds using SIM-DIS chromatograms presenting values of boiling point temperatures and retention times in the column
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	COMPOUND	RETENTION TIME EXP	BOILING POINT LIT	BOILING POINT EXP
		(MIN)	(°C)	(°C)
	Triglyceride	9-10	550-599	580-620
	Diglyceride	7-8	-	520-570
	Monoglyceride	6-7	-	360-430
	Free fatty acids:	2-5	290-380	280-380
	Lauric acid (C12:0)	2.3-2.7	299	294
	Myristic acid (C14:0)	2.9-3.3	326	323
	Palmitic acid (C16:0)	3.4-3.8	349	348
	Stearic acid (C18:0)	3.9-4.2	370-376	371
	Oleic acid (C18:1)	3.9-4.2	360	370
	Linoleic acid (C18:2)	3.9-4.2	365	368

Table 15 : Corrosion rate results and dissolved iron counts for corrosion tests in model mixtures FFA content
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		Acid value	Corrosion rate AISI 1018	[Fe]
		(mgKOH/g)	(μm/y)	(wt. ppm)
	0 wt%	0.76	197 +/-7	529
	10 wt%	19	856 +/-185	N/A
	20 wt%	38	1792 +/-12	4990
	30 wt%	58	2763 +/-20	17900
	40 wt%	87	4229 +/-103	N/A
	50 wt%	97	5205 +/-120	26700
	70 wt%	152	7027 +/-203	N/A

Table 17 : Measured iron content by ICP-OES in the aliquots collected during the test between pure iron and oleic acid
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	Aliquot at t(h)	[Fe] ppm	[Fe] +/-
	0	0	0
	1	9920	700
	3	22400	1100
	8	37300	1900
	72	81700	4100

Table 18 : Table presenting the [Fe] measured by ICP-OES and peak integrations of the absorption bands of oleic acid carbonyl (C=O) vibration and iron oleate carboxyl (O-C-O) asymmetric vibration

 18 By plotting the values in Table18of iron content [Fe] as a function of peak integration of the carbonyl vibration v(C=O) and the carboxylate asymmetric vibration v(O-C-O), respectively, linear correlations are obtained. They indicate that iron increases proportionally to the formation of metal complexes and decreases with the consumption of oleic acid. Figure64represents the resulting correlations.

	t(h)	[Fe] ppm	[Fe] +/-	v(C=O)	v(O-C-O)
	0	0	0	11,04	2,245
	1	9920	700	8,63	3,24
	3	22400	1100	7,27	5,78
	8	37300	1900	5,58	8,78
	72	81700	4100	0,95	12,63

Table 20 : Characteristic IR bands for carboxylate stretching in the case of metal complexes other than with iron [81]
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Table 22 : Parameters used during the acquisition of both the blank and corrosion tests
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	Parameter	Value
	Threshold	30 dB
	Pre-amplification	40 dB
	Lower frequency	20 KHz
	Upper frequency	1 MHz
	Sample rate	5000 KPS
	Front end filter	Energy (a.u.): Low level = 4 ; High level = 1000

Experimental normal boiling points of free fatty acids and lipids are difficult to measure since they usually decompose at high temperatures under atmospheric pressure conditions.

Identification of the main corrosive parameters

The first approach in understanding the corrosion reactions in bio-oil media requires the use of various types of feeds with different properties and composition. The samples include raw oils and oils purified from impurities (refined) and range from a selection of vegetable and animal-based sources. Additionally, consumption waste oils and industrial process by-products are also included.

In the case of the alternative bio-oils, the results are presented in Figure 40. When it comes to animal oils and fats, there is a notable change in the corrosion rates of AISI 1018 carbon steel and A387 Gr11 low alloy steel compared to the results obtained with the refined vegetable oils (Figure 39). Major changes in the composition of these oils relatively to the conventional sources include the increase in the acid value (4.6 mgKOH/g for fish oil and 10.2 mgKOH/g for animal fat compared to a maximum of 0.08 mgKOH/g for palm oil) and an increase in water content (709 ppm for animal fat and 1000 ppm for fish oil compared to a maximum of 170 ppm for sunflower oil). Corrosion rates of carbon steel have strongly increased (179 μm/y for fish oil and 307 μm/y for animal fat compared to a maximum of 44 μm/y). The same trend is also observed for A387 Gr11 low alloy steel which exhibits a 20-30% decrease of corrosion rates compared to AISI 1018 carbon steel. Note that as the acid value has doubled between fish oil and animal fat, so did the respective corrosion rates of carbon and low alloy steel. There seems to be a link with the stronger presence of FFA, however, the large water content in these oils cannot draw a definite conclusion on the impact of FFA as the influence of water in bio-oils is not well understood on the corrosion mechanisms.

The corrosiveness scale is further increased in the oil fractions produced as distillate cuts of industrial processes and unrefined mixtures of consumer wastes. Exposure to waste cooking oil (WCO) results in a corrosion rate of 1189 μm/y for AISI 1018 carbon steel and 1355 μm/y for A387 Gr11. This is the only test condition where the low alloy steel suffers more severe weight-loss than carbon steel. A possible explanation may be linked to the higher number of impurities present in WCO. As shown in Figure 38a, the water content in WCO is the highest of all tested feeds (3300 ppm). It is very likely that other impurities such as salts are also present, which might affect the protectiveness afforded by chromium and molybdenum additions in A387 Gr11. Results from the feeds with the highest acid values show even higher corrosion rates. Tests carried out in PFAD (AV = 185 mgKOH/g) results in corrosion rates evolves as FFA concentration increases which is linked to the increase of hydroxyl intensity in the carboxylic group of oleic acid. The aim of this experiment is to fully characterize the corrosion mechanism. A first approach at developing the mechanism is by establishing the corrosion reaction between oleic acid and iron. This can be proposed using mass balance calculations used to obtain a molar ratio between the reactants. The mass values measured during the test are presented in Table 16: Initially, 177.27g of acid are added but at the end of the test only 169.93g are recovered from the total amount of samples taken during the test. The mass of acid discarded is mainly due to losses during the operation (residues in transfer lines and in the reactor). From the mass of iron particles added (122.37g), 107.82g are recovered which corresponds to 14.55g consumed during the test. The loss in preventing operational constraints on the process unit (in the form of HDT catalyser poisoning or plugging of transfer lines), further analysis (using XRD for example) is needed to validate the composition of the residue. A first insight using elemental calculations can reveal the possible composition of this residue in Annex M -.

Results from the TGA analysis of the iron oleate complex can help explain the appearance of deposits on the AISI 321 coupons after exposure to DTO at 290°C. The corrosion products obtained from the reaction between the FFA (in DTO) and iron (in carbon and low alloy steels) might have decomposed and deposited on the pitted surface of AISI 321 explaining the shape of the site which the deposits occupy (Figure 78).

Summary of corrosion test results

Corrosion tests were achieved on a series of lipidic bio-oils in similar conditions encountered in the upstream section of a hydrotreatment unit. The corrosiveness of the bio-oils was evaluated based on corrosion rate values obtained from conducting immersion tests of different steel grades selected based on their common uses in the process unit. In parallel, chemical analysis of the bio-oil composition allowed to establish correlations with corrosion rate values that identified the main properties affecting the corrosion of the steels. Initial acidity, which is a measure of the total amount of FFA contained in the feed, was identified as the only parameter affecting corrosion rate compared to the other properties. As such, further investigation in the activity of FFA, using a model mixture approach, allowed to develop on the impact of FFA concentration and FFA structure (acid chain length and acid unsaturation). Results have shown that FFA concentration is a first order parameter governing the corrosion of carbon and low alloy steel while FFA structure has minor impact. Finally, the influence of operation parameter and steel composition was investigated. Results showed that corrosion of carbon and low alloy steel is thermally activated in the region between 100-290°C and that AISI 321 stainless steel suffers from severe pitting in the range of 220-290°C when exposed to high acidic feeds.

The following summarises the results obtained from each type of corrosion test presented in Table 9.

Tests in industrial feeds

The first approach consisted of testing different grades of industrial feedstocks with varying composition and properties. The bio-oils were distinguished based on their sources (conventional or alternative) and from selected properties which include acid value, peroxide index, iodine index, and water content. Conducting immersion test on all the selected steel grades (AISI 1018, A387 Gr11, AISI 316L, AISI 321) at 220°C, for 5 days, under nitrogen gas reveals a classification of the feeds: Category (1) consists of refined vegetable oils with properties like those of basic vegetable oils and are characterized by having very low acid values (<1 mgKOH/g). Here, the corrosion rates of carbon and low alloy steels is less than 0.2 mm/y. Category (2) consists of animal fats and oils and are characterized by having larger water content (700-1000 ppm) and higher acid values (AV = 5-10 mgKOH/g) than those in category (1). Their impact on the corrosion of AISI 1018 and A387 Gr11 is more apparent with corrosion rate values in the range of a couple of hundreds of μm/y. Category (3) consists of waste consumer oils and industrial by-products characterized by having much higher acid values than any of the other categories. The by-products are mainly high acid oil distillates while the waste oil has more moderate acid content (AV = 16 mgKOH/g) but high water content (3310 ppm) with a possible influence from salts. Corrosion rates in these oils is extremely high (1-10 mm/y for AISI 1018 and 1-6 mm/y for Annex A -GHG emissions by gases Further evaluation of the activity is made by studying the evolution of specific wave characteristics. These parameters allow to develop the general behaviour of the detected signals which is essential for advanced signal treatment. The identification of these parameters is only possible in the case of discrete acoustic emission in which the activity is presented as transitional and oscillating signals that can be separated, while in the case of continuous acoustic emission the signals are numerous and

Annex C -Fatty acid composition of industrial bio-oils

Annex G -Electrical conductivity of oils

The organo-metallic complexation process suggests both a chemical and electrochemical mechanism.

Although corrosion by acids inclines towards a chemical reaction, especially in non-ionic, aprotic and non-conductive media, an electrochemical reaction occurs at the metal-oil interface. The pathways in Figure 21 have suggested that in order for a complex to form, an intermediate carboxylate ligand is necessary to bind with a metal cation. While carboxylate chelators are formed by deprotonation or radicalization, metal ions are formed by electro-oxidation via electron charge transfer. Sawyer [103] proves that at interfacial levels undergoing anodic transformations, electrons originating from base ligands can cause the electrochemical transformation of the metal into complexes via electrooxidation. Moreover, in an attempt to establish a passive layer solubilisation connection with organic chelators, Connatser and Firth [START_REF] Connatser | Approaches to investigate the role of chelation in the corrosivity of biomass-derived oils[END_REF] attributes an electrochemical interaction phenomenon by assessing the resistivity of the passive film to charge transfer and electronic passage for individual compounds, including acids. While they did not attribute a direct correlation with the aggressiveness of the compound, they do imply that a facility of an electronic passage through the passive film tends to liberate surface metals.

While an in-situ electrochemical method in high temperature bio-oils is not the focus of this study, it is interesting to characterize the conductivity/resistivity of the solution relatively to acid content and products issued from degradation. Electrochemical impedance spectroscopy (EIS) is used to measure the dielectric constant of an oil. Polarization of induced dipoles allows to obtain information on compounds formed in an initially resistive medium. When an alternative electric current is applied on a material, the response is a wave of potential and current separated by a constant time shift φ (°).

Impedance is a measure of the ratio between potential and current, as a function of the applied frequency, represented by: *

The interaction of the applied external field with the electric dipole moment of the sample is expressed by permittivity. As the dielectric constant does not respond immediately to the applied field, a complex representation is used: * = -Correlating equations ( 1) and (2), information on the dielectric constant is obtained by measuring the value of the imaginary part of impedance (Z''), often referred to as capacitance, following:

The imaginary part of permittivity can be obtained by measuring the real part of impedance (Z'), often referred to as resistance, following:

Nonetheless, conductivity (σ) of the oil can be obtained either by correlating to the imaginary part of permittivity (Ɛr '' ) or by measuring the resisitivity (ρ) following:

Where ω is the angular each frequency in rad/s (ω = 2πf), C0 is the capacitance of the cell in vacuum, Ɛ0 is the permittivity of vacuum (8.85 x 10 -12 Farad/meter), and β is the cell geometry (m). Equation [START_REF] Santos | Thermal Stability and Kinetic Study on Thermal Decomposition of Commercial Edible Oils by Thermogravimetry[END_REF] shows that if the measured resistance caused by the mobilization of the induced dipoles increases then the conductivity decreases.

Carboxylic acids are considered as polar molecules due to their carboxylic functional group. However, as chain length increases, its polarity decreases, due to the hydrophobic nature of the alkyl chain, making them nonpolar. When an electric potential is applied, these non-polar compounds can be polarized in the form of electrostatic dipoles. Dielectric constant (or permittivity) of mixtures is reflected by the complex molecular interactions of the compounds contained in the medium. When bounded in the form of glycerides, fatty acids are harder to mobilize due to the heavy molecular density, however in free state, the acids would be easier to polarize thus reducing the overall resistivity of the solution. Therefore, it is expected that increased amounts of free fatty acids correspond to higher conductivity.

An attempt to establish a correlation between free fatty acid content and conductivity using EIS was made. The study made use of model mixtures of coconut oil with increasing concentrations of oleic acid (AV = 0, 20, 40, 60, 80, 100 mgKOH/g). They were electrically characterized at 50°C by performing AC measurements in the 10MHz-10mHz frequency range, with 100 mV potential amplitude, using a Solartron Model with frequency response analyser 1260 and a signal enhancement interface 1296. The instrument is monitored by SMART system and the results are modelled with Zview. The sample holder consists of two intercalated cylinders (316L) into which 10 ml of solution is enough to cover the inner walls. The co-axial geometry formed allows for a planar distribution of the applied electric field. The outer cylinder acts as the counter electrode and the inner cylinder as the working electrode. The geometric constant of the cell (β) was calculated at 1038.16 cm. Additionally, convection heating was

used inside an oven to maintain isotherm so the use of a Faraday cage was important to eliminate electrostatic interference. The setup is illustrated in Figure 91. Results obtained in the form of impedance measurements show a typical dielectric behaviour with resistance values reaching 1.09*10 9 Ω for the fresh coconut oil (AV = 0). Increasing acid concentration clearly shows a linear tendency to decrease resistance of the oil (Figure 92). However, it should be noted that at AV = 100 the tendency is interrupted. This can be due to inaccuracies in measurements or possible secondary effects due to the high concentration of induced dipoles.

Annex H -Operational protocol of T-591 Figure 95: Schematic representation of the operating mode of T-591

The upstream section is divided into three stages:

1-Feeding: Occurs in pot T02. It involves pre-heating the oil and maintaining the solution under isothermal conditions. T02 is placed in an isolation jacket that helps maintain the temperature by reducing thermal losses to the atmosphere. Agitation is added to ensure homogeneous heating.

2-Transfer: Occurs between chambers T02 and T01. It involves transferring the pre-heated solution from the feeding section and into the transfer reservoir (T01) where the oil is conditioned at higher temperatures before finally being injected into R01. The transfer occurs at low N2 pressures (0.2-0.5b).

3-Injection: Occurs between chambers T01 and R01. The oil is maintained in T01 at 70°C during which 10b of N2 are fed to the chamber at pressure levels higher than those in R01. After R01 has been fully depressurized, two valves are open allowing the solution to be driven into the reactor without additional pressure. The process of depressurization and gas injections is repeated three times to ensure complete transfer of the liquid from T01 to R01.

The downstream section is divided into two stages: 

Annex L -SIM-DIS representation by integrated boiling points

Annex M -Characterisation of iron oxide from the thermal decomposition of iron oleate

Metal dosing of the iron oleate sample after 72h of reaction time reveals that 8.2 wt% of iron is detected in the final product (Figure 65). Based on the TGA analysis done on the sample, around 12.8 wt% of residue is obtained after complete thermal decomposition at 500°C. Three main iron oxides fall in the category of iron oxide nanoparticle synthesis [104]: magnetite (Fe3O4), maghemite (γ-Fe2O3), hematite (α-Fe2O3). This includes the chemical route of thermal decomposition of iron oleate precursors as reported in the literature.

Assuming that the residue is either in the form of Fe3O4 or Fe2O3 then:

1-Calculating mol of iron (nFe) in 100 g of iron oxide: The values obtained seem to fall within the same range of the final residue weight obtained during TGA (12.8 wt%). However, a dispersion of 1-1.5 wt% is present which might be due to several factors which include: dispersion in measurements in the ICP-OES iron dosing and TGA or oxidation of the iron oxides after exposure to air when collecting the residue.

While the elemental analysis only provides some speculations on the nature of the oxide, further analysis has to be done to confirm the hypothesis. This can be achieved by increasing the yield of iron oxides by calcinating iron oleates obtained following the same reaction, while maintaining inert conditions with minimal oxygen exposure to prevent oxidation of the oxide. Characterization by XRD/SEM or TEM can provide further information regarding the structure of the oxide. The thermal profile of corrosion products is important to have as it can provide information on the areas potentially exposed to iron oxide deposition.