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Introduction générale

La croissance de la demande en carburant, le teneur importante en impuretés dans les pétroles bruts et le contrôle des émissions de gaz sont les principaux facteurs qui exigent l'amélioration de la performance des procédés de raffinage. À long terme, l'industrie pétrolière devra adapter aux changements dans la demande en carburant et la modification de la qualité de pétrole brut. Les La thèse est structurée en 5 chapitres:

(1) Les études bibliographiques sur le mécanisme réactionnel et la cinétique réactionnelle de l'HDN des molécules modèles et des charges réelles. Les effets de l'acidité de supports sont également discutés.

(2) Les caractérisations de catalyseurs: les propriétés texturales, la fonction acide et la fonction d'hydrogénation ainsi la quantification et la dispersion de la phase active.

(3) Les effets de l'acidité du support sur l'HDN de la quinoléine.

(4) Les effets de l'acidité du support sur l'HDN de l'indole, puis la comparaison des aspects cinétiques et d'adsorption entre l'HDN de ces deux molécules modèles.

(5) A partir des molécules modèles à la charge réelle: HDN du mélange de Gazole Straight Run et Gazole Coker.

General introduction

The growth of worldwide fuel demand, the crude oil depletion as well as the rise of impurities content in crude oil and emission control requirements are the principal factors which require the improvement of the quality of refining processes. In the long term, oil refining industry will have to adapt to changes in the mix of demand for refined products and modifications in crude oil qualities. Hydrotreating and upgrading processes of heavy petroleum cuts in refinery are increasingly needed in order to produce lighter and cleaner fuels. Hydrotreating reactions play two important roles:

(i) the removal of sulfur and aromatic compounds in petroleum fractions for satisfying fuels quality and environmental regulations; (ii) the purification of petroleum fractions for further downstream processing by other catalytic reactions. The implementation of a hydrotreating stage before these upgrading processes prevents the poisoning of catalysts and thus improves the process conversion.

The use of hydrodenitrogenation (HDN) catalysts is increasingly important due to the demand for upgrading heavy feedstocks and drastic effects of nitrogen containing organic compounds on downstream oil refining processes and on the specifications of final products. N compounds cause the poisoning of acid catalysts in upgrading processes such as hydrocracking and fluid catalytic cracking, even below 50 ppm of nitrogen. They also act as inhibitors on deep hydrodesulphurization and hydrodearomatization due to the competitive adsorption on catalytic active sites of nitrogen compounds. Attempts to improve the formulation of hydrotreating catalysts could be performed via the modification of support acidity of sulfide catalysts, which showed effects on the activity of hydrotreating catalysts. A rational design of better HDN catalyst requires a better understanding of how catalytic sites influence activity as well as selectivity. Kinetic study of HDN reactions is a key tool for this approach.

It is difficult to carry out comprehensive mechanistic studies on real feedstock due to complex mixtures of many different molecules. Therefore, a first and simpler option is to use welldefined model molecules for which the reaction network can be studied in detail. The first objective of the thesis is to discriminate the role of support acidity of sulfide NiMo catalysts in the HDN of nitrogen containing model molecules. For that, the two catalysts with different support acidity, the one supported on γ-alumina (the reference catalyst) and the second supported on amorphous silica-alumina (prepared by impregnation method) from IFP Energies Nouvelles are chosen. Quinoline and indole, respectively basic and neutral nitrogen compounds, are selected as model compounds. The support acidity effects will be investigated by correlating catalyst's characterization data (of support acidity and active phase) and an advanced kinetic model of quinoline and indole HDN. The role of support acidity on each elemental step of the complex reaction network of quinoline and indole HDN, including the hydrogenation, the ring opening and N-removal steps, will be analyzed in detail. As well, the effects of support acidity on the adsorption of nitrogen compounds will be investigated.

Results obtained from the HDN of quinoline and indole will be compared each other in order to evaluate the difference in the support acidity effects on the HDN of basic and neutral compound.

The second objective is to investigate the HDN mechanism of a real petroleum feed and to transpose the results obtained from the study of model molecules to the HDN of a real petroleum feed.

A mixture of Straight Run and Coker Gas Oils is chosen as feed. A Coker Gas Oil is a low quality middle distillate (low cetane index, high content of sulfur, nitrogen and aromatic) and it requires upgrading by hydrotreating to meet the different specifications on product quality. The HDN conversion of the real feed will be followed, distinguishing total and basic nitrogen content. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR/MS) will be used to characterize the nitrogen compounds. This will allow us to evaluate the HDN reaction pathway (hydrogenation, ring opening, N-removal reaction steps) and to compare the reactivity towards HDN of different nitrogen families in the feed. As well, we expect to discriminate the support acidity effects on the HDN of the real feed.

The thesis is structured into 5 chapters:

(1) Bibliographic studies on the HDN reaction mechanism and reaction kinetic of model molecules and the real petroleum feed. The various support acidity effects are also discussed.

(2) Catalyst characterizations: the two catalysts are characterized textural properties, metal loading, the acid function, hydrogenation function and the active phase dispersion and content.

(3) Effects of support acidity on the quinoline HDN (4) Effects of support acidity on the indole HDN, and comparison of kinetic and adsorption aspects between the indole HDN and the quinoline HDN. Moreover, the quality of extracted crude oils will be increasingly poorer. The proportion of heavy crude oil is rising and these heavy oil fractions have a high content of aromatics and of sulfur and nitrogen compounds. In order to convert heavy oil fractions, for which there is little market demand, into light and middle distillates, for which demand is growing as shown above, hydrocracking and catalytic cracking are very attractive processes.

The growth of worldwide fuel demand, the crude oil depletion as well as the rise of impurities content in crude oil and emission control requirements are the principal factors which require the improvement of the quality of refining processes. In the long term, the refining industry will have to adapt to further geographical shifts in demand, changes in the mix of demand for refined products and modifications in crude oil qualities. There is a need for more conversion of heavy petroleum cuts, more hydrotreating and upgrading capacity in refinery in order to produce lighter and cleaner fuels. Therefore, studying processes and catalysts which are used for conversions of heavy petroleum fractions will be a challenge for refiners and scientists.

Distribution of nitrogen compounds in petroleum fractions

In petroleum fractions, nitrogen compounds found fall into one of two types: nonheterocycles and heterocycles. The non-heterocycles include aniline and aliphatic amines.

Aliphatic amines are rapidly decomposed in hydrotreating conditions. The heterocyclic nitrogen compounds are usefully classified into 2 groups: the six-membered pyridinic ring and the five-membered pyrrolic ring. Some heterocyclic compounds in these two groups are given in Figure 12. [2][3][4][5][6][7] In six membered nitrogen heterocycles, the free pair of electron on nitrogen atom is not involved in the π-electron system of aromatic ring and it accounts for the basicity of this type of compound. During reactions in the presence of acid catalysts, basic nitrogen containing compounds will preferentially utilize the nitrogen atom for bonding to the catalyst surface via chemisorption, if the nitrogen atom is not sterically hindered by methylsubstituted groups 8 .

In five membered nitrogen heterocycles, the electron pair on the nitrogen atom is conjugated with the π-electron cloud of ring. Therefore, the basicity of nitrogen in compounds of this type is almost suppressed. It means that the electron pair on nitrogen atom is not available for interacting with the acid catalyst surface. However, in comparison with benzene rings, the five-membered nitrogen ring is relatively richer in electrons, and thus, this higher density of electrons in these compounds can be expected to create stronger adsorption with the catalyst surface.

From a point of view of C-N bond energy, the scission of C sp3 -N bond is easier than that of C sp3 -C sp3 bond but more difficult than that of C sp3 -S bond. In fact, bond dissociation energies of three types of bonds C sp3 -N, C sp3 -C sp3 , C sp3 -S are 305, 345 and 272 kJ/mole, respectively 9 . The breaking of a C sp3 -N bond is much easier than that of a C sp2 =N bond, which has a bond energy of 614 kJ/mole 9 . Therefore, HDN reactions are generally more difficult than HDS reactions and the removal of nitrogen from nitrogen heterocycles over conventional hydrotreating catalysts proceeds through a complete hydrogenation of the aromatic rings, followed by an irreversible C-N bond scission due to the strong C-N bond 8 .

Certain properties such as basicity and reactivity toward HDN of nitrogen compounds depend on their structure, particularly their electronic configuration. The relative basicity of several model compounds was represented by their pK a (acid dissociation constant at logarithmic scale) or their proton affinity, which is considered to be an indicator of the interaction of molecules with Bronsted sites in gas phase 10 (Table 1-1). -When petroleum fractions are heavier, their metal, sulfur and nitrogen content are higher. In petroleum fractions and crude oils, the nitrogen content is about 5-20 times lower than the sulfur content. In vacuum gas oil and heavy coker gas oil, this is typically higher than 1000 ppm 15 .

Nitrogen-containing compounds in heavy petroleum cuts (350 o C + ) are usually composed of highly alkylated polyaromatic structures, such as carbazoles, benzocarbazoles, dibenzocarbazoles (neutrals) and acridines, benzacridines dibenzacridines (basics). The distribution of basic and neutral nitrogen compounds in gas oils depends on the feed origin and the cut point 16 . For the lighter fractions of crude oil, nitrogen is essentially in the form of basic compounds while in heavier fractions of crude oil, non-basic nitrogen compounds are predominant 17 . These two families of nitrogen compounds can be separated by a sulfuric acid extraction, which were subsequently analyzed by GC-AED (Atomic Emission detector) 16 or extracted on ion exchange resins 18 . The hyphenation of GCxGC with a Nitrogen

Chemiluminescence detector (GCxGC-NCD) was reported to successfully quantify various nitrogen organic compounds in diesel fuel (Figure 1-3). separate nitrogen-containing compounds in two fractions: neutral and basic). An extended characterization of both fractions was achieved for direct coal liquefaction VGO. On the contrary, no good separation was obtained for the basic fraction of straight run VGO. This can be explained by the greater number of alkylation and the higher boiling point range of basic nitrogen compounds in straight run VGO than direct coal liquefaction VGO. However, the combination of pre-separation step and GCxGC-HT-NCD is an efficient approach for understanding the distribution of nitrogen compounds in heavy petroleum fractions.

Figure 1-4: GCxGC-HT-NCD chromatograms of the straight-run VGO (neutral (A) and basic (B) fractions) and of the direct coal liquefaction VGO (neutral (C) and basic (D) fractions) 18

High-resolution mass spectrometers (HRMS) such as Fourier transform ion cyclotron resonance MS (FT/ICR-MS) is now recognized as a powerful tool to characterize Ncompounds, in a single run without pre-separation step 19 . This analysis technique allows acquiring information about the chemical formula of N-compounds such as the number of heteroelements, aromaticity and alkylation degree 20 . Previous study of Boursier et al. 21 utilized FT-ICR/MS for investigating the distribution of nitrogen families and carbon number in straight run gas oil and comparing with that in hydrotreated effluents. For the complex matrix of petroleum fractions, this technique is difficult to do a direct quantification due to the variation in ionization efficiency and competition of protons among various neutrals in the sample 22 . However, it can be combined with GCxGC-NCD analysis for the detail characterization of nitrogen compounds 23,24 . The combination of FT-ICR/MS and GCxGC-NCD techniques is promising to provide insight into the quantification of nitrogen compounds in petroleum cuts.

High-resolution mass spectrometry also allowed determining a small quantity of polyheteroatom compounds in petroleum fractions 6,25 . These compounds not contain only a nitrogen atom, but also sulfur or/and oxygen atoms, or more than one nitrogen atom in molecule (Figure 12345). The transformation of these compounds during hydrotreating reactions into single-nitrogen atom compounds makes the comprehension of hydrodenitrogenation mechanism difficult.

N S R N H S R N N N H N N O R R R N O R Figure 1-5:
Polyheteroatom compounds in heavy petroleum cuts 6,25 Although environmental specifications regulate the sulfur content, but not the nitrogen content of fuels, a high hydrodenitrogenation (HDN) activity of the catalyst is crucial in the hydrotreating of petroleum fractions, due to the negative effects of nitrogen compounds during upgrading processes, which will be described in the following section.

Why is hydrodenitrogenation important?

In oil refining, hydrotreating plays two important roles: (i) the removal of sulfur and aromatic compounds in petroleum fractions for satisfying environmental norms; (ii) the purification of petroleum fractions to prepare them for further downstream processing by other catalytic reactions. In fact, the presence of some heteroatoms (sulfur, nitrogen, vanadium, nickel) will cause a poisoning of catalysts in HCK and FCC processes. The integration of a hydrotreating process upstream of upgrading process helps us to avoid the poisoning of catalysts and improve the efficiency of upgrading processes 26 .

Among hydrotreating reactions, the HDN reaction is increasingly important. The crude oil has a tendency to be increasingly heavier, the content of impurities in this petroleum fraction is higher and it is more difficult to upgrade it. Nitrogen compounds are responsible for imparting instability and color degradation to final products and for poisoning acidic catalysts in refinery processes even below 50 ppm 27 . Currently, HDN processes are used for treating lube oils and diesel to improve their stability, for hydrocracking or FCC feeds pretreatment to avoid the poisoning of acid sites of catalysts and for naphtha treatment for catalytic reforming process 28 . The influences of nitrogen compounds on upgrading processes (FCC, HCK) and other hydrotreating reactions are discussed below.

Effect of nitrogen organic compounds on hydrocracking process

The negative effect of nitrogen organic compounds on the hydrocracking was evidenced in many studies. As shown in Figure 1-6, the inhibition effects of nitrogen on VGO hydrocracking (represented by yield of [370 o C-] fraction) were confirmed by rapid drop of hydrocracking conversion as the nitrogen content increases 29 . With the increase of nitrogen level in the feed, the conversion drops rapidly and it takes a long time to reach an equilibrium value. With the same total nitrogen content, organic nitrogen compounds which are heavier than pyridine in VGO have higher inhibition effects as compared to pyridine. , H 2 S…) generated in this step were removed by stripping to eliminate their influence on hydrocracking step. Their results showed that the required temperature to attain 70% hydrocracking conversion of the original feed is 16 o C higher than that of the feed hydrotreated at 7 MPa, and 32 o C higher than that of feed hydrotreated at 14 MPa.

Effect of nitrogen organic compounds on FCC process

Nitrogen poisoning effect on the catalytic cracking of gasoil was studied by Caeiro et al. 30 . The presence of basic nitrogen content, which was removed by a H 2 SO 4 acid treatment, reduced the gasoil cracking conversion by 5-10% wt. Moreover, at constant conversion, the increase of basic nitrogen content resulted in a decrease in gasoline yield and an increase in coke and hydrogen yields.

The poisoning effect of different nitrogen compounds on cracking catalysts was explained by the gas-phase proton affinity of nitrogen compounds 31 . The results demonstrated clearly stronger poisoning character of pyridinic type of nitrogen compounds on cracking catalysts than pyrrolic type compounds. The inhibition effects increased with the addition of benzene rings on the heterocyclic nitrogen compounds and alkyl substitutions.

Therefore, several alternative approaches were investigated to remove nitrogen compounds in order to minimize their harmful effects before upgrading processes 30 , including adsorption by an acidic solid 32 , liquid extraction 33 , and hydrotreating.

Effect of nitrogen organic compounds on HDA and HDS reactions

Nitrogen compounds were proven to be strong inhibitors of HDS and HDA reactions 10,[34][35][36][37][38][39][40][41][42][43][44] . The inhibition of HDS reactions is strongly related to content of basic nitrogen compounds, and less strongly to content of neutral nitrogen compounds 36 . Pyridine, quinoline, carbazole and acridine showed an inhibiting effect on both transformation routes: hydrogenation (HYD) and desulfurization (DDS) of HDS of 4,6-dimethyl-dibenzothiophene (4,6-DMDBT) 37 . The inhibiting effect of acridine and carbazole was much stronger than that of polycondensed aromatic compounds even at low concentration, and acridine had a stronger inhibiting effect than carbazole on the HDS of 4,6-DMDBT 38 . Density Function Theory calculations of Humbert et al. 39 showed that pyridine, quinoline and ammonia are strong inhibitors of HDS reactions. Furthermore, the inhibiting effect of hydrogenated N-compounds is higher than that of parent aromatic N-compound because the basicity increases upon hydrogenation of the aromatic ring 40 .

Several authors found a correlation between inhibition strength, representative by adsorption constant of nitrogen compounds, and their proton affinity (in gas phase) 10,41 . By DFT calculation of adsorption energy of molecules on multisite model of NiMoS catalyst, Humbert et al. 42 interpreted the inhibiting effect of nitrogen organic compounds on two routes of HDS reactions (hydrogenation and desulfurization) by different reasons. The protonation of the nitrogen molecules could consume hydrogen atoms of catalyst surface and makes them unavailable for hydrogenation of S-compounds. Moreover, the adsorption of the N-molecules without protonation on SH groups on S-edges poisons these sites and maybe the neighbored ones, which are active sites for hydrogenation. The adsorption of N-molecules on Lewis sites (Mo-sites), also called coordinatively unsaturated sites (CUS), inhibits also the desulfurization route.

As well, quinoline and its intermediate products were strong inhibitors for naphthalene hydrogenation 43,44 . Similarly, Lee et al. 45 found that tetralin hydrogenation was more inhibited by NH 3 than the preceding easier hydrogenation step of naphthalene to tetralin. Over NiMo/Al 2 O 3 , the pseudo-first-order rate constant for propyl-benzene hydrogenation decreased by a factor of 7 when NH 3 partial pressure increased from 0 to 0.13 atm 46 . These examples demonstrate the inhibiting effects of not only N-containing compounds but also NH 3 as the end product of HDN on HDA reactions.

Hydrodenitrogenation of model molecules

Several of polyaromatic heterocycles have been studied in the literature: basic nitrogen compounds (pyridine [47][48][49][50][51][52][53] , quinoline [54][55][56][57][58][START_REF] Gioia | Effect of hydrogen pressure on catalytic hydrodenitrogenation of quinoline[END_REF][START_REF] Yang | Some effects of sulfiding of a NiMo/Al 2 O 3 catalyst on its activity for hydrodenitrogenation of quinoline[END_REF][START_REF] Moreau | Hydrodenitrogenation of quinoline over mechanical mixtures of sulphided cobalt-molybdenum and nickel-molybdenum alumina supported catalysts[END_REF][START_REF] Perot | Transformation of Quinolines and Anilines Over NiMo/Al 2 O 3 Catalysts[END_REF][START_REF] Eijsbouts | Hydrodenitrogenation of quinoline over carbon-supported transition metal sulfides[END_REF] , benzoquinoline [START_REF] Malakani | Hydrodenitrogenation of 7,8-benzoquinoline over nickel molybdenum alumina[END_REF][START_REF] Shabtai | Fundamental hydrodenitrogenation studies of polycyclic nitrogen-containing compounds found in heavy oils. 1. 5,6-Benzoquinoline[END_REF][START_REF] Moreau | Hydrodenitrogenation of benzo(f)quinoline and benzo(h)quinoline over a sulfided NiO-MoO 3 /γ-Al 2 O 3 catalyst[END_REF] ), non-basic nitrogen compounds (indole [START_REF] Kim | Kinetics of the Hydrodenitrogenation of Indole[END_REF][START_REF] Massoth | Catalytic functionalities of supported sulfides VI. The effect of H 2 S promotion on the kinetics of indole hydrogenolysis[END_REF][START_REF] Schulz | Chapter 6 Hydrogenative Denitrogenation of Model Compounds as Related to the Refining of Liquid Fuels[END_REF] , carbazole [START_REF] Szymańska | Kinetic study of the hydrodenitrogenation of carbazole over bulk molybdenum carbide[END_REF][START_REF] Abu | Hydrodenitrogenation of carbazole over a series of bulk NixMoP catalysts[END_REF][START_REF] Ferdous | Comparison of Hydrodenitrogenation of Model Basic and Nonbasic Nitrogen Species in a Trickle Bed Reactor Using Commercial NiMo/Al 2 O 3 Catalyst[END_REF][START_REF] Nagai | Hydrodenitrogenation of Carbazole on Nitrided Molybdena-alumina Catalyst[END_REF][START_REF] Tominaga | Reaction mechanism for hydrodenitrogenation of carbazole on molybdenum nitride based on DFT study[END_REF] ). In HDN reaction networks of these molecules, three types of reactions take place: hydrogenation of the heterocyclic ring, hydrogenation of the benzenic ring and C-N bond scission. Generally speaking, the hydrogenation of nitrogencontaining aromatic ring is followed by ring opening elimination to give an aliphatic amine or an arylamine. Then, these amines will undergo the C-N bond breaking.

HDN of Six-Membered Nitrogen Heterocycles

Pyridine Figure 1-7 shows reaction pathway of pyridine HDN 47 . 5-aminopentene-1, product of elimination of piperidine, has never been observed because there is a fast consecutive hydrogenation to give pentylamine before desorption from the catalyst surface takes place.

The first hydrogenation reaction was inferred to be catalyzed by sulfur vacancies on the metal sulfide surface since H 2 S had a negative influence on this step. In the range of 1.25-10 MPa, Hanlon 48 indicated that the rate limiting step depends on the total working pressure. At low total pressure, the hydrogenation reactions are relatively slow and rate limiting. However, at high total pressure, the hydrogenolysis of piperidine become rate limiting. In either gas or liquid phase, reaction temperature and H 2 S inlet partial pressure were found to be most significantly affecting selectivity to intermediates and products [START_REF] Raghuveer | Pyridine hydrodenitrogenation over industrial NiMo/γ-Al 2 O 3 catalyst: Application of gas phase kinetic models to liquid phase reactions[END_REF] . Next to main products, 1-pentylpiperidine was found in liquid phase, as a heavy product formed via condensation between piperidine and pentylamine. Selectivity towards pentane was favored at high temperature; meanwhile selectivity towards 1-pentylpiperidine was rather independent of temperature. The hydrogenation reaction of pyridine into piperidine had the lowest apparent activation energy, whereas the C-N bond breaking reaction had the highest apparent activation energy. A high molar ratio of H 2 S to pyridine favored the formation of C 5 products. The positive effect of H 2 S on the C-N bond scission rate by its involvement in the substitution reaction is much more pronounced than the decrease in hydrogenation rate by competitive chemisorption between H 2 S and H 2 on the catalyst surface.

Quinoline

The reaction network of quinoline HDN (Figure 12345678) has been investigated in detail [START_REF] Jian | Reaction Kinetics of the hydrodenitrogenation of decahydroquinoline over NiMo(P)/Al 2 O 3 catalysts[END_REF][START_REF] Eijsbouts | Hydrodenitrogenation of quinoline over carbon-supported transition metal sulfides[END_REF][START_REF] Luan | Hydrodenitrogenation of quinoline and its intermediates over sulfided NiW/γ-Al 2 O 3 in the absence and presence of H 2 S. Asia-Pac[END_REF][START_REF] Satterfield | Catalytic hydrodenitrogenation of quinoline in a tricklebed reactor. Comparison with vapor phase reaction[END_REF][START_REF] Satterfield | Intermediate Reactions in the Catalytic Hydrodenitrogenation of Quinoline[END_REF][START_REF] Satterfield | Reaction network and kinetics of the vapor-phase catalytic hydrodenitrogenation of quinoline[END_REF][START_REF] Cocchetto | Chemical equilibriums among quinoline and its reaction products in hydrodenitrogenation[END_REF] . Satterfield and Yang [START_REF] Satterfield | Catalytic hydrodenitrogenation of quinoline in a tricklebed reactor. Comparison with vapor phase reaction[END_REF] determined the rate constant of each reaction in the network (in units of h g mol cata .

) at 375°C, in liquid phase with 5% of quinoline in feed (Figure 12345678). The saturation of nitrogen hetero-ring of quinoline rapidly reaches pseudo-equilibrium 8 . The removal of nitrogen goes preferentially through decahydroquinoline (DHQ) because the hydrogenation of 1,2,3,4-tetrahydroquinoline (14THQ) to DHQ is faster than the C-N bond hydrogenolysis of 14THQ to o-propylaniline (OPA) [START_REF] Satterfield | Catalytic hydrodenitrogenation of quinoline in a tricklebed reactor. Comparison with vapor phase reaction[END_REF] . from Satterfield and Yang [START_REF] Satterfield | Catalytic hydrodenitrogenation of quinoline in a tricklebed reactor. Comparison with vapor phase reaction[END_REF] , reaction scheme from [START_REF] Satterfield | Intermediate Reactions in the Catalytic Hydrodenitrogenation of Quinoline[END_REF][START_REF] Satterfield | Reaction network and kinetics of the vapor-phase catalytic hydrodenitrogenation of quinoline[END_REF][START_REF] Cocchetto | Chemical equilibriums among quinoline and its reaction products in hydrodenitrogenation[END_REF] )

The rate determining step in quinoline HDN over noble metal catalysts is the C-N bond scission due to the high hydrogenation activities of noble metal catalysts. In contrast, the formation of DHQ from 14THQ is the rate limiting step on sulfide catalysts [START_REF] Peeters | Deep hydrodenitrogenation on Pt supported catalysts in the presence of H2S, comparison with NiMo sulfide catalyst[END_REF] .

The HDN of OPA shows 2 reaction pathways: via direct hydrogenolysis to form propylbenzene (PB), and via hydrogenation to form propyl-cyclohexylamine (PCHA). The C-N bonds in aromatic rings are much stronger than those in aliphatic rings due to conjugation of free N-electron pair with the aromatic ring. Consequently, direct cleavage of C-NH 2 in C 6 H 5 NH 2 occurs only at high ratio H 2 /H 2 S, high temperature and C-N bonds in rings. For instance, in pyridine and pyrrole, the C-N bond can be broken only after hydrogenation of the ring to give piperidine and pyrolidine, respectively.

Acridine

The HDN of larger nitrogen-containing molecules such as acridine (Figure 123456789) and benzoquinoline shows a similar mechanistic scheme to the HDN of smaller molecules such as quinoline and pyridine. In HDN of acridine (ACR), two adjacent rings of acridine were first hydrogenated to give octahydroacridine (OHACR). The further hydrogenation of OHACR to form perhydroacridine (PHACR) is predominant, and follows by the elimination of nitrogen atom in PHACR to hydrocarbons. Another possibility was the aliphatic C-N bond breaking of OHACR to form cyclohexyl-2-aminophenylmethane (Figure 1-9) [START_REF] Girgis | Reactivities, reaction networks, and kinetics in highpressure catalytic hydroprocessing[END_REF] . By assuming a pseudofirst-order kinetic for each reaction and for overall nitrogen removal, Zawadski et al.

calculated the rate constants of each reaction (in units of s -1 ) (over NiMo/Al 2 O 3 , at 367 o C, 137 atm, 0.5 wt% acridine in the feed), given in the reaction network (reported in [START_REF] Girgis | Reactivities, reaction networks, and kinetics in highpressure catalytic hydroprocessing[END_REF] ). Under these reaction conditions, the hydrogenolysis of N-compounds was the rate determining step.

Over NiMo(P)/Al 2 O 3 (340°C, 4 MPa and H 2 /hydrocarbon = 470), the transformation of acridine into hydrogenation products was very fast and complete initially [START_REF] Rabarihoela-Rakotovao | Effect of acridine and of octahydroacridine on the HDS of 4,6-dimethyldibenzothiophene catalyzed by sulfided NiMoP/Al 2 O 3[END_REF] . Major hydrogenated intermediate product is OHACR. Three denitrogenated products detected were: cyclohexenyl-cyclohexyl-methane (produced from PHACR), benzyl-cyclohexane (formed from cyclohexyl-2-aminophenylmethane) and dicyclohexylmethane (major final product).

Benzoquinoline

Similarly, the HDN of 5,6-benzoquinoline [START_REF] Shabtai | Fundamental hydrodenitrogenation studies of polycyclic nitrogen-containing compounds found in heavy oils. 1. 5,6-Benzoquinoline[END_REF][START_REF] Moreau | Hydrodenitrogenation of benzo(f)quinoline and benzo(h)quinoline over a sulfided NiO-MoO 3 /γ-Al 2 O 3 catalyst[END_REF] [START_REF] Shabtai | Fundamental hydrodenitrogenation studies of polycyclic nitrogen-containing compounds found in heavy oils. 1. 5,6-Benzoquinoline[END_REF] , as shown in 

HDN of Five-Membered Nitrogen Heterocycles

Experimental studies with five-membered nitrogen heterocycles have been hindered

by their low solubility and their poor stability. As is the case in HDN of six-membered heterocycles, HDN of five-membered heterocycles inevitably involves a sequence of coupled hydrogenation-hydrogenolysis steps 8 .

Indole

Indole is a five-membered heterocycle and less aromatic than quinoline. The indole HDN reaction scheme is given in Figure 1 [START_REF] Massoth | Catalytic functionalities of supported sulfides VI. The effect of H 2 S promotion on the kinetics of indole hydrogenolysis[END_REF][START_REF] Schulz | Chapter 6 Hydrogenative Denitrogenation of Model Compounds as Related to the Refining of Liquid Fuels[END_REF] . In a recent study of indole and methyl-substituted indole (at 340 o C, 34 atm), Kim and Massoth [START_REF] Kim | Hydrodenitrogenation Activities of Methyl-Substituted Indoles[END_REF] found that the NiMo catalyst favored the HYD path over the C-N bond breaking path, while the opposite occurred for the CoMo catalyst. Reaction pathway of indole HDN is given in Figure 1-11. These authors also showed that NiMo/Al 2 O 3 gave a higher HDN conversion than CoMo/Al 2 O 3 [START_REF] Kim | Kinetics of the Hydrodenitrogenation of Indole[END_REF] .

Carbazole

A mechanistic reaction scheme of carbazole HDN was proposed by Nagai et al. [START_REF] Nagai | Hydrodenitrogenation of carbazole on a molybdenum/alumina catalyst. Effects of sulfiding and sulfur compounds[END_REF] (Figure 1 The HDN of 3-ethylcarbazole over NiMo/Al 2 O 3 , at 290°C and 7 MPa showed that tetrahydro-3-ethylcarbazole was dominant product 8 . The further hydrogenation of the latter compound was very slow and thus was the rate determining step under these reaction conditions.

HDN of a mixture of model nitrogen compounds

In a HDN of a mixture of several model nitrogen compounds, the inhibition effect on the HDN of a molecule is caused not only by the adsorption of the reacting molecules, but also their hydrogenated products, H 2 S, NH 3 and other N-compounds on the catalyst surface.

Therefore, the presence of different N-compounds with different reactivity towards HDN in a real mixture can inverse the reactivity ranking between them due to their different adsorption strength. In the HDN of mixture of basic and neutral compounds, the inhibiting character of the basic compounds renders the neutral compounds refractory.

For examples, competitive reactions of pyrrole, pyrrolidine, pyridine, and piperidine on NiMo/Al 2 O 3 or NiW/Al 2 O 3 catalysts showed that pyridine and pyrrolidine strongly inhibit the pyrrole HDN [START_REF] Morávek | Kinetic study of pyrrole and pyridine HDN on Ni-W and Ni-Mo catalysts[END_REF] . Acridine, which is more basic than 1,4-dimethylcarbazole and carbazole, inhibited the HDN of these compounds [START_REF] Rabarihoela-Rakotovao | Deep HDS of Diesel Fuel: Inhibiting Effect of Nitrogen Compounds on the Transformation of the Refractory 4,6-Dimethyldibenzothiophene Over a NiMoP/Al 2 O 3 Catalyst[END_REF][START_REF] Nagai | Hydrodenitrogenation of a mixture of basic and non-basic polynuclear aromatic nitrogen compounds[END_REF] .

The nitrogen compounds in heavy petroleum cuts would have more rings or be heavily substituted, but there are no studies on such molecules, because these molecules are not available in the market, and a lower solubility in paraffin solvents renders experimental studies difficult.

Reactivity of different nitrogen organic compounds

The reactivity of nitrogen containing compounds depends on their structure including the alkyl substitution, the conjugation of the free electron pair on nitrogen in the aromatic ring dominating their basicity. Several examples on reactivity ranking of nitrogen compounds towards HDN are given in Table 1-2. Conditions of study note that the reactivity ranking was established in the mixture of compounds or in the test of individual compound.

In the real feed, the five-membered ring compounds showed lower reactivity than the six-membered ring compounds due to the stronger competitive adsorption of the latter compounds, which are more basic [START_REF] Bej | Comparison of Hydrodenitrogenation of Basic and Nonbasic Nitrogen Compounds Present in Oil Sands Derived Heavy Gas Oil[END_REF] . The reactivity ranking of non-substituted nitrogen compounds decreased with the increase of the number of aromatic ring, but the difference was very small among 3-and 4-ring compounds (Table 1-2 and appendix 1) [START_REF] Kabe | Hydrodesulfurization and Hydrodenitrogenation: Chemistry and Engineering[END_REF] . The position of alkyl substitution played also an important role on reactivity order of alkyl-substituted nitrogen compounds 31 . These molecules are slightly more basic than other carbazoles and thus have an impact on the performance of the downstream catalysts; however, their very low reactivity makes them extremely difficult to remove under normal hydrotreating conditions.
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NiMo supported catalysts were reported to be more active than the CoMo and NiW supported catalysts for HDN reactions of real feed thanks to their higher hydrogenation activity 104,105 . The addition of phosphorous or boron on NiMo/Al 2 O 3 resulted in an increase in HDN activity of the catalyst during heavy gas oil hydroprocessing 106,107 . The loss of catalytic activity of HDN catalysts was also studied. This is caused by plugging pores of catalysts with deposits of coke and metals. Studies showed that HDN reactions were more affected by coke formation than HDS reactions 108,109 .

There are a few works on kinetic modeling of real feed hydrotreatment dealing with simultaneous HDS, HDN and HDA reactions. HDN was modeled as a consecutive reaction scheme in which non basic compounds are hydrogenated first to basic nitrogen compounds, which undergo further reactions to eliminate the N atom from the molecule 110 . The HDN of neutral and basic nitrogen compounds could be modeled by 1.5-order rate equation [START_REF] Bej | Comparison of Hydrodenitrogenation of Basic and Nonbasic Nitrogen Compounds Present in Oil Sands Derived Heavy Gas Oil[END_REF] . The predicted results showed good agreement with the experimental information obtained at pilot scale during the hydrotreating of vacuum gas oil. On the other hand, Toosi et al. 111 utilized kinetic expression reported by Jarullah et al. 112 for the HDN of total nitrogen compounds.

However, in order to study the inhibiting effect due to competitive adsorption, HDS and HDN reactions should be described by a Langmuir Hinshelwood model 113,114 . The latter model gave significantly higher activation energies of HDS and HDN reactions than the 1.5-order rate equation. The results of kinetic modeling showed also that the adsorption of H 2 S and nitrogen compounds had a significant inhibiting effect on HDN and HDS reactions. However, these authors neglected the adsorption of ammonia. Very recently, a continuous lumping approach was used for the kinetic modeling of VGO hydrotreatment 115,116 promoter (Co or Ni) and additive elements such as phosphorous, boron, fluorine for improving their performance. As compared to CoMo supported catalyst, the NiMo supported catalysts showed a higher activity for HDN reactions [START_REF] Kim | Kinetics of the Hydrodenitrogenation of Indole[END_REF][START_REF] Kim | Hydrodenitrogenation Activities of Methyl-Substituted Indoles[END_REF][START_REF] Stern | Reaction networks in catalytic hydrodenitrogenation[END_REF][START_REF] Sarbak | Hydrodenitrogenation activity of sulfided catalysts[END_REF] .

Currently, thanks to innovative surface science and theoretical chemistry approaches, the structure of hydrotreating catalyst including the nature, the morphology of active sites and the location of promoters, is increasingly comprehensible. The various experimental techniques clearly demonstrates that the active phase of HDT catalysts consists in MoS 

Effects of support acidity on HDN reactions

An improvement in the formulation of hydrotreating catalysts in order to enhance removal of nitrogen compounds from heavy petroleum fractions has been the subject of numerous studies. The nature of the support plays an important role (carbon 53,[START_REF] Eijsbouts | Hydrodenitrogenation of quinoline over carbon-supported transition metal sulfides[END_REF][124][125][126] , silica-Mo: pink; S: yellow; Ni: green alumina 28,[127][128][129][130][131][132] , zeolite 54,56,133,134 ). Shaping of the catalyst, ability to disperse and stabilize the active phase, control of the deactivation, mechanical stability and also its cost 135 The effect of support acidity on catalytic activity could be attributed to 4 phenomena:

-Direct involvement of acid sites in reaction mechanism;

-Impact on electronic properties of sulfide phase by support-sulfide phase interaction;

-Impact on adsorption capacities of reactants (nitrogen and aromatic compounds); -Impact on the dispersion of active phase on the support.

Direct involvement of acid sites in reaction mechanism

Kozai et al. 139 demonstrated the participation of acid sites over SiO 2 -Al 2 O 3 in the cleavage of C-N bond in methyl-cyclohexylamine (MCHA) to form methyl-cyclohexene (MCHE). The acidity of silica-alumina is much higher than alumina, both in strength and amount of acid sites. The contribution of the acid sites was proposed by these authors in 

Impacts on electronic properties of sulfide phase

The effect of support acidity on electronic properties of active phase was investigated on sulfide catalysts (RuS 2 supported 142 or MoS 2 supported 143,144 ). The support acidity seems to induce a deficiency of electron density on sulfide phase, via the transfer of electrons to the support.

In the investigation of HDN of 2,6-dimethylaniline (DMA) over MoS 2 supported on The same conclusion was achieved for NiMo/ASA and NiW/ASA catalysts by Crepeau et al. 146 . The IR study of CO adsorbed showed that the presence of acid sites on the ASA decreased the electronic density of the sulfide phase, which related to the increase of isomerization activity of cyclohexane.

Impacts on adsorption capacities of reactants

The nitrogen and aromatic compounds have a strong affinity with the catalysts. On the same catalyst with the same support acidity, the affinity of reactants with catalyst surface depends on their basicity. The support acidity also influences the adsorption capacities of several reactants. For example, when investigating the 

Effect of dispersion of active phases on the support

The dispersion of the active phases also plays a determining role on the HDN activity. 

Scope of the thesis

The modification of support acidity was proved to be a potential approach in order to improve HDN activity. The support acidity could modify the electronic properties of sulfide phase, or the adsorption strength of nitrogen compounds on the active sites, or induce the participation of acid sites in the reactions. Several recent studies proposed the influence of support acidity on the dispersion of active phases on the support. The 4 assumptions, mentioned above, for explaining the effects of support acidity are still under discussion.

In order to investigate these effects, a new kinetic approach of the HDN of model molecules will allow us to confirm or invalidate the assumptions of the effects of support acidity. The kinetic model will estimate the rate constant of each elementary reaction and the competitive adsorption of reactants, intermediates and final products. This approach will help to evaluate the effects of support acidity on the kinetic and mechanistic aspect of reactions, as well as on the adsorption strength of nitrogen compounds on the active sites. The characterization in detail of the catalysts (textural properties, the dispersion of active phase on the support, the electronic properties of sulfide phase, and the acidity of the support) will be necessary in order to correlate the HDN activity with the properties of the catalysts.

The first studies will focus on the HDN of model molecules (quinoline -basic and indole -neutral nitrogen compound). The effects of support acidity on each reaction pathway, the HDN activity and the adsorption capacity of nitrogen compounds will be understood and responsible for the HDN of real feedstock. At the end, the HDN of the real feedstock composed by a mixture of coker gas oil and straight run gas oil will be investigated. The characterization of the feedstock and hydrotreated effluents will allow us to understand the HDN mechanism and to distinguish the effects of support acidity of catalysts on the activity and selectivity to products in a real feed.

12. Katritzky, A. R. Handbook of heterocyclic chemistry. Pergamon Press, 1985.
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Introduction

This chapter shows the results of the characterizations of the two catalysts used in our study. Several results of textural and structural characterizations such as nitrogen isotherm adsorption, X-ray Photoelectron Spectroscopy (XPS), Infra-Red Spectroscopy of adsorbed CO (IR CO) and Transmission Electron Microscopy (TEM) will be described. Catalyst

properties will be mainly characterized by the hydrogenation function (by toluene hydrogenation) and acid function (by the isomerization of cyclohexane). The understanding of the properties and structures of catalysts will allow differentiating the impact of catalyst acidity on the HDN activity and selectivity.

Selection and preparation of the catalysts

The two catalysts used in our study were NiMo(P) supported on γ-Al -Impregnation of precursor solution on the support. The volume of solution was calculated from the porous volume of support (determined experimentally).

-maturation of impregnated catalyst in air environment, temperature controlled at 20 o C and for 15 hours, in order to thoroughly disperse the metal oxides in the pore of support;

-drying at 120 o C, for 24 hours;

-Calcination in the air (flow rate 1.5 liters/h.g cata ), with a ramp of temperature 5 o C/min to 450 o C for 2 hours.

Catalysts sulfidation

Prior to catalytic tests or several analyses (textural analysis, XPS, TEM), the catalysts were first crushed, sieved (80-125μm) and then sulfided ex-situ in a continuous-flow reactor operating at atmospheric pressure, with a mixture of 15 vol % H 2 S in H 2 , flow rate of 1.3 L/g of catalyst/h. The sulfidation was carried out with a temperature increase of 10°C/min, until 400°C, then maintained for 4h, and cooled down to ambient temperature under the mixture of H 2 and H 2 S.

Elemental and textural properties of the two catalysts

The content of Ni, Mo and phosphorous in both catalysts was determined by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Jobin-Yvon Activa equipment). The catalyst samples were solubilized in a mixture of H 2 SO 4 , HNO 3 and HF, then vaporized and recovered by HNO 3 acid, before each ICP analysis. Each analysis was performed 2 times.

The textural properties of both catalysts were characterized via the nitrogen isotherm adsorption at 77K, measured on Micrometrics ASAP 2010 equipment. Before the nitrogen adsorption, the sulfide catalysts were out-gassed at 300 o C for 3 hours under vacuum. The surface area was determined by the BET model (Brunauer-Emmett-Teller) and the total pore volume and the mean pore diameter were characterized by BJH method (Barrett-Joyner-Halenda). The apparent density (or the grain density) of the two catalysts was determined by means of mercury intrusion (at 0.21 MPa). The bulk density was measured after sorting extrudates of a length of 2-4 mm and compacting them in a cylinder by tapping.

We attempted to synthesize the two catalysts with a similar activity in toluene hydrogenation by modifying metal loading. The weight contents of metal oxides (measured by ICP-OES) of each sulfide catalyst are summarized in Table 2-1. The NiMo(P)/Al 2 O 3 has a higher metal loading than the silica-alumina supported catalyst. The ratio of Si/Al (in weight) in ASA is 0.36, corresponding to 30 wt% of SiO 2 in the support. The reference NiMo(P)/Al 2 O 3 catalyst shows a slightly higher value of BET specific surface area and total porous volume as compared to the silica-alumina supported catalyst The nitrogen isotherm adsorption/desorption curve of each catalyst (Figure 2-1) shows that both catalysts are mesoporous. The average pore diameter of the two catalysts are quite similar (about 5.5-6.5 nm), but the size distribution of pores is different. The NiMo(P)/Al 2 O 3 catalyst is rather bimodal, with 2 distributions of pore diameter: 5.5-6.5 nm and 9-10 nm, whereas the silica-alumina supported catalyst is monomodal (Figure 2-2). 

(Table 2-2).

Activity for hydrogenation of toluene and isomerization of cyclohexane

The hydrogenation function and the acidic function of the two catalysts were characterized by the toluene hydrogenation and cyclohexane isomerization, respectively.

These tests were carried out in the gas phase, in a fixed-bed reactor, and proceed through two The two catalysts have a similar activity in toluene hydrogenation (Table 2-3), when using the same volume of catalyst. Note, however, that the bulk density of the silica-alumina supported catalyst is higher, i.e. its toluene hydrogenation activity per mass of catalyst is lower. The silica-alumina supported catalyst exhibits a much higher conversion in cyclohexane isomerization than the NiMo(P)/Al 2 O 3 catalyst (Table 23). This result demonstrates the higher acidity of NiMo(P)/ASA 3 . 

X-ray Photoelectron Spectroscopy

The content of promoted NiMoS phase and sulfide MoS 2 phase on the surface of the two catalysts was characterized by X-ray photoelectron Spectroscopy. The catalysts were sulfided as described in part 2.3 and then deposited on a sample holder covered with indium under an inert argon atmosphere. The sample was then transferred via a transfer cane in the degassing chamber of the equipment. All data were acquired using a monochromatic alumina source (1486.6 eV, 300W). The analysis was carried out with spectrometer AXIS Ultra DLD, commercialized by Kratos Analytical Company. The photoelectrons were focused by magnetic and electrostatic lenses (hybrid mode). The analyzed zone of catalyst surface was 700 μm x 300 μm, which allowed a representative characterization of the whole sample. The binding energy was corrected using the contamination carbon 1s peak at 284.6 eV as reference. The spectra of Mo 3d, Ni 2p, Al 2p, and Si 2p were analyzed by applying a Shirley background subtraction and Gaussian/Lorentzian (ratio 30/70) decomposition parameters. The method of spectra decomposition is well described in the literature 4,5 .

Table 2-4 summarizes the binding energies of every atom. From the XPS spectra obtained, we determine the atomic percentage of elements on the catalyst surface. This quantification allows us to express the atomic ratios of elements such as Ni/Mo, Si/Al, Mo/(Al+Si), Ni/(Al+Si) and S/(Ni+Mo). They are given in Table 2-5. These ratios compared with the atomic ratios calculated from ICP elementary analysis allow us to evaluate the dispersion of elements on the catalyst surface. We can see that the atomic ratios of elements obtained from XPS analysis are quite analogue with the corresponding ratios of elements obtained from ICP analysis. This shows that the dispersion of elements on the catalyst surface is quite good. elemental analysis shows 10.9 and 8.0 wt% of sulfur, corresponding to the S/(Ni+Mo) ratios of 2.0 and 1.8 in fresh sulfide NiMo(P)/Al 2 O 3 and NiMo(P)/ASA catalysts, respectively. The difference between the ratios S/(Ni+Mo) obtained by XPS and ICP/CHNS analysis might be attributed by the poor dispersion of sulfur on the catalyst surfaces. In both analyses, the higher S/(Ni+Mo) ratio over the NiMo(P)/Al 2 O 3 catalyst indicated probably that the sulfidation of the NiMo(P)/Al 2 O 3 catalyst was better than that of silica-alumina supported catalyst. This result was also confirmed by the results of spectral decomposition of Mo, Ni and S, which would be described as following.

The decomposition of Mo 3d spectrum is well documented in the literature [6][7][8] . The Mo exists in the catalysts in 3 forms: the sulfide phase corresponding to Mo 4+ for MoS 2 , the partially sulfided phase corresponding to MoO x S y for Mo 5+ and the oxide phase Mo 6+ for MoO 3 or polymolybdates 5,6,9 . The spectral envelopes of different detected phases (Mo 4+ , Mo 5+ and Mo 6+ ) are decomposed into a main peak (3d 5/2 ) accompanied by an associated peak (3d 3/2 ) related to the first by its binding energy (BE) , its width at mid-height (WMH) and the relative surface. The following rules are applied:

-Difference of BE of 2 peaks: ∆BE(Mo3d 3/2 -Mo3d 5/2 ) = 3.17 eV;

-Ratio of WMH: WMH 3d 3/2 /WMH3d 5/2 = 1.2;

-Ratio of surface: 3d 3/2 /3d 5/2 = 1.5

On the spectra of Mo 3d, we notice that there is a contribution of band S 2s, which is decomposed into S 2-and S 2 2-peaks. Therefore, the subtraction of the surface of these two peaks from the total envelop is necessary in order to quantify Mo. The results of Mo spectra decomposition are given in Figure 234. This result is in good agreement with the relative percentage of each species of S. In fact, the relative percentage of S 2-corresponding to sulfide phase in NiMo(P)/Al 2 O 3 is higher than that in NiMo(P)/ASA. This confirms that the sulfidation of the reference catalyst is better than that of the silica-alumina supported catalyst, and the relative content of sulfide phase in reference catalyst is higher. The presence of SiO 2 was also found to decrease the extent of Mo sulfidation by Marques et al. 3 . The quantity of active phase NiMoS or MoS 2 in the NiMo(P)/Al 2 O 3 is about 1.5 times higher than the silica-alumina supported catalyst. This is attributed to a higher relative percentage of promoted phase, a better sulfidation and a higher metal loading in the reference catalyst. Despite this, the activities of both catalysts in the hydrogenation of toluene were very close (see part 2.5). This suggests the promotion of hydrogenation by the acidic support as already observed with F or P doping [13][14][15][16] .

Infra-Red Spectroscopy of adsorbed CO on sulfide catalyst

The Infra-Red Spectroscopy of adsorbed CO on sulfide catalysts allows to characterize the presence and the nature of coordinatively unsaturated sites (CUS) on the sulfide phase of CoMo or NiMo catalysts 3,[17][18][19][20][21] . A probe molecule like CO could be adsorbed on the acid sites of the support as well as on the sulfur vacancies of sulfide catalyst (Figure 2 (2) Hydrogen bonding with OH: perturbation ν(OH) and appearance of ν(CO)

(3) Coordination with sulfide phases: appearance of ν(CO)

The oxide catalysts samples were previously sulfided at 350°C (2°C/min) for 2h, under 1.8 NL.h -1 .g -1 cata of mixture (15% H 2 S in H 2 ). The catalysts were then pretreated by pure hydrogen for 2h at 250°C 22 . Sulfide catalyst samples (50-60 mg) were diluted by 22% of α-Al 2 O 3 and then prepared in the pellet form under controlled atmosphere of argon in a glove box. The pellets were placed in an IR cell. The samples were out-gassed under vacuum (≈ 10 -6 torr) and cooled down to 77 K. Before CO adsorption, a spectrum of the catalyst was recorded as a reference spectrum. Increasing accumulated amounts of CO (from 1 mbar until 430 mbar) were introduced and IR spectra were recorded for each dose. Saturation adsorption of CO was observed at around 50 mbar. The increment of CO pressure was 1 mbar (between 1 and 5 mbar) and 5 mbar (between 5 and 50 mbar of accumulated pressure). The IR spectra were recorded with a Nexus2 spectrometer using 32 scans and a resolution of 4 cm -1 , equipped with a MCT detector.

When CO is adsorbed on a sulfide catalyst at low temperature, the first doses of CO adsorb on the sulfide phase, then on the support and finally an unspecific physisorption takes place. Figure 23456789shows the IR spectra obtained after every dose of CO on the sulfide NiMo(P)/Al 2 O 3 catalyst, after the subtraction of the reference spectrum. The addition of CO gives rise to characteristic bands in the region 2000-2250 cm -1 . The band at ≈2150 cm -1 is attributed to the interaction of CO with the hydroxyl groups on Brønsted acid sites. Moreover, the different bands in the region 2000-2050 cm -1 are attributed to the vibration of CO due to its interaction with sulfide phases, i.e.: 23,24 -The first band ≈ 2130 cm -1 associated to the interaction of CO with NiMoS sites; -The band ≈ 2075 cm -1 associated to the interaction of CO with the S-edge of non-promoted The intensities of the bands due to the interaction of CO with acid sites and sulfides phases increase with the amount of CO introduced and reach a plateau, which corresponds to the saturation of sites by the CO adsorption. Figure 2-10 shows also the IR spectra obtained after every dose of CO on the sulfide NiMo(P)/ASA catalyst, after the subtraction of the reference spectrum. The attribution of bands of CO adsorption on this catalyst is similar to that of reference catalyst, described above. However, in both cases, we observed the superposition of different bands on the spectra, which makes their distinction difficult. appendix 2C) confirmed the shift band toward higher value in the case of NiMo(P)/ASA. The shift of the wavenumber toward higher values in case of NiMo(P)/ASA is ascribed to a weaker back-donation of the CUS to antibonding orbitals of CO 25 . This can be interpreted as a reduction of the electron density of the promoted MoS 2 edges, due to the electron transfer from the sulfide phase to the acidic support surface 18,19 . This effect is well-known for noble metal catalysts on acidic supports 26 .

On the other hand, the peak decomposition of the spectra at saturation of the sulfide phase indicated that the relative percent of promoted phase (NiMoS), determined by the ratio of promoted sulfide area (A promoted ) to total sulfide area (A total ), was higher in the NiMo(P)/Al 2 O 3 catalyst (51%) than that in the NiMo(P)/ASA (35%) (Table 234567). This was again coherent with the XPS results. Absorbance, (a.u.)

Wave number of CO, cm On the spectra obtained after the last doses of CO on the catalysts, i.e. when CO is adsorbed on the support, the bands of CO on the support are visible at around 2150 cm -1 .

These bands are attributed to the interaction of CO with -OH groups of the weak Brønsted acid sites of the support. The spectra are given in the supporting information (appendix 2C).

One can indeed observe that the band on the ASA support is shifted to slightly higher wavenumbers, 2158 cm -1 on the ASA support meanwhile 2155 cm -1 on the alumina support.

The quantification of acid sites of the support was complicated and imprecise due to the very high uncertainty of the determination of CO pulse at the saturation. However, the band shift in the position of CO on the two supports can confirm the higher acidity of the ASA support as compared to the alumina support, as already observed by the cyclohexane isomerization test.

In conclusion, the IR spectroscopy of adsorbed CO the sulfide catalysts helped us to confirm the effect of support acidity on the electronic properties of sulfide phase, as well as to confirm the lower level of promotion of NiMo(P)/ASA.

Transmission Electron Microscopy

The transmission electron microscopy (TEM) allows us to estimate the dispersion of the slabs of active phase on the support, as well as the length and stacking degree of slabs. For 

Conclusions on the catalysts characterization

To summarize from catalysts characterization, several comparisons of the properties of the two catalysts can be given:

-The dispersion of elements on the surface of both catalysts is quite good.

-The volumetric activity for the toluene hydrogenation of both catalysts is the same, but the NiMo(P)/ASA is much more acidic than NiMo(P)/Al 2 O 3 .

-The NiMo(P)/ASA is less well sulfided and less promoted as compared to NiMo(P)/Al 2 O 3 . The content of promoted phase NiMoS in NiMo(P)/Al 2 O 3 is 1.5 times higher than that in NiMo(P)/ASA due to higher relative percentage of promoted phase, a better sulfidation and a higher metal loading in the reference catalyst.

-The modification of electronic properties due to active phase -support interaction was confirmed in NiMo(P)/ASA by IR(CO) analysis.

-The NiMo(P)/ASA had higher stacking degree, but the average length of MoS 2 slabs is quite similar in both catalysts.

Chapter 3

HYDRODENITROGENATION OF QUINOLINE Chapter 3: Hydrodenitrogenation of Quinoline

In this chapter, the catalytic tests of quinoline HDN and the method of kinetic modeling will be described in detail. Then the comparison of HDN activity of the two catalysts and the selectivity towards products will be discussed. The results of kinetic modeling described at the end of this chapter help us to understand the difference in the activity and the selectivity of catalysts in quinoline HDN.

Introduction

In order to achieve a more efficient removal of nitrogen compounds in heavy feedstocks, the improvement of HDN catalysts is required. A rational design of better HDN catalyst calls for a better understanding of how the catalyst's properties influence activity as well as selectivity, via kinetic studies of HDN reactions.

However, it is difficult to carry out comprehensive mechanistic studies on real feedstock like vacuum gas oils due to complex mixtures of many different molecules.

Therefore, a better option is to use well-defined model molecules like quinoline where the reaction network can be studied in detail. The HDN of quinoline gives a rather complex reaction network, with numerous elementary steps and parallel competing pathways 1,2 . A detailed kinetic analysis of the reaction network of quinoline allows evaluating the catalyst's activity as well as support or promoters effects in different reactions: hydrogenation of aromatic rings, ring opening and C-N bond cleavage. Several kinetic studies on quinoline HDN over NiMo/Al 2 O 3 were carried out by Satterfield et al. 3 , Jian et al. [4][5][6] . These studies converge on the conclusion that the main reaction pathway implies the full hydrogenation of quinoline to decahydroquinoline (DHQ), followed by ring opening of DHQ. Prins et al. 6 found that the hydrogenation of 1,2,3,4-tetrahydroquinoline (14THQ) to decahydroquinoline (DHQ) and the ring-opening of DHQ are the rate-limiting steps of quinoline HDN.

A detailed kinetic study of quinoline HDN thanks to the kinetic modeling will allow us not only to determine precise kinetic constants for all elementary steps (and their activation energy), but also adsorption constants for all nitrogen-containing compounds (including NH 3 )

and the adsorption enthalpies. This methodology will be applied to the comparison of alumina and silica-alumina supported NiMoS catalysts. The kinetic study combined with characterization data in chapter 2 allows us to explain in detail the effects of support acidity on the kinetic of quinoline HDN.

Experimentation of catalytic tests

Prior to the catalytic test, the catalyst was first crushed, sieved (80-125μm) and then The autoclave reactor is equipped by a stirring system and internal baffles for a better stirring and avoiding the vortex phenomenon. The stirring rate (800 rpm) and the size of catalyst particles (80-125 μm) were selected so that internal and external diffusion limitations were absent 7,8 .

The moment when the values of temperature and pressure in reactor reach to operating conditions (340/350/360°C) and 7 MPa is called t o . The liquid sampling was carried out every afterwards. Before each sampling, the tube of sampling was purged by H 2 to evacuate the old residual liquid from precedent sampling. The identification and quantification of products were done by comprehensive gas chromatography coupled to mass spectrometry (GCxGC/MS) and Gas Chromatography (GC) coupled to Flame ionization detector (FID) (see Appendix 3A).

Results of catalytic HDN of quinoline

In this chapter, firstly, the liquid-vapor equilibrium (LVE) of the reaction medium is discussed. As will be shown, knowing the LVE is necessary for obtaining correct mass balances, but also in order to obtain the correct concentrations of reactants in the liquid phase (which contributes to the reaction rate). The catalytic quinoline HDN was carried out at 3 temperatures and 3 initial concentrations of quinoline in order to investigate the effect of temperature and initial concentrations. The results show, as developed in the next subsections that a kinetic model taking into account Liquid-Vapor equilibrium, mass transfer and inhibition by adsorption is necessary to understand our results. The difference in the HDN activity and the selectivity to HDN products (PB, PCH) of NiMo(P)/Al 2 O 3 and NiMo(P)/ASA is then discussed and interpreted with the help of the established kinetic model.

Study on liquid-vapor equilibrium of reaction medium

In standard experiments, samples are taken from the reactor under reaction conditions, i.e. at high temperature and pressure. Some additional experiments were carried out over NiMo(P)/Al 2 O 3 , at 350°C, at different reaction times, in order to do a "cold" sampling, that means sampling after cooling the reactor down to ambient temperature. Comparing the composition of liquid samples taken at hot condition (350°C, 7 MPa) and at cold condition (25°C, 3 MPa) at the same reaction time (Table 3-1), we found, as expected, that there was a loss of light compounds (HDN products: PCH, PCHE, PB) at hot conditions.

In the liquid phase, the concentration of light compounds was higher under cold conditions than that under hot conditions. This could be explained by the evaporation of light components at reaction temperature. The addition of Liquid-Vapor mass transfer term is thus necessary in order to describe more exactly the composition of each component in the liquid phase. Thanks to the L-V equilibrium constants and the total concentration of all components in liquid phase, obtained by flash calculation of the L-V equilibrium, we calculated the concentrations of every component in gas phase (Equation 3-3), assuming that:

-The gas phase is ideal, -The L-V equilibrium is reached at the L-V interface, -No mass transfer resistance in the gas and liquid phases.

We have:

total liq i liq i g i i i i C RT P C C x y . . * , , * * *
Because of no mass transfer resistance in the gas and liquid phases, we can write:

total liq i liq i g i liq i liq i C RT P C C C C . . , , * , , (Equation 3-3)
The concentrations in gas phase were added to the concentrations of light components in liquid samples at hot conditions (experimental data) (Equation 3-4) in order to obtain correct mass balances. cold liq liq liq i gas

gas i corr i V V C V C C . . , (Equation 3-4)
Using the L-V equilibrium constants obtained from L-V equilibrium simulation, the correction of concentrations by L-V thermodynamic equilibrium helped to obtain a good mass balance during reaction, to approach the "true" conversion and the "true" yield of every component. The difference between the concentration of each component under hot condition and the concentration determined by L-V equilibrium simulation is given in Figure 3-2.

Figure 3-2: Concentration of components at hot condition and after corrected by evaporation

In order to evaluate the quinoline HDN activity, the HYD and HDN conversion as well as the yield of products were calculated as (Equation 3-5) and (Equation 3-6). For HYD conversion, quinoline, 14THQ and 58THQ were lumped together because the proportions of these three compounds rapidly reached thermodynamic equilibrium (see the reaction network in Figure 3-3). Interestingly, we also found a difference between the two catalysts in terms of selectivity to products. intermediates in a complex reaction network, kinetic modeling was needed to get further insights into the origin of these differences in products selectivity. 

Heavy products and used catalysts

In addition to the major products depicted in the reaction network (Figure 3-3), several heavy condensed products were observed in trace amount using GCxGC-MS analysis technique. Due to the complexity in the identification of these products, the exact structure of molecules is unknown. Although the quantification was not performed, it is likely that the formation of these molecules was favored by the increase of quinoline initial concentration.

Under the same reaction conditions, the NiMo(P)/ASA produced more heavy products than the reference catalyst due to higher acidity. The acid sites on NiMo(P)/ASA could catalyze the isomerization and poly-condensation of nitrogen and aromatic compounds, to produce heavy products. Satterfield and coworkers 3,10 also found that the appearance of higher molecular weight products containing nitrogen was promoted at higher temperature. These compounds were highly unreactive. Because these undesirable reactions were not taken into account in our kinetic model, it can contribute to errors in the mass balances and limit the application range of the kinetic model, described in detail in part 3.3.

The investigation of the textural properties of used catalysts showed that the average pore diameter and the porous size distribution did not significantly change after reaction.

However, the values of total pore volume (TPV) and BET surface area of both catalysts decreased by about 10% after the catalytic tests due to the coke deposition and the adsorption of heavy poly-condensed products (Table 3- 

Method of Kinetic Modeling

Due to the complexity of reaction network, most of kinetic modeling of quinoline HDN has been investigated with assumptions and simplifications of the reaction network.

Most studies investigated the quinoline HDN in continuous reactor. In the kinetic modeling, we chose not to distinguish different catalytic sites, which may be the most controversial assumption in our kinetic model. The concept of different catalytic sites in sulfide catalysts for hydrotreating reaction is still under debate. Many studies proposed that the catalytic sites for hydrogenation and C-S bond breaking reactions are different. The former take place on brim sites (at the top edge of the MoS 2 slabs) 11 or on SHgroups on the sulfur edge, while the latter take place on sulfur vacancies on the edge (Coordinatively Unsaturated Sites) 12,13 . The observation that N-containing compounds inhibit hydrogenation reactions more strongly than direct desulfurization reactions (in the conversion of refractory dibenzothiophenes) also confirms the notion that two distinct catalytic sites exist of three distinct sites, in order to distinguish elimination and hydrogenolysis reactions 6,18 .

However, other studies do not share the view of a clear distinction of hydrogenation and C-S/C-N bond breaking sites. Gutierrez et al. 19 and Rana et al. 20 reported that the C-S and C-N hydrogenolitic pathways share the same active sites (CUS), whereas the hydrogenation occurs on CUS and sulfur-saturated sites. During hydrotreating conditions, the dissociative adsorption or release of H 2 may transform the CUS sites into sulfur-saturated sites and vice versa 21 . Raybaud and co-workers 22 proposed a mechanism for toluene hydrogenation, which involves at the same time sulfur vacancies for the adsorption of the reactant and -SH groups, which are responsible for H transfer to the reactant. This mechanism is able to account for the H 2 S pressure dependence of the reaction rate. According to this philosophy, there is no specific hydrogenation site; it is generated by the association of a vacancy and an SH-group, both of which depend on sulfur coverage of the edge. A single adsorption site for the hydrogenation and direct desulfurization route was also advocated by Vrinat et al. 23 , who found that the selectivity ratio between the two pathways (HYD/DDS) in the HDS of 4,6-dimthyldibenzothiophene on spent CoMo catalysts was the same, independent of the presence of inhibiting compounds and of the origin of deactivation. Depending on the nature of the alkyl groups adjacent to the sulfur atom, or on the acid base properties of the solid, the reaction will proceed following one route or the other. Several other studies found similar results 7,[24][25][26] .

In a more atomistic view of the catalyst, a recent DFT study of the adsorption of nitrogen compounds on Ni/MoS 2 shows that many different configurations have to be taken into account (M-and S-edge, as a function of promotor content and sulfur coverage), all of which exhibit a distinctly different adsorption behavior 27 . It seems difficult, however, to integrate such a degree of complexity into a kinetic model.

Since it is not trivial to reconcile all the conflicting information, we assumed, for the sake of simplicity, that the competitive adsorption of nitrogen compounds and hydrogen on different catalytic sites is the same. Anyway, with these kinds of experiment measurements, the taking into account of several sites is not possible. Indeed, the number of parameters should be multiplied by the number of sites. This assumption allows decreasing the number of kinetic and adsorption parameters. These parameters can be observable and identifiable. The observability and identifiability of parameters allows obtaining high confidence for the estimated parameters 28 .

Other simplifying assumptions in the kinetic model are:

(i) The adsorption constants of H 2 and H 2 S are much smaller than those of nitrogen compounds, so they are neglected in the kinetic model. This assumption was validated by DFT calculation of Sun and coworkers 29 .

(ii) Volume of liquid and vapor is constant during reaction.

(iii) The liquid and gas phases are perfectly mixed.

(iv) There is no internal and external diffusion limitation in catalyst particles.

(v) Reactions are first-order.

(vi) The concentration of H 2 in liquid phase is constant and equal to the equilibrium concentration.

(vii) Liquid-Vapor mass transfer is represented by a linear driving force.

(viii) Surface reactions are the rate limiting steps of reaction.

Assuming a competitive adsorption on the same catalytic sites between H 2 , nitrogen compounds and the solvents, we used the generalized Langmuir -Hinshelwood formalism to express the fractional occupation of the molecule i on the catalytic sites ( i ):

n j liq j j s s liq i i i C K C K C K 1 , int int , int 1 (Equation 3-7)
where int i K , int j K , int s K are intrinsic adsorption constants of component i, j and solvents, respectively; n is the total number of components in the system, except for the solvents. For the liquid system or at (or near) saturation 30 , we have:

n j liq j j s s n j liq j j s s C K C K C K C K 1 , int int 1 , int int 1
Therefore, (Equation 3-7) can be rewritten as follow:

n j liq j j liq i i n j s s liq j j s s s s s s liq i i n j liq j j s s liq i i i C K C K C K C K C K C K C K C K C K C K C K 1 , , 1 int , int int int int , int 1 , int int , int 1 / / / (Equation 3-8)
where K i , K j are equilibrium adsorption constants of components i, j, relatively compared to the adsorption of solvents (l.mmol -1 ). The adsorption constants of solvents (squalane and mxylene) were not estimated in kinetic equations. In fact, the apparent adsorption constant (K i ) of reactants and products contains the contribution of the adsorption of solvents, as explained by (Equation 3-8). The global volumetric reaction rate of component i on a catalytic site in the reaction i + H 2 → j is hence defined as: . .

H i i c solid i v k r
, where 2 H and i are the fractional occupation of H 2 and component i on the catalytic sites. As the hydrogen concentration is assumed constant and equal to the concentration at the equilibrium, the volumetric reaction rate of component i is hence written:

2 1 , , 2 1 , * , 2 2 , , , 1 1 . 
.

n j liq j j liq i i i n j liq j j liq H H liq i i i c solid i v C K C K k C K C K C K k r (Equation 3-9)
where k i is the apparent rate constant (mmol.l -1 .s -1 ), which depends on the temperature, the pressure, and the nature of solvents. In the kinetic model, k i and K i were calculated via Comparing the composition of liquid sample at reaction condition ("hot" condition)

and after cooling down reactor to ambient temperature ("cold" condition) at different reaction times, a considerable evaporation of compounds was found at reaction conditions. Due to the existence of liquid-vapor equilibrium at reaction condition, a liquid-vapor mass transfer term was added in the kinetic model for all components, except for hydrogen, in order to take into account the vaporized mass fractions of reactants and products (Figure 3456789). 

Replacing liq i liq i L V exchangeL i C C k N , * , .
, and a = S exchange /V liq in two above equations of molar balance, with S exchange is the exchange surface of the liquid and gas phases (m 2 ), a is the volumic exchange surface (m 2 /m 3 ), (Equation 3-12) and (Equation 3-13) become: From the L-V equilibrium constant of component i (θ i ) and the total concentration of solvents in liquid phase, and considering that there is no mass transfer limitation in the gas phase, we calculated the * where T and P are the temperature and total pressure of reactions, respectively; total liq C is the total concentration of all components in liquid phase (including also solvent and H 2 concentrations) and θ i is the L-V equilibrium constant of component i.

liq solid solid i v liq i liq i L liq i V V r C C a k dt dC . .
As the concentration of components in gas phase cannot be measured due to the difficulty of the gas sampling and the condensation of heavy component in gas sampling tube, they cannot be used for the parameter estimation and only be calculated. The estimation method of parameters is based on the comparison between the output of the kinetic model (product concentrations calculated by the equation system) and the input data (experimental concentrations). This method called "method of model" is simplified by 

( ) ( ) ( ) ( 2 E M T E M N i E M S S S S i S i S D (Equation 3-17)
The confidence interval of the obtained parameters can be calculated from the variance of the estimation ( Algorithm minimization method provides parameter's estimation 31,32 .

The parameters related to liquid-vapor equilibrium, such as equilibrium concentration of components in liquid phase ( * ,liq i C ) and liquid-vapor equilibrium constants of components (θ i ), were calculated as described in the following paragraph. 

The reaction network used to derive of kinetic parameters is shown in

Adsorption parameters of nitrogen compounds

The self-inhibition effect of HDN as well as the inhibition of nitrogen compounds in HDS and HDA reactions was explained by the competitive adsorption of nitrogen compounds and reactants, as described by the Langmuir-Hinshelwood model [33][34][35][36] . However, a detailed study on the competitive adsorption of quinoline, intermediates and NH 3 in quinoline HDN was not investigated. Most of studies on quinoline HDN considered that all nitrogencontaining compounds showed the same value of adsorption constant despite the difference in We found that the difference between adsorption enthalpies of nitrogen compounds was not much. However, it is interesting to remark that the values of adsorption enthalpies decreased in this order: DHQ+PCHA > Q+58THQ > NH 3 > 14THQ+OPA. This result gives an estimation of the relative strength of chemical bonds formed by the adsorption of nitrogen compounds on the catalytic sites. The adsorption of nitrogen compounds depends not only on their basicity or the negative charge of nitrogen atoms, but also on the hindrance effect and the molecule size. Two principal adsorption modes of nitrogen compounds on catalytically active sites were proposed: end-on (through the nitrogen atom only) or side-on (through the heterocycle or aromatic ring or π-bond) 38 . The Density Functional Theory (DFT) calculations of Sun et al. 29,39 showed that, on the well-defined NiMoS hydrotreating catalyst edge surface, the basic nitrogen-containing molecules such as DHQ, 58THQ and quinoline are preferably adsorbed through the lone pair electrons of the nitrogen atom. This end-on adsorption mode produces relatively high adsorption energies, as we found. The non-basic nitrogen-containing molecules interact with the NiMoS catalyst edge surface through the π-electrons of the carbon atoms (side-on mode). It should be noted that the values of adsorption enthalpies in our case are the relative values obtained under the competitive coverage of hydrogen and the solvents on the catalytic sites.

A higher negative charge on the nitrogen atom of the saturated nitrogen compounds (DHQ and PCHA) led to a stronger adsorption on catalyst surface, as compared to aromatic amines and NH 3 . Our results showed that the adsorption constants of saturated amines are 3-4 times greater than those of aromatic amines, which is in an agreement with values estimated by Satterfield and Yang 10 . Although the adsorption enthalpy of NH 3 is lower than that of quinoline, we found that the adsorption constant of NH 3 is greater thanks to a higher preexponential factor and the correction made from L-V equilibrium. According to DFT calculations of Sun et al. 29 , the adsorption constant of NH 3 is higher than that of pyridine and aniline on the NiMoS edge. The two last molecules (pyridine and aniline) exhibit similar electronic structure of the nitrogen atom as quinoline and OPA. In the investigation of the inhibiting effect of nitrogen compounds on the HDS of 4,6-dimethyldibenzothiophene, Beltramone et al. 34 also found that the ammonia adsorption affinity was 6 times stronger than that of quinoline. Their results were correlated with Mulliken charge on nitrogen atom.

Recently, the detail DFT calculation of the adsorption constants of nitrogen compounds on CUS Mo-sites with 50% Ni, at S-edge of Humbert et al. 27 showed also that the adsorption constant ratio of NH 3 was much higher than that of quinoline, which confirmed the significant inhibiting effect of NH 3 during hydrotreating reactions. On the contrary, a good correlation with proton affinity was observed by Vopa and Satterfield 40 , with an adsorption constant of ammonia is 20 times lower than that of quinoline. These two last studies were both carried out on gas phase, whereas our study is performed in liquid phase. Our adsorption constants have a fairly good correlation with the relative order of pKa 41,42 (Figure 3-15). The higher adsorption constant of NH 3 compared to aromatic amines is coherent with the one observed by Beltramone et al. 34 in the investigation of inhibiting effects of various nitrogen compounds in the HDS of 4,6-DMDBT, in gas phase reactor, and opposite to the one related to proton affinity 40 .

Figure 3-15: Correlation between pKa and adsorption constants of nitrogen compounds

The kinetic modeling showed that the adsorption constants as well as the heats of adsorption of nitrogen compounds and NH 3 were significantly higher on the ASA support.

This result is in line with the investigation of Prins and co-workers 18,37 about the support acidity effects on the HDN of amines. Miller et al. 43 also found that the adsorption constant of nitrogen compounds formed from quinoline HDN was higher over NiMo/USY-Al 2 O 3 than over NiMo/Al 2 O 3 . It is generally assumed that the main adsorption sites for nitrogen compounds are sulfur vacancies (CUS) at the edges of the MoS 2 slabs (Lewis sites) or -SH groups (Bronsted sites). According to the brim theory, a flat adsorption on top of the brim could also be imagined, but DFT calculations showed that such a flat adsorption mode is energetically unfavorable for pyridine and that the molecule is adsorbed in a tilted geometry on a SH-group (on non-promoted MoS 2 ) 44 . Humbert et al. 27 recently published a detailed study of the different possible adsorption modes of organonitrogen compounds and ammonia on Ni/MoS 2 . Their work confirmed that the preferred adsorption sites were CUS sites (at the M-edge) and SH-groups (at both M-and S-edge), but adsorption was also possible on a nonvacancy Mo site on the S-edge.

The stronger adsorption of nitrogen compounds over NiMo(P)/ASA may be explained by the modification of electronic properties of CUS sites, i.e., the transfer of electron density into the support, inducing a higher deficiency of electron density on the Lewis CUS sites. The same effect may also render the SH-groups more acidic and, thus, lead to a stronger adsorption on the Bronsted sites. An additional argument that has been put forward in the literature is not related to electronic effects, but to the stacking of the slabs. Jian et al. 45 suggested that a higher stacking (as found on the ASA-support) favors the adsorption for steric and entropic reasons.

Kinetic of hydrogenation reactions

The reaction network of quinoline HDN comprises several hydrogenation and dehydrogenation reactions in thermodynamic equilibrium. With the preliminary results of modeling, we found that the rate constants of backward reactions from 58THQ to quinoline and from DHQ to 14THQ were much smaller than the respective forward reactions. In order to decrease the number of parameters in kinetic model, we neglected the backward reactions.

Forward and backward reactions were accounted for in the interconversion of quinoline and 14THQ, 58THQ and DHQ, OPA and PCHA. The apparent and effective rate constants as well as activation energies of forward and backward reaction are given in (mmol.l -1 .s -1 )

k i. K i (s -1 ) E a (kJ/mol) k i.
(mmol.l -1 .s -1 ) We first focus on the hydrogenation of quinoline to THQ and DHQ. The hydrogenation of quinoline to 14THQ was very fast and thermodynamic equilibrium was rapidly established. The value of equilibrium constant of Q-14THQ system is comparable with the value obtained by Satterfield and Yang 10 , at the same temperature and pressure. The hydrogenation of the benzenic ring of quinoline (to 58THQ) was significantly slower and had higher activation energy. The same trend is observed in the hydrogenation of THQ to DHQ.

k i. K i (s -1 ) E a (kJ/mol) Q → 14THQ 480 
The hydrogenation of 58THQ is faster than that of 14THQ and has much lower activation energy. In both cases, the hydrogenation of the nitrogen-containing ring is much faster than the hydrogenation of the benzenic ring. This is explained by the stronger adsorption of nitrogen ring compared to aromatic ring 27 . Another theory is that the presence of nitrogen in the aromatic ring significantly decreases its resonance energy, thereby making it more reactive 42 . The observation that the rate constant of hydrogenation of naphthalene into tetralin is much smaller than that of quinoline hydrogenation 46 is in line with this interpretation.

Overall, DHQ is formed by 2 pathways: the hydrogenation of 14THQ with the reaction rate ( 6 r ) and the hydrogenation of 58THQ with reaction rate ( 4 r ). The last reaction is in equilibrium with the dehydrogenation of DHQ ( 5 r ). 

Reaction pathways

The quinoline HDN takes place via two reaction pathways (Figure 3 Over both catalysts, we found that the effective rate constant of the hydrogenation of 14THQ into DHQ was about 2-4 times higher than that of the hydrogenolysis of 14THQ into OPA. The first reaction pathway is favored for both catalysts under our hydrotreating conditions. In term of the values of activation energies, we found that the NiMo(P)/ASA had lower activation energies for either the hydrogenation of 14THQ or denitrogenation reactions.

This tendency is in line with the results calculated from the pseudo-first rate kinetic model, as

shown in Figure 34567, which gives 109 and 80 kJ/mol for NiMo(P)/Al 2 O 3 and NiMo(P)/ASA, respectively. PCHA is mainly formed from the ring opening of DHQ. Consequently, this explained that the first reaction pathway is favored for both catalysts under our hydrotreating conditions. For this pathway, the hydrogenation of 14THQ into DHQ shows the lowest effective rate constant and corresponds to the rate-determining step. This result is observed over both catalysts. This is in good agreement with an earlier study of quinoline HDN over sulfide catalysts 47 . This result is different from the evaluation of reaction kinetic on noble catalysts. In contrast to NiMo/Al 2 O 3 , the rate limiting step of quinoline HDN over noble metal catalysts is the C-N bond scission because of a high hydrogenation activity of noble metal catalysts. In term of the comparison of the two catalysts, we found that the NiMo(P)/ASA had a higher effective rate constant than NiMo(P)/Al 2 O 3 for this rate determining step. (mmol.l -1 .s -1 )

k i. K i (s -1 ) E a (kJ/mol) k i.
(mmol.l -1 .s -1 ) 
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Effect of support acidity on the reactivity of NiMoS

In previous section, we showed that NiMo(P)/ASA had a higher apparent (and effective) rate constant as well as a lower activation energy for the rate limiting step, the hydrogenation of 14THQ into DHQ. The difference in favor of ASA becomes even more pronounced, if the apparent rate constant is normalized by the concentration of NiMoS sites (Table 3456789), which is lower on ASA than on Al 2 O 3 . We can, therefore, safely conclude that the ASA-supported catalyst has a higher intrinsic activity for the rate limiting hydrogenation step. It was proposed that the rate-limiting step of hydrogenation reactions is the transfer of H from an SH-group to the reactant [48][49][50] . In this mechanism, an increase in the acidity of the SH-group is favorable and provides a straightforward explanation for the beneficial effect of acidity. We cannot rule out that the higher stacking of the MoS 2 slabs on the ASA support also plays a role, but as mentioned in the introduction, there is no clear consensus in the literature on this point. [51][52][53] , C-N cleavage by hyrogenolysis and by β-elimination both involves the protonation of the amine as the initial step (in order to create a better leaving group). An acidic support, i.e. Bronsted acid sites located on the support 54,55 , or a more acidic SH-group on the edge of the sulfide slab 20,56 can obviously accelerate this step. The N-removal reactions, for example, the β-elimination, were known to occur on acidic SH groups. This indicates that the higher support acidity of silica-alumina has an electronic effect on this functionality. Moreover, the promoting effect of NiMo(P)/ASA in the β-elimination and C-N cleavage reactions may be simultaneously contributed by the protonation of nitrogen atom by Bronsted acid sites located on the support. It is surprising, however, that the positive effect of acidity is much less pronounced in ring opening reactions, although they should proceed via similar mechanisms. Steric constraints may play a role, but a full-fledged mechanistic study would be required to respond to this question, which is beyond the scope of the present work.

The overall activity in HDN of quinoline : Al 2 O 3 vs. ASA support

The preceding section showed that the ASA-supported catalyst had a higher intrinsic activity for all reaction steps in the HDN network of quinoline. Yet, the concentration of the active NiMoS sites was significantly lower on the ASA support (note that this statement is not generally valid, but depends on the preparation method). In some cases, the higher concentration of active sites on the Al 2 O 3 support compensated the higher intrinsic activity of NiMo(P)/ASA.

Therefore, adsorption effects must be taken into account to explain the overall activity.

We had shown that the adsorption of all nitrogen-containing compounds is stronger on the ASA-supported catalyst. The stronger adsorption increases the reactant concentration, but may also lead to self-inhibition by a stronger adsorption of reaction intermediates. In order to find out, which term dominates we calculated 

(14THQ→DHQ) over both catalysts as function of reaction times, at iso-volume

The stronger self-inhibition explains why the ASA-based catalyst is slightly less active than NiMo(P)/Al 2 O 3 in the HDN of quinoline, although it exhibits a higher apparent and effective rate constant for the rate limiting step. Moreover, it should be noted that the content of active promoted NiMoS phase in NiMo(P)/ASA (per a volume of catalyst) was about 1.3 times lower than NiMo(P)/Al 2 O 3 . The last result might be the second reason which resulted in a lower activity of NiMo(P)/ASA. Another reason was that NiMo(P)/ASA favored the carbon deposition on the catalyst surface, leading to a higher deactivation as compared to NiMo(P)/Al 2 O 3 . This phenomenon was not taken into account in the kinetic model, but this could be neglected because of the low content of carbon in the spent catalysts.

Gas-liquid mass transfer coefficient

In general, the L-V mass transfer coefficient k L a value in batch reactor is highly dependent on the agitation speed, reactor and stirrer configuration 57 . As the results of kinetic modeling, we found that k L a values varied in the range of 0.08 -0.23 s -1 ) ( 

Validation of kinetic model

In order to validate the kinetic and adsorption parameters obtained from the kinetic modeling, additional experiment was carried out with dodecylamine as a saturated paraffinic amine to produce rapidly NH 3 in the quinoline HDN reaction medium, over both catalysts.

The catalytic tests were performed at 350 o C, 7 MPa and with 0.75 g of presulfided catalyst.

The initial concentration of dodecylamine in each experiment was fixed at 3 wt% of dodecylamine. This dodecylamine concentration leads to ammonia production 3 times higher than the NH 3 quantity formed by quinoline (at 100% of conversion of quinoline). Other reaction conditions were the same to that in the 9 catalytic tests for the kinetic modeling. 

Conclusion

A new kinetic modeling approach with taking into account the liquid-vapor mass transfer and competitive adsorption of nitrogen compounds including ammonia allows us to -In terms of the difference in the selectivity to products, by comparing the yield distribution of products, we found that the NiMo(P)/ASA had a higher selectivity to the second reaction pathway than the reference catalyst.

As compared to literature studies, in order to investigate in detail the effects of support acidity on each reaction pathway, and the competitive adsorption of nitrogen compounds on active sites, a kinetic model has been established. The values of activation energies, rate constants of each elementary reaction and the adsorption enthalpies of each family of nitrogen compound were estimated.

The results of kinetic modeling showed that nitrogen compounds were more strongly adsorbed on NiMo(P)/ASA, thus resulting in a stronger self-inhibition of quinoline over this catalyst. The relative adsorption capacities of nitrogen compounds were also evaluated, concretely, it decreased by the order: saturated amines > NH 3 > quinoline, 58THQ > 14THQ, OPA.

Our kinetic modeling reveals that the NiMo(P)/ASA favors the hydrogenation of 14THQ into DHQ step, which is the rate-determining step of the main reaction pathway, and denitrogenation steps (without ring opening reactions), including the direct hydrogenolysis of PCHA into PCH, OPA into PB and the β-removal reaction of PCHA into PCHE. This result may be related to the modification of electronic properties of sulfide phases, caused by the transfer of electrons from the sulfide phase towards the ASA support. However, the NiMo(P)/ASA shows a lower global activity as compared to NiMo(P)/Al 2 O 3 , due to the lower quantity of active NiMoS phase of this catalyst, and the stronger self-inhibition effect due to the stronger competitive adsorption of intermediates and NH 3 formed during quinoline HDN.

In the next chapter our kinetic model will be extended to the investigation of a nonbasic model molecule, i.e. indole. This will allow the comparison of the reactivity of different model molecules and the effects of support acidity on their catalytic activity.

Chapter 4 Indole Hydrodenitrogenation -Comparison with quinoline HDN Chapter 4: Indole hydrodenitrogenation -Comparison with quinoline HDN

The hydrodenitrogenation of indole is investigated over the two catalysts in order to evaluate the difference of HDN behavior as compared to quinoline, as well as to evaluate the effects of support acidity on quinoline and indole HDN. Note that quinoline is a basic model molecule, whereas indole is considered as a neutral model molecule, so that it is also interesting to compare their reactivity towards adsorption and hydrodenitrogenation.

In this chapter, catalytic tests of indole HDN will be firstly described in detail, with particular attention to the Liquid-Vapor equilibrium and the nitrogen mass balance. Similarly to quinoline HDN, the comparison of HDN activity of the two catalysts and the selectivity to different products will be discussed. The results of kinetic modeling described at the end of this chapter will explain the difference in the activity and the selectivity of catalysts in indole HDN. Then, the comparison of indole HDN with quinoline HDN will be performed, as well as catalytic tests of the quinoline -indole mixture in order to understand the mutual inhibiting effect of these two compounds on the HDN reaction.

Introduction

In comparison with quinoline, indole is five-membered heterocycle and less aromatic than quinoline. There are not as many detailed studies on indole HDN in literature as in the case of quinoline.

In hydrotreating conditions, indole was proved to be in thermodynamic equilibrium showed that the NiMo catalyst favored the OEA hydrogenation path over the C-N bond breaking path 2,6 . These authors also showed that indole is an inhibitor for all reaction paths.

As compared to CoMo/Al 2 O 3 , NiMo/Al 2 O 3 gave a higher HDN conversion 4 .

Reactivity of nitrogen compounds towards HDN depends on their molecular structure, i.e. the alkyl substitution and the conjugation of the free electron pair on nitrogen in the aromatic ring, which governs the basicity [7][8][9][10][11] . Moreover, the reactivity of a component could be changed when existing in a mixture with another one [12][13][14] . It should be noted that indole is considered to be a weakly basic or neutral compound, whereas quinoline is a strong basic compound. The adsorption constants of indole and quinoline as well as some of intermediate products were estimated in the literature, especially via the inhibition effects of these compounds on the HDS reaction 15,16 . Experimental results of Beltramone et al. 16 showed that the adsorption constant of indole is surprisingly 2.4 times higher than that of quinoline. In contrast, depending on the adsorption mode as well as the adsorption site, the DFT calculations of Humbert et al. 17 and Sun et al. 18 showed that the adsorption constant of quinoline, a more basic compound, was higher than that of indole, a neutral compound.

Therefore, comparing the HDN reactivity of these individual compounds, as well as their adsorption constants and studying the effect of support acidity on the HDN of the indolequinoline mixture are necessary. The objective is to understand the mutual inhibiting effect of quinoline on the indole HDN and vice versa, in a mixture.

Experimental

Prior to the catalytic test, the two catalyst used for the HDN of indole were first crushed, sieved (80-125μm) and then sulfided ex-situ with the same protocol described in the The spent catalysts were recovered and then washed with hot heptane (at 90°C) in a Soxhlet system for 24 hours. Then, the used catalysts were dried under vacuum at about 100°C for 24 hours. The textural properties of used catalysts were analyzed by nitrogen adsorption. The content of carbon and nitrogen in used catalysts was determined by CHNS elementary analysis (Flash 2000 Thermo Scientific instrument). The two used catalysts were also retested in indole HDN after the resulfidation in order to estimate the extent of deactivation. nitrogen mass balances of these two catalytic tests at cold conditions were satisfactory (loss lower than 5%), but the loss was considerable under hot conditions. Consequently, a liquidvapor equilibrium simulation was needed in order to calculate the concentration of components in gas phase, so as to obtain a correct nitrogen mass balance.

Experimental results

Liquid -vapor equilibrium of reaction medium and nitrogen mass balance

The L-V equilibrium of reaction mixture at 7 MPa and 3 different temperatures (340, 350 and 360 o C) was simulated by ProSim software. The Grayson-Streed thermodynamic model was utilized to estimate the L-V equilibrium constants of every component in reaction mixture, in a flash separator 19 . The simulation was carried out for reaction mixtures with different concentrations of indole and its products. Table 4-1 summarizes all average values of volatilities and L-V equilibrium constants of indole and its products at different temperatures. Taking into account the distribution of components in gas phase allowed us to calculate the nitrogen balance more precisely. The total molar quantity of nitrogen in liquid and gas phase is compared with the molar quantity of nitrogen introduced into the reactor at the beginning of the catalytic tests. Concretely, the molar quantity of nitrogen is the sum of molar quantity of NH 3 , o-ethylaniline, indole, dihydroindole, in both liquid and gas phases.

Note that the NH 3 molar quantity could not be measured, but it is calculated as the total molar quantity of denitrogenated products (EB, ECHE and ECH). The nitrogen mass balance equation is given as following:

Balance = % 100 . ] [ ] [ ] [ 3 o o identified N N NH N (Equation 4-2)
where [N] identified is the total molar quantity of nitrogen from OEA, Indole, dihydroindole in liquid and gas phase, [N] o is the molar quantity of nitrogen from indole in reactor at the beginning of reaction. We found that the loss in nitrogen mass balance of the test over NiMo(P)/Al 2 O 3 was quite low (approximately -5%). However, the loss in nitrogen mass balance of the test over NiMo(P)/ASA was above 5% for most reaction time points. This might be explained by the formation of intermediates products, heavy products and the loss of nitrogen as coke on the catalyst surface. Therefore, a further study on the formation of unknown products was necessary in order to evidence the loss of nitrogen in the test over NiMo(P)/ASA. The formation of heavy products seems to be favored at high concentration of indole, because the nitrogen mass balance decreased with the initial concentration of indole. In fact, we found that the loss in nitrogen mass balance of the tests with 0.75 wt% and 0.5 wt% of indole, over NiMo(P)/ASA were not higher than 7% and 4%, respectively.

Study on by-products formation and used catalysts

In order to identify other by-products in the liquid phase, liquid samples obtained from different reaction times were analyzed by Gas Chromatography coupled by Nitrogen Chemiluminescence Detector (GC-NCD). We observe several peaks of light by-products of nitrogen compounds, which eluted earlier than OEA from the GC column, as shown on the chromatogram. The semi-quantitative evolution of these peaks demonstrated that these compounds were produced at short retention time, and disappeared at high conversion of indole, and hence they were intermediate products. These peaks were probably attributed to aniline, ethylbenzylaniline, which were formed by C-C and C-N bonds breaking reactions (Figure 45). These products were later on denitrogenated into hydrocarbons products such as benzene, cyclohexane. However, the ratio of the peak area of these nitrogen compounds to the peak area of indole (measured at the beginning of reaction) showed that they were not over 0. Many small contributions of heavy by-products were also observed on the chromatogram (see zoom on Figure 4-4). Considering the evolution of the ratio of total area of these peaks to the peak area of indole (at initial point), we found a parabolic function (Figure 456). The maximum appeared at medium indole conversion (60-80%), corresponding to a fraction of 3%.

Figure 4-6: Semi-quantification of by-products in liquid phase during the tests over NiMo(P)/ASA, at 340°C and 360°C, 1 wt% indole

The parabolic evolution of these by-products revealed that they were produced at short residence time. They were probably further converted into lighter products or more condensed products (deposed on the catalysts or coke formation). The formation of the heavy byproducts, mainly dimers and trimers of indole, was assumed 20,21 and was explained by the random linking of intermediate products. In order to indentify heavy by-products in the liquid phase, a liquid sample obtained from the test over NiMo(P)/ASA, at 350°C, was analyzed by Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT/ICR-MS) (Electrospray Ionization (ESI) mode ). The principle of this analysis technique will be described in detail in chapter 5. Several heavy by-products with the raw formula containing 16 carbon atoms were characterized, as shown in appendix 4B. The heavy by-products are mainly dimers of indole and condensation products of indole with an ethyl-cyclohexyl fragment.

The elemental CHNS analysis of the used catalysts allowed us to determine the percentage of carbon and nitrogen after catalytic tests. Moreover, the investigation of textural properties of the used catalysts helped us to compare the BET specific surface area, total pore volume as well as the modification of pore size distribution. and used NiMo(P)/ASA catalyst, which represent about 6% and 9% of the total amount of nitrogen, respectively. This also contributes to the deficit in the nitrogen mass balance.

The investigations on the by-products formation and the spent catalysts revealed minor reaction pathways. They include the cracking of C-C or C-N bonds which produced the light products such as benzene, toluene and cyclohexane. Moreover, they also include reactions catalyzed by acid sites on the catalysts such as alkylation, isomerization and oligomerization, which induced the formation of heavy by-products and coke. The formation of these byproducts explains the loss of nitrogen in nitrogen mass balance.

The used catalysts obtained from the catalytic test at 1 wt% of indole, 350°C and 7

MPa were re-sulfided, with the same protocol as used for the sulfidation of the fresh catalyst (part 2.3), and then tested their activity in the indole HDN, with the same reaction conditions, in order to evaluate the deactivation level of the catalyst. The pseudo-first rate constants of the conversion of indole + HIN (k o ) (per 1 gram of the catalyst) were calculated. The deactivation ratio is defined as the ratio between k o obtained from the test with fresh catalyst and k o obtained from the test with spent catalyst. Table 4-5 summarizes the k o values for fresh and spent catalysts and the deactivation ratio. We found that the activity of NiMo(P)/Al 2 O 3 is almost unchanged, whereas the NiMo(P)/ASA is significantly deactivated. Similarly to the HDN of quinoline, the catalytic tests of indole HDN were carried out at the 3 initial concentrations of indole (0.5, 0.75 and 1 wt %). As observed in Figure 4-9, the HDN activity of the two catalysts decreased with the increase of the initial concentration of indole. Moreover, we found that the decrease of HDN activity was not linear with the increase of indole concentration. This result is explained by the competitive adsorption of nitrogen compounds and H 2 on catalytic sites. 

Comparison of activity and selectivity of the two catalysts

In order to compare the HDN activity of the two catalysts, we plot in In terms of the selectivity to products, the difference between the two catalysts was similar to that obtained in quinoline HDN (Figure 4 

Results of kinetic modeling

The same method of kinetic modeling as described in part 3.3 allowed us to estimate the kinetic and adsorption parameters of indole HDN. The reaction scheme of Figure 456789101112was used for the establishing the kinetic equations. 

.
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where k i is the apparent rate constant (mmol.l -1 .s -1 ), K i is the apparent adsorption constant of component i, which were calculated via Arrhenius law (Equation 4 A by-product formation pathway (i.e. light by-products, heavy by-products and coke), as evidenced in part 4.3.2, was included in the reaction scheme for kinetic modeling in order to minimize the difference between modeling and experimental data (D 2 , see part 3.3). Note that of the D 2 value of the kinetic modeling of the reaction scheme without by-products formation was about 0.36 over NiMo(P)/ASA. This value decreased to 0.22 with the byproduct formation pathway. As a consequence, the integration of by-product formation in the reaction scheme allowed us to gain accuracy in the determination of the kinetic parameters.

The kinetic equation of the by-products formation of indole HDN was modeled by a simple first-order rate equation. This reaction pathway was assumed to occur on acidic sites of the support (as discussed in part 4.3.2), therefore, the reaction rate was considered to be only proportional to the concentration of indole, and there was no the competitive adsorption with 

Liquid-vapor mass transfer

The liquid-vapor mass transfer parameters obtained were in the range of 0.1-0. 

Adsorption parameters of indole and its products

As shown in Table 4-6, the adsorption enthalpies (∆H ads ,) of indole and its products varied in the range of 29-58 kJ/mol. These parameters were obtained with high confidence (accuracy below 5%). However, the pre-exponential factors were obtained with the poor accuracy (30-50% of confidence interval). The adsorption enthalpy of NH 3 obtained by indole HDN had the same value as in quinoline HDN. Thanks to pre-exponential factors and adsorption enthalpies obtained from the kinetic modeling, we calculated the adsorption constants of indole and its products (by Equation 4-6), which are given in Table 4-6. Note that the latter are apparent adsorption constants, i.e. the values are relative to the adsorption of solvents, so that they depend on the nature and concentration of solvents. As a consequence, the adsorption constants (K i ,) of indole and its products cannot be directly compared to that of quinoline, because the two model molecules were studied in two different solvent systems.

This comparison needs an investigation on the solvent effects, which will be described later. The relative order of adsorption constants of indole and its products was established.

The adsorption of indole was very weak. This result revealed that indole was not a strong inhibitor for NiMoS hydrotreating catalyst, and it is expected to represent a lower inhibition effect than its intermediate products. On the other hand, we found that aromatic amines (HIN and OEA) and NH 3 showed relatively high adsorption constants. The adsorption constant of OEA was 20-30 times higher than that of indole, and this compound is quite refractory at our reaction conditions. As a consequence, OEA is a strong inhibitor of indole HDN.

Comparing the two catalysts, we found that the adsorption constants of nitrogen compounds over NiMo(P)/ASA were nearly two times higher than the corresponding values over NiMo(P)/Al 2 O 3 . This result agreed with the study of quinoline HDN. Nitrogen compounds (even indole, the neutral compound) adsorb more strongly over NiMo(P)/ASA than over NiMo(P)/Al 2 O 3 , which is in line with studies in literature 22,23 . The strong promotion of support acidity on the adsorption of organonitrogen compounds could be related to the electronic properties of catalytic sites. Sulfur vacancies (CUS) located at the edges of MoS 2 nanoclusters, which exhibit Lewis acid character and can adsorb atoms with unpaired electrons, are considered to be the active sites in sulfide catalysts 24 . The adsorption of sulphur containing reactants during HDS reaction on CUS sites have been evidenced by theoretical calculations [25][26][27] . The stronger adsorption of nitrogen compounds over NiMo(P)/ASA may be related to the modification of electronic properties of CUS sites, i.e., the transfer of electron from the CUS site into the support, inducing a deficiency of electron density on the Lewis CUS sites. Moreover, nitrogen compounds can also adsorb on the -SH sites, albeit with a lower adsorption energy, according to DFT calculations 17 . The higher acidity of ASA support can imply a higher acidity of -SH sites, thus also favors the adsorption of nitrogen compounds.

Reaction pathways

In including the apparent, effective rate constants and activations energies of every elemental reaction obtained from the kinetic modeling, for the first and the second pathway, respectively. The ratio of apparent rate constant of the dehydrogenation of HIN into indole to the hydrogenation of indole into HIN is similar for both catalysts ( product stream under our reaction conditions. As observed in the quinoline HDN under similar reaction conditions, propyl-cyclohexylamine (PCHA) was found only at traces, we did not detect ECHA during indole HDN. Thus alkyl-cyclohexylamines are very reactive under hydrotreating conditions. The high reactivity of PCHA was similarly confirmed in the HDN of OPA 29,30 . The hydrogenation of HIN into OHIN is the rate limiting step of the first reaction pathway. This is coherent with the result of the kinetic modeling of quinoline HDN, in which, the hydrogenation of 14THQ into DHQ is the rate limiting step.

k i. K i at 350°C, (s -1 ) E a (kJ/mol) k i at 350 o C, (mmol.l -1 .s -1 ) k i. K i at 350°C, (s -1 ) E a (kJ/mol) IND ↔ HIN k 2 /k 1 = 0.0035 k 2 /k 1 =
On the other hand, the pathway proceeding via the hydrogenolysis of HIN into OEA and then hydrogenation of the last molecule into ECHA was also important. We found that OEA is quite a refractory molecule under our reaction conditions. The hydrogenation of this molecule is the rate determining step of this reaction pathway. The low reactivity of OEA in such reaction conditions was probably explained by the fact that the HDN of OEA was inhibited by the adsorption of other compounds such as NH 3 and HIN. Previous studies on aniline, of which OEA is considered as an alkyl-derivative, showed that the HDN of aniline was inhibited by pyridine 31 , indole 15 and quinoline 32 . Moreover, the accumulation of OEA during indole HDN due to its low reactivity could also inhibit the overall indole HDN, as confirmed by the high adsorption constant value of OEA as compared to indole. This evaluation is coherent with a previous study of Olivé et al. 33 .

As the result of the kinetic modeling, we observed that OEA was essentially converted by its hydrogenation pathway. The C sp2 -N bond breaking of OEA into ethylbenzene (EB) was 2-3 times slower than its hydrogenation. Ethylbenzene is a minor product, which is formed by the C-N direct bond breaking of indole HDN. This result is coherent with the quinoline HDN, in which, propylbenzene was also a minor product (lower than 10 mol% at total conversion).

Our results confirmed that over NiMo supported catalysts, the HDN of organonitrogen compounds occurs always preferentially via the hydrogenation pathway. The hydrogenation of OEA (into ECHA) and the hydrogenolysis of OEA (into EB) are faster over NiMo(P)/ASA than that over NiMo(P)/Al 2 O 3 . This results in lower molar yield (or lower selectivity) of OEA over NiMo(P)/ASA. On the other hand, from Table 4-9, the effects of support acidity on N-removal reactions are very clear. We found that the NiMo(P)/ASA shows extremely high intrinsic rate constants for N-removal reactions, i.e. the β-elimination of saturated amine (ECHA) into olefin (ECHE) and the direct hydrogenolysis of ECHA into ECH. The C-N bond breaking was known to occur on acid sites of the support and -SH group [34][35][36] or on the CUS sites 37,38 .

How does the support acidity impact the elementary steps?

The promoting effect of NiMo(P)/ASA on these reactions may be explained by the protonation of the nitrogen atom by Bronsted acid sites located on the support or the modification of electronic properties of CUS sites due to the higher acidity of ASA support. Note that the adsorption constant of HIN and OEA is the same value; therefore, these two rate determining steps have the same value of adsorption term. 

Is there a self-inhibiting effect of indole HDN?

wt% (b) of indole

In both tests of indole HDN, with either 1 wt% or 0.5 wt% of indole, the adsorption term of these two rate limiting steps over NiMo(P)/ASA is always higher than over NiMo(P)/Al 2 O 3 . This means that there is no self-inhibiting effect due to the competitive Consequently, note that there is no self-inhibiting effect during indole HDN, the question is why does the NiMo(P)/ASA had a slightly lower HDN conversion in the test of 1 wt% of indole. It should be recalled that the HDN conversion was calculated by the percentage of HDN products (including ECH, ECHE and EB). The lower HDN conversion obtained in the test of 1 wt% of indole over NiMo(P)/ASA may be attributed to the loss of indole by the formation of by-products. In reality, a higher conversion into by-products over NiMo(P)/ASA is successfully simulated by the kinetic model, as described as follow.

Formation of by-products

The experimental data show that ASA favored by-product formation and the kinetic modeling reproduces this effect. Figure 4-18 shows the total calculated molar yield of byproducts produced over the two catalysts. As found in Table 4-8, the effective rate constant (k 11 ) of this route over NiMo(P)/ASA was about 1.5 times higher than that over the Al 2 O 3 supported catalyst. This is coherent with the experimental results, which showed that the nitrogen loss during the tests over NiMo(P)/ASA, in the range of 8-15%, was more important than the nitrogen loss in the tests over NiMo(P)/Al 2 O 3 , in the range of 5-9%, at any temperature and initial indole concentration. High initial indole concentration stimulates the formation of by-products. The difference in the yield of by-products between the two catalysts increases with the concentration of indole. The investigation on nitrogen content on the used catalysts (part 4.3.2) showed that there is about 6% of nitrogen (compared to nitrogen in indole at the beginning of reaction) deposited on the used NiMo(P)/Al 2 O 3 catalyst. This value is about 9% for the used NiMo(P)/ASA catalyst. Light by-products such as benzene, toluene, cyclohexane and methylcyclohexane were produced from cracking reactions, according to the mechanism proposed by Schulz et al. 1 . Heavier by-products such as alkylated indole and condensed N-containing oligomers deposited on the catalyst surface, meanwhile, were produced from alkylation and condensation reactions. All these reactions are considered to be catalyzed by acidic sites of the support over the catalysts [39][40][41] . 

Compare the effects of support acidity on the HDN of quinoline and indole

The kinetic model allowed us to highlight the effects of support acidity of sulfide catalysts on quinoline HDN (chapter 3) and indole HDN (this chapter). In both cases, the adsorption of quinoline, indole, their intermediate products and NH 3 were stronger over NiMo(P)/ASA than over NiMo(P)/Al 2 O 3 . This indicated that the support acidity of silicaalumina had enhanced the adsorption of nitrogen compounds, as already discussed before and in chapter 3.

In both quinoline and indole HDN, the hydrogenation steps were observed to be the rate determining steps of the main reaction pathway. In quinoline HDN, the NiMo(P)/ASA catalyst had higher intrinsic rate constants (normalized by the concentration of promoted NiMoS sites) for this step. This is again coherent with the higher intrinsic activity of the NiMo(P)/ASA in the toluene hydrogenation, as described in chapter 2. However, the results of the kinetic modeling of indole HDN did not allow a clear conclusion of the effects of support acidity on hydrogenation steps. The support acidity of ASA had only a promoting effect on the adsorption of nitrogen compounds and this induced higher effective rate constants for many steps in indole HDN.

For ring opening reactions, the difference between the ASA and the Al 2 O 3 -support is small or absent, observed in both quinoline and indole HDN. Meanwhile, effects of support acidity on the N-removal reactions, i.e. exocyclic C-N bond cleavage by hydrogenolysis or βelimination, were evidenced. In quinoline and indole HDN, the NiMo(P)/ASA had a strong positive effect for these steps. As discussed above, this might be simultaneously contributed by the presence of Bronsted acid sites located on the support, the higher acidity of -SH groups or the modification of electronic properties of CUS sites due to the higher acidity of ASA Analyses of spent catalysts (elemental analysis, test over spent catalyst) showed that the NiMo(P)/ASA was more rapidly deactivated due to the formation of heavy by-products and coke deposition, in both quinoline and indole HDN. The kinetic modeling of indole HDN allowed the quantification of the promoting effect of the NiMo(P)/ASA on this path. This was explained by the higher acidity of the ASA support, which can catalyze side reactions, i.e.

oligomerization, alkylation and cracking reactions. In order to compare the effects of support acidity on quinoline and indole HDN, Table 4-10 summarizes the most important conclusions.

Table 4-10: Comparison of the support acidity effects on the HDN of quinoline and indole quinoline HDN indole HDN

The NiMo(P)/ASA favored the adsorption of nitrogen compounds

The NiMo(P)/ASA had higher intrinsic activity for hydrogenation steps (rate determining steps) Not clear

The NiMo(P)/ASA favored the N-removal reactions

The NiMo(P)/ASA favored the byproducts formation Self-inhibiting effect No

Comparison of HDN reactivity of indole and quinoline

In order to compare the reactivity of indole and quinoline, we performed the catalytic tests under the same reaction conditions: 7 MPa, 350°C and 0.75 g of the presulfided NiMo(P)/Al 2 O 3 catalyst (80-125μm) and 1 wt% of the reactant (indole or quinoline), using the same solvent, a mixture of 50 wt% of m-xylene and 50 wt% of squalane.

Figure 4-19: Comparison HDN reactivity of indole and quinoline (C = [Q]+[58THQ]+[14THQ] for quinoline HDN and C = [IND]+[HIN] for indole HDN)

As shown in This was necessary in order to avoid the coelution of the aromatic solvent with an aromatic product (propylbenzene in case of quinoline HDN and ethylbenzene in case of indole HDN).

Therefore, the apparent adsorption constants of quinoline, indole and their products obtained from the kinetic modeling of the individual compound HDN may differ. In reality, the apparent adsorption constants in the kinetic model are the ratios of intrinsic adsorption constants of compounds to the product of intrinsic adsorption constants of solvents and the concentration of the solvents, as explained by Equation 3-4. Therefore, the nature and concentration of the solvents play an important role on the adsorption constants of nitrogen compounds, and consequently, the HDN conversion. The solvent may affect the adsorption of reactants via different ways:

(i) Competitive adsorption on the catalytic sites with reactants and products; in the liquid phase the catalyst surface is necessarily covered by either reactant/products or the solvent.

(ii) Liquid-Vapor thermodynamic equilibrium: the volatility of each nitrogen compound and the solvent in the mixture depends on the nature and the concentration of solvents utilized;

As a consequence, the study of the effects of solvents is important in order to establish a relative order of adsorption constants of nitrogen compounds. For this investigation, we performed the HDN of indole in the two different solvents: S 1 (50 wt% m-xylene + 50 wt% squalane) and S 2 (35 wt% 1,3,5-trimethylbenzene + 65 wt% squalane). The initial disappearance rate of indole and dihydroindole were then calculated. 
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Where: Considering the ratio of disappearance rate of indole and HIN in the two solvents, we have:
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At t o , reaction mixtures contain mainly indole and hydroindole. Other nitrogen compounds such as OEA and NH 3 are not detected. Dividing the nominator and denominator of (Equation 4-9) by K S2 , the ratio of initial disappearance rate of indole and HIN in the two solvents becomes: Using (Equation 4-10) and the values in Table 4-11 as well as the apparent adsorption constants of indole and HIN obtained from the kinetic modeling in part 4.4, we calculated the ratios of intrinsic adsorption constant between the two different systems of solvents (K S1 /K S2 ).
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We found that the K S1 /K S2 values over NiMo(P)/Al 2 O 3 and NiMo(P)/ASA were 1.38 and 1.63, respectively. This calculation result confirms that the two catalysts adsorb more strongly the m-xylene + squalane solvent than the 1,3,5-trimethylbenzene + squalane solvent, as seen by experimental data. Note that the adsorption of aromatic compounds is preferably performed through π-bonding of the ring 43 . The difference in negative charge or the polarity (m-xylene is polar and 1,3,5-trimethylbenzene is non-polar) may explain the different adsorption constants between the two molecules. Moreover, the adsorption of m-xylene has an entropic advantage in the liquid phase, i.e. a higher probability of interaction between the molecule and catalyst's surface because m-xylene is smaller than 1,3,5-trimethylbenzene.

The K S1 /K S2 values are useful to transform the apparent adsorption constants of indole and its products in the solvent S 2 , into their apparent adsorption constants in the solvent S 1

(Equation 4-11). 1 2 1 2 2 2 int 1 1 int . . ) ( ) ( S S S S S S S S C C K K C K i K C K i K (Equation 4-11)

Adsorption constants of quinoline, indole and their products

As shown in (Equation 4-11), due to the solvent effects on the adsorption of nitrogen molecules, the apparent adsorption constants of indole and its products obtained from the kinetic modeling of indole HDN have to be transformed into the apparent adsorption constants relative to the solvent S 1 , which was utilized for quinoline HDN. This is a way to compare the apparent adsorption constants between quinoline, indole and theirs products.

Table 4-12 shows the apparent relative-to-S 1 solvent adsorption constants of quinoline, indole and their products. The values of adsorption constants of N-containing compounds given in Table 4-12 allow us to establish a ranking of adsorption strength. This is expected to give insight information on the quantification of inhibiting effects of nitrogen compounds on HDS and HDN reactions. 

HDN of the mixture indole -quinoline

An investigation of the mutual inhibiting effect of quinoline on indole HDN and vice versa is necessary to evaluate the HDN reactivity of each compound in a mixture and toward the HDN of real petroleum feed. The HDN catalytic test of the indole -quinoline mixture were carried out at 350°C, 7 MPa, in the solvent constituted of 35 wt% of 1,3,5trimethylbenzene and 65 wt% of squalane. The reactor was loaded by 0.5 wt% of indole and 0.25 wt% of quinoline, and 0.75 gram of presulfide catalyst. The objective is to study the competitive effect of quinoline on indole HDN and vice versa. The concentration of quinoline was chosen (0.25 wt%) to be a half of the concentration of indole (0.5 wt%) in order to reinforce the inhibiting effect of indole on the HDN of quinoline, and confirm the inhibiting effect of quinoline (basic compound) on indole HDN even at low concentration. Additional tests of quinoline HDN were performed under the same reaction conditions, i.e. 0.25 wt% of quinoline, in the absence of indole, in order to compare with the mixture test. conversion obtained at 0.5 hours was about 45%. This indicates that indole has an eligible inhibiting effect on quinoline HDN. However, we observe a clear difference in the HDN conversion of quinoline in the absence and the presence of indole, above 50% conversion of indole. This shows that the intermediate products such as OEA and HIN have a stronger inhibiting effect than indole. This is in a good agreement with the ranking of adsorption constants obtained from the kinetic modeling, in which OEA, HIN and NH 3 have significantly higher adsorption constants than indole. Over NiMo(P)/ASA, the inhibiting effect of indole and its products on quinoline HDN is stronger than over NiMo(P)/Al 2 O 3 , even at a low indole conversion. This shows a stronger adsorption of indole over NiMo(P)/ASA, and that the adsorption constant ratio of quinoline to indole over NiMo(P)/ASA is lower than over NiMo(P)/Al 2 O 3 .

Inhibiting effect of indole on quinoline HDN

Inhibiting effect of quinoline on indole HDN

The inhibiting effect of quinoline on indole HDN is determined by the comparison of the indole test (without quinoline) with the mixture test (with quinoline). In both cases, we observe that quinoline has a strong inhibiting effect on indole HDN although the concentration of quinoline is half of the concentration of indole. The inhibiting effect of quinoline and its products (14THQ, DHQ, OPA, PCHA and NH 3 ) on indole HDN depends on the adsorption coverage of these components on the same catalytic site. Major intermediate products of quinoline HDN (14THQ, 58THQ and DHQ) have a strong competitive adsorption with indole, and hence lead to inhibition. We observe the same shape of the indole HDN conversion curves over both catalysts. This suggests that the same inhibiting phenomenon is observed in both catalysts. Moreover, due to the high concentration and hence the high surface coverage of quinoline and its products at the beginning of reaction, the indole HDN is likely more inhibited at low conversions (first half hour). This explains the concave shape of the HDN conversion curves in the mixture tests at the first 30 minutes of reaction, over both catalysts. In order to quantify the inhibiting effect of quinoline on the HDN of indole for the two catalysts, we calculated the ratio of the pseudo-first-order rate constant of the conversion of indole and hydroindole in the presence of quinoline to the one in the absence of quinoline.

The ratios obtained are 0.448 and 0.263 for NiMo(P)/Al 2 O 3 and NiMo(P)/ASA, respectively.

This indicates that quinoline, NH 3 and the intermediate products of quinoline have stronger inhibiting effects on indole HDN over NiMo(P)/ASA than over NiMo(P)/Al 2 O 3 . However, it should be noted that the yield distribution of intermediate products of quinoline HDN is different between the two catalysts at the same conversion of quinoline (see part 3.3.3). For example, at the same quinoline conversion, the yield of DHQ over NiMo(P)/ASA is always higher than that over NiMo(P)/Al 2 O 3 . Both the higher adsorption constant of quinoline as well as its products and the higher yield distribution of DHQ, which represent the highest adsorption constant, over NiMo(P)/ASA cause the higher competitive adsorption with indole over this catalyst.

Conclusions

The kinetic modeling of indole HDN over the two catalysts, NiMo(P)/Al 2 O 3 and NiMo(P)/ASA, allowed us to discriminate the effect of support acidity on the reaction pathways and the adsorption of nitrogen containing compounds on the catalytic sites. As in the case of quinoline HDN, the indole HDN occurs via two reaction paths: the dominating path is hydrogenation of dihydroindole into octahydroindole and the minor path is the ring opening of dihydroindole into OEA. In both reaction paths, the hydrogenation of aromatic ring is the rate limiting step.

As expected, we found a difference in activity and selectivity to different reaction pathways of the two catalysts in indole HDN. From the kinetic modeling, we found that the NiMo(P)/ASA favored hydrogenolysis reactions, including C sp2 -N bond breaking, βelimination reaction and direct hydrogenolysis. However, effects of support acidity on hydrogenation steps were not very significant in the case of indole. The apparent adsorption constants of organonitrogen compounds were estimated and compared. Indole was a negligible inhibitor of the HDN reaction due to the low adsorption constant, whereas NH 3 and o-ethylaniline were important inhibitors. The adsorption constants of nitrogen compounds were systematically higher over the ASA-supported catalyst than over the Al 2 O 3 counterpart.

Further analysis of indole HDN kinetics showed the absence of the self-inhibiting effects. The stronger adsorption of nitrogen compounds over NiMo(P)/ASA increased the effective rate constants for all elementary steps.

The effects of support acidity on the HDN of quinoline and indole were compared.

The acidic ASA support could induce a modification of the electronic properties of the sulfide phase, and therefore resulted in a promoting effect on the N-removal reactions and on the adsorption of nitrogen compounds. A difference in the effects of support acidity between quinoline and indole HDN was the presence and the absence of a self-inhibiting effect, respectively. The formation of intermediate saturated amines, which showed very high adsorption constants, during quinoline HDN, led to self-inhibition due to the excessive adsorption of these compounds on the NiMo(P)/ASA. However, this result is not observed for indole HDN.

A ranking of the apparent adsorption constants of quinoline, indole, theirs intermediate products and NH 3 was established by taking into account the effects of solvents, including the competitive adsorption of solvents with molecules and the L-V equilibrium effects. The ranking of adsorption constants of nitrogen compounds was found to be relatively coherent with the ranking of pKa. The adsorption of N-containing compounds depended not only on their basicity and but also on their size of molecules. Indole had a negligible adsorption constant whereas saturated amines had highest adsorption constants. Aromatic amines and NH 3 showed also high adsorption constants.

In the HDN of individual model molecules, indole showed a higher reactivity towards HDN than quinoline. However, in a mixture with quinoline, a basic nitrogen compound, the HDN of indole was significantly inhibited. The inhibition was even stronger over the more acidic NiMo(P)/ASA catalyst. The inhibiting effect was caused by the competitive adsorption of basic compounds, i.e. quinoline and its intermediate products, with indole. In the presence of indole, the HDN of quinoline was almost unchanged over NiMo(P)/Al 2 O 3 , whereas it was inhibited over NiMo(P)/ASA. The results obtained during the mixture tests were in agreement with the ranking of adsorption constants of quinoline, indole and theirs products. This indicates that the HDN of neutral compounds, i.e. indole and carbazole, in the mixture or in the real feed, is strongly inhibited due to the competitive adsorption of basic nitrogen compounds.

Chapter 5

HDN of a Straight Run & Coker Gas Oil mixture

Chapter 5: HDN of Coker & Straight Run Gas Oil mixture

Introduction

As discussed in chapter 1, nitrogen compounds contained in petroleum fractions are well known for their inhibiting effects on hydrotreating and upgrading processes. To improve the catalyst efficiency, a better understanding of the reaction mechanism involved during hydrodenitrogenation is required. This needs a detailed characterization of organonitrogen compounds in heavy petroleum cuts, especially refractory compounds with a sterically hindered structure, and a detailed investigation on the reaction kinetics.

Very recently, breakthrough advances in analytical techniques allowed the identification of the nature of N-containing compounds in the complex matrix of petroleum fractions, and distinguishing them according to their molecular structure. Comprehensive two dimensional gas chromatography (GCxGC) proved to be able to separate and characterize nitrogen compounds [1][2][3][4][5][6][7][8] . In order to optimize the GCxGC analysis, these compounds could be previously extracted using an ion-exchange resin method 8 , or using supercritical fluid chromatography [9][10][11] to separate neutral and basic N-containing compounds. The elution of heavy compounds and coelutions between polyaromatic hydrocarbons and nitrogen compounds are the limitations when using a mass spectrometer for the quantification 12 .

Therefore, the successful implementation of specific nitrogen detectors with GCxGC, such as Nitrogen Chemiluminescence Detector (NCD) 2,3,13,14 , Atomic Emission Detector (AED) 4 , Nitrogen Phosphorous Detector (NPD) 5,15 , facilitated the identification of these nitrogen compounds. However, nitrogen detection by AED is subject to interference with the hydrocarbons of the petroleum matrix and poorly sensitive for the study of N-compounds at low nitrogen level 16,17 . Meanwhile, NPD is not equimolar for nitrogen compounds, which remains a major drawback for the quantification of complex matrices 9 . As compared to AED and NPD, NCD has a higher nitrogen-to-carbon selectivity 14,17 and can be used in a wide range of applications 17 . Therefore, NCD is a privileged solution for the quantification of nitrogen compounds in heavy petroleum fractions. With the NCD, Adam et al. 17 succeed to quantify the families of nitrogen compounds such as anilines, quinolines, acridines, indoles and carbazoles in a gas oil cut. In heavy gas oil, more than 100 N-compounds were found, including alkyl-indols, alkyl-carbazols, alkyl-benzocarbazols, alkyl-quinolines, alkylbenzoquinolines, and alkyl-dibenzoquinolines 5 .

High resolution mass spectrometry such as Fourier Transform Ion Cyclotron Resonance

Mass Spectrometry (FT-ICR/MS) has been also developed for providing a comprehensive identification of heavy compounds in petroleum fractions 18 . This technique has an ultra-high mass accuracy (< 2 ppm) and is, therefore, useful to determine molecular formula. With the electrospray ionization (ESI) source, the technique can identify polar heteroelement compounds, i.e. basic compounds with positive electrospray mode (ESI+) and neutral compounds with negative electrospray mode (ESI-). The implementation of FT-ICR/MS allows getting further insight into the nature and distribution of heterocompounds (i.e. carbon number and degree of unsaturation) in crude oil 19 , heavy fractions 20,21 and also in hydrotreating effluents [22][23][24][25][26] . Consequently, it is expected to be a powerful tool for a better comprehension of the mechanism of hydrotreating reactions of real feed.

Most studies indicated that the N 1 class species (with one nitrogen atom in the molecule) was dominant as compared to other families 20,[22][23][24] . In a heavy coker gas oil, Zhu et al. 20 found that the mass range of basic and neutral nitrogen compounds was 200-450 and 160-400 Da, respectively. For the basic nitrogen compounds, the carbon number range was 18-24 carbons and the double bond equivalent (DBE) range was 8-11. Molecular structures were mainly found to be tetrahydroacridine (DBE = 8) or octahydrobenzarcridine (DBE = 9).

For the neutral nitrogen, carbon range was 16-22, and the species mainly comprise carbazole (DBE = 9) and benzocarbazole (DBE = 12). A table of N 1 nitrogen compounds with corresponding DBE value is given in part 5.2.3. There are also other minority species of polyheteroatoms such as N 2 , N 1 O 1 , N 1 S 1 ,…, as reported in chapter 1 26,27 .

In a comparison of diesel (50 wt% light cycle oil + 50 wt% straight run light gas oil) and its hydrotreated products, Hughey et al. 28 noticed that N 1 and N 2 -type compounds were resistant to hydrotreatment, whereas N 1 S 1 , N 1 O 1 , N 2 O 1 , and O 2 containing compounds were completely removed. Klein et al. 24 also found that hydrotreatment-resistant compounds typically contained a single nitrogen atom. When comparing the range of DBE and carbon number of nitrogen compounds between shale oil and hydrotreated effluents, Chen et al. 26 found that the N 1 class species in hydrotreated shale oil might be generated from polyheteroatoms compounds, thus they extended over a wider range of both parameters than in the original shale oil.

The interpretation of HDN reaction pathways is difficult because hydrotreatment can simultaneously remove and generate compounds of the same DBE values, i.e. quinolines-type compounds can be converted to pyridines-type compounds but also produced from acridinestype compounds 25 . Liu et al. 23 , Zhang et al. 29 showed that N 1 class species with high aromaticity and/or low carbon number exhibited higher catalytic hydrogenation reactivity.

The comparison of hydrotreated gas oil effluents obtained after conversion with different catalysts was performed by Oro and Lucy 30 . A slight difference in the range of carbon number and of DBE was observed between the catalysts, but no result on the distribution of DBE and carbon number of each family of N-compounds was reported, and the link between DBE distribution and catalyst properties was not established.

GCxGC and FT-ICR/MS are complementary techniques because GCxGC can provide quantitative information, whereas the FT-ICR/MS provides a detailed identification of compounds 18 . Several studies attempted to combine GCxGC/MS for sulfur 1 or aromatic 31 speciation or High Temperature GCxGC-FID 1 with FT-ICR/MS. Studies on the combination of GCxGC-NCD with FT/ICR-MS technique are not yet reported in literature.

With the objective to discriminate the difference between our two catalysts in HDN of a heavy gas oil, this chapter will attempt to:

(i) Compare the HDN and HDS activity of the two catalysts in a real feed conversion and discuss the result with respect to the HDN of model molecules (quinoline and indole);

(ii) Carry out a detailed identification and semi-quantification of nitrogen compounds in real feed and effluents;

(iii) Discriminate the two catalysts and evaluate the effect of support acidity.

Experimental

Catalytic tests in fixed-bed continuous reactor

The gas oil feed is a mixture of 50 wt % of straight run gas oil and 50 wt% of coker gas oil. Properties of individual gas oils and gas oil mixture are given in Table 5-4. Prior to catalytic tests, the two catalysts were sulfided ex-situ in a 15% H 2 S in H 2 gas mixture, at a flow rate of 1.3 L/g cata .h, and 400°C, for 4 hours. The size of catalyst particles is in the range of 80-125 μm. After sulfidation, about 0.75-0.9 gram of catalyst was loaded in a tubular reactor of an internal diameter of 7 mm, between two layers of SiC (≈3.5 g per layer, 35-74 μm SiC size particles).

Catalytic tests were performed in a three phase fixed-bed reactor in up-flow mode. The gas oil mixture was pumped via a HPLC pump and combined with hydrogen from high pressure H 2 supply, to feed the reactor, as described in Liquid samples were taken after reaching steady state on stream and used to determine total sulfur using UV Fluorescence, nitrogen content by chemiluminescence (ANTEK 9000NS) and basic nitrogen content by potentiometric titration (IFPEN 9626 method).

Compositional analysis of nitrogen compounds of liquid samples was carried out by FT-ICR/MS. At the end of experiment, the catalyst was washed by heptane at 85 o C, and then dried at 100 o C for 24 hours. The used catalysts were analyzed to measure the elemental carbon and nitrogen content. These analyses will be described in detail in next paragraphs.

Total sulfur and nitrogen content determination

Total sulfur and nitrogen content of liquid samples were determined in order to evaluate the HDS and HDN conversion, respectively. The principle of this analysis is based on a complete oxidation at high temperature (1050°C), in a quartz tube, of all sulfur and nitrogen compounds, as described by the following reaction: Here, R-S represents organic compounds containing at least one sulfur atom, R-N those containing at least one nitrogen atom and R-H represents all other hydrocarbons.

Water vapor in the gas product mixture is removed, and the gas mixture is further sent to detectors. The first detector is a ultra-violet fluorescence detector. The SO 2, obtained from the combustion of sulfur compounds is excited by a UV beam (SO 2 *

). Then, the fluorescence signal emitted to return to the fundamental state (SO 2 ) is detected by a photomultiplier and the signal represents the quantity of sulfur in the sample.

SO 2 + hν → SO 2 * → SO 2 + hν' 33,34 In the presence of O 3 , NO, coming from the combustion of nitrogen compounds, is brought to an excited state (NO 2 *

), which upon returning to its fundamental state NO 2 , will emit a characteristic radiation between 600-3000 nm (maximum near 1200 nm) 35,36 .

NO + O 3 → O 2 + NO 2 * → NO 2 + hν (maximum around 900-1000 nm) 37 The peak intensity of the specific emitted radiation is proportional to the quantity of SO 2 and NO, hence to the total content of sulfur and nitrogen in samples. Before each analysis, the liquid samples may be diluted in o-xylene in order to avoid the saturation of peak. Each measurement is repeated three times. The values of standard deviation obtained in both nitrogen and sulfur analysis are lower than 3%.

GCxGC-NCD analysis

In order to overcome the poor resolution of single-dimension (1D) chromatography for a complex matrix, i.e. distillate cuts, two-dimensional gas chromatography (GCxGC) has been Figure 5-3: Principle of comprehensive gas chromatography 38,39 The gas oil mixture is analyzed by GCxGC-NCD (IFP 0612 method), without preseparation of basic and neutral compounds, to determine the relative percentage of each nitrogen compound family in the matrix. The method of GCxGC-NCD is given in detail in 

Principle of FT/ICR-MS analysis

The principle of FT/ICR-MS technique was described in detail in previous reviews [40][41][42] and is briefly presented in this part. This technique is based on the measurement of the resonance frequency of cyclotron rotation of ions trapped in a cell, subjected to a high magnetic field. The cyclotron rotation of an ion (with mass m, charge z) is caused by the Lorentz force in a static magnetic field B. The ion's cyclotron angular frequency, ω c (rad/s), allows determining the m/z ratio of an ion, as described by Equation 5-1 40,43 . The FT-ICR/MS provides a measure of the exact masses with an error lower than ppm, which allows accessing to the raw formula as well as the degree of unsaturation of compounds. The hybrid device is constituted by an ionization source, a first mass analyzer, linear-type ion trap and a transfer line conducting ions from the first analyzer to the ICR cell located in the center of a superconducting magnet (Figure 5-4). Atmospheric Solids Analysis Probe (ASAP) for analyzing volatilizable solids.

The ionization source plays a crucial role to produce ions from the sample. In order to analyze nitrogen compounds in gas oil feed and effluents, the ESI source is chosen. The ionization is performed at atmospheric pressure, in liquid phase and without fragmentation of ions. The principle of ESI is well described in literature 44 . Samples are injected in the ionization source (flow rate 5 μl/min). The liquid sample is combined with nebulizer gas (N 2 ).

Under an electric field (3-4.5 kV) a droplet spray is formed composed by ions of sample and solvent. The desolvation gas (N 2 ) allows removing the solvent and decreases the droplet size.

When the force generated by the Coulomb repulsion is higher than the surface tension of the droplet, the droplets explode until there is only one mono or multicharged molecule in a nanodroplet. Finally, the desolvation gas allows the removal of remaining solvent molecules.

In "ICR cell" analysis mode, the linear Ion Trap sends ion packets to the ICR cell. The ICR cell has a lens at its entry whose potential is variable to allow ions to enter and then confine these ions. The optimization of experimental parameters is therefore important to 

ESI(+) FT/ICR-MS for analysis of basic nitrogen compounds

The positive mode Electrospray Ionization is used for the analysis of basic nitrogen compounds. Proposed structures of basic N-compounds (type N 1 ) associated to their DBE value are given in Compositional analysis of sulfur in gas oil mixture (S9260) by GCxGC-SCD provides also a quantification of refractory sulfur compounds in the feed. The gas oil mixture contains a considerable quantity of alkylated dibenzothiophenes compounds, especially C 3 + -DBT (10.6%). These compounds are well known to be refractory compounds towards the HDS reaction [49][50][51][52][53][54] . Figure 5-6 shows the distribution of families of sulfur compounds in the feed. 

Characterization of nitrogen compounds by GCxGC-NCD

The distribution of nitrogen organic compounds in the gas oil mixture (S9260) is obtained by GCxGC-NCD, described in part 5.2.3. The identification of each family was carried out thanks to a standard mixture and GCxGC/MS characterization 17,55 . The GCxGC- There is a significant amount of quinolines (25%), which are basic compounds. The relative percentage of all basic N-compounds families (Quinolines, PYR/ANI/THQ, and Acridines) represents 44% as compared to that of total N-compounds. This result is quite coherent with the titration analysis, which measured 41% of basic nitrogen in gas oil mixture. The distribution of carbon number for each family (or each DBE) is also analyzed from the FT/ICR-MS analysis. The distribution curves are given in appendix 5B. Table 5-5 summarizes the range of carbon number and the carbon number corresponding to the maximum abundance on the distribution curves of each DBE, as well as the carbon number of the smallest molecule of a certain DBE. The range of carbon numbers is shifted to higher numbers when the DBE value or the unsaturation degree increases, on both basic and neutral nitrogen families. However, there is no difference in the most abundant carbon numbers between basic nitrogen families and between neutral nitrogen families. This is always at around 19-22 carbon atoms. There is only an remark for the carbon number distribution curves of carbazoles (DBE = 9) and benzocarbazoles (DBE = 12), where the range of the most abundant carbon numbers is larger and shifts to lower carbon number. This analysis highlights the complexity of the N compounds in the gas oil mixture.

NCD chromatogram is given in

Characterization of nitrogen compounds by FT/ICR-MS

Catalytic conversion of SRGO+CGO mixture

The HDN of the gas oil mixture is carried out in order to evaluate the HDN activity of Using the simple kinetic equation of the disappearance of sulfur or nitrogen, with norder of reaction:

.2 h -1 4.2 h -1 3.1 h -1 2.1 h -1 5.2 h -1
n app C k dt dC /
, after integration, we obtain Equation 5-6:

LHSV k C C n n f app n in n out 1 1 1 1 . 1 1 (Equation 5-6)
where app k is the apparent rate constant at given temperature ( 1 1 . h wppm n

), in C and out C are the concentrations of sulfur or nitrogen in the feed and in the product (wppm), respectively. There is a value of n so that plot of f(n) as function of 1/LHSV is linear, the slope of the line being the value of app k . Note that the reaction order with respect to sulfur is for 95-98% of HDS conversion and the reaction order with respect to nitrogen is for 75-92% of HDN conversion. Reaction order may change with the range of conversion 56 . 

From the values of apparent rate constants at different temperatures ( The deactivation of the two catalysts is investigated by returning to the initial LHSV at the end of the working cycle. Industrially, the deactivation level of the catalyst is evaluated by the temperature increase which is necessary in order to obtain the initial activity (ΔT loss = T f -T i ), with the assumption that the reaction order and activation energy do not change with the deactivation of catalyst.

i i f a f T k k E R T 1 ln 1 (Equation 5-7)
where T i , T f are the temperatures corresponding to the initial activity and final activity, k i , k f are the apparent rate constants corresponding to the initial activity and final activity E a is the activation energy, given in Table 5-8.

The values of k i , k f are calculated from sulfur and nitrogen concentrations, which were obtained from the tests at 360°C, by equation 5-6. Table 5-9 summarizes all values k i , k f and T f for the HDS and HDN reactions, over both catalysts. 

Conversion of basic and neutral nitrogen

The basic nitrogen content in each hydrotreated effluent sample was quantified by potentiometric titration (IFPEN 9626 method), whereas the total nitrogen content was analyzed by Chemiluminescence (Antek Instrument, IRCELYON). By comparing the relative percentages of basic nitrogen content between the two catalysts (Figure 5-24), we found that the relative percentage of neutral nitrogen content is higher over NiMo(P)/ASA. This suggests that the conversion of neutral nitrogen compounds, concretely the hydrogenation of neutral compounds into basic compounds, is more inhibited by basic compounds over NiMo(P)/ASA than over NiMo(P)/Al 2 O 3 , as observed in the HDN of quinoline -indole mixture.

Conversion of N 1 and polyheteroatoms families

In the HDN of the complex matrix, the N 1 and polyheteroatoms families (N 1 S 1 , N 1 O 1 , N 2 …) would be simultaneously converted 26 . Characterization data by FT-ICR/MS allow determining the pseudo concentration of these families in the feed and in the effluents, thus evaluating their HDN conversion. Similar results are observed for the neutral polyheteroatom family (appendix 5D). 
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80% HDN conversion, over both catalysts

There is not much difference between the two catalysts. The relative percentage of basic families over NiMo(P)/Al 2 O 3 is slightly higher than that over NiMo(P)/ASA (Figure 5- 24). This suggests similarities in the reaction pathways of the two catalysts. In order to compare the concentration distribution of neutral N 1 compounds between the two catalysts, Figure 5-31 shows the relative abundance of each neutral nitrogen family (or of each DBE) as compared to total nitrogen content, in the feed and in the effluents of 80% HDN conversion. Note that the relative percentage of neutral nitrogen concentration in the feed is about 18% higher than that in the effluents, at 80% HDN conversion (Figure 5 -24).

At this HDN conversion, between the feed and the effluents, there is a clear difference in the relative percentage of benzocarbazoles (DBE=12), whereas the relative percentage of carbazoles (DBE=9) and of tetrahydrobenzocarbazoles (DBE=10) is similar. This suggests that benzocarbazoles are less refractory than carbazoles. A study of Dorbon et al. 57 also indicated that benzocarbazoles are more effectively removed than carbazoles and alkylcarbazoles.

Figure 5-31 : Relative percentage of neutral nitrogen families, in the feed and in the effluents at 80% HDN conversion, over both catalysts

Moreover, the distribution of neutral nitrogen families between the two catalysts is almost identical, except for the distribution of compounds with DBE = 6, 7 (indoles and tetrahydrocarbazoles). Note that the concentration of neutral nitrogen at this conversion is slightly higher over NiMo(P)/ASA, whereas the relative percentages of each neutral family which has a DBE higher than 8 are close for the two catalysts. This suggests that the hydrogenation step of indoles and tetrahydrocarbazoles into basic species is more inhibited over NiMo(P)/ASA than over NiMo(P)/Al 2 O 3 and induces a higher accumulation of these compounds on NiMo(P)/ASA. 

Distribution of carbon number of nitrogen compounds

While the analysis of the DBE distribution allowed us to give an insight on the mechanism of HDN reaction, which includes the successive hydrogenation and ring-opening reactions; the investigation of the carbon number distribution in the hydrotreated effluents is expected to highlight cracking reactions or compare the reactivity of different alkylated nitrogen compounds during HDN. The pseudo concentration of each compound was calculated from the total, basic nitrogen content and the relative intensity of each compound in FT-ICR/MS spectra. We will show, in this paragraph, the distribution of carbon number of total nitrogen, basic nitrogen, and neutral nitrogen as well as of representative DBE-based nitrogen families in the effluents, as compared to the gas oil feed.

Carbon number distribution of total nitrogen

FT-ICR/MS data show that the lower bound of the carbon number distribution curves (CNDC) is almost unchanged between the effluents and the feed (always 8-9 carbons).

Moreover, heavier-than-C 36 products (in traces) are observed in the effluents but are not identified in the feed. These compounds may be formed by the condensation of nitrogen compounds, which was already observed in quinoline and indole HDN. in the effluents and in the feed. The carbon number distribution curves (CNDC) of total nitrogen indicate that the maximum shifts to lower carbon number in the effluent at 71% of HDN conversion (over NiMo(P)/ASA). However, the weighted arithmetic mean carbon number (WMCN), as shown in appendix 5E, shows that the CNDC of the effluents is slightly shifted to higher carbon numbers above 71% HDN conversions. We found that the maximum of CNDC of basic nitrogen in 71% HDN conversion effluent shifts to lower carbon number. Meanwhile, the maximum of CNDCs of basic nitrogen in other effluents is very slightly shifted to a higher carbon number, and the shift is clear at high HDN conversions. The weighted arithmetic mean carbon numbers (given in appendix 5F) shows that the WMCNs of neutral nitrogen in the effluents shift to higher This explanation may also be true for the conversion of C16-C18 acridine-type compounds into quinoline ones. Thus, as will be shown in the next part, the small (or less alkylated) quinoline and acridines-type compounds are supposed to be more reactive than the big ones, respectively. Moreover, the hydrogenation and/or the ring opening of small neutral N-compounds (with low carbon number) into basic compounds at low HDN conversion, i.e.

Carbon number distribution of DBE-based basic families

indoles (DBE=6) into aniline-type compounds (DBE=4) (Figure 5-21), may contribute to the shift of pyridine/aniline and quinoline-type compounds. These reactions will increase the relative abundance of small N 1 basic compounds (with 12-20 carbons in the molecules).

Above 71% HDN conversion, the CNDCs of pyridine/aniline and quinoline-type compounds are gradually shifted to high carbon number. This result can be attributed to the different HDN reactivity of short and long alkyl-chain N-compounds. In this case, shorter alkyl chain molecules have higher HDN reactivity than longer alkyl chain ones. Thus, the former compounds are more rapidly converted than longer ones and they are less abundant in the effluents at high HDN conversion. This explanation is also true for the shift of the CNDCs of acridine-type compounds. The difference in HDN reactivity will be more investigated in the next part.

As observed in the CNDC of total nitrogen, basic and neutral nitrogen, the CNDCs of DBE-based basic families at the same HDN conversion are very similar between the two catalysts (Figure 5 -35). Again, this result does not allow us to confirm the presence of cracking reactions. For quinolines and acridine-type compounds, there is a very small difference in the distribution of C12-C16, which are more abundant over the NiMo(P)/Al 2 O 3 catalyst. The low concentration of indoles from the effluents of catalytic tests over NiMo(P)/Al 2 O 3 does not allow to observe a difference between the CNDC of the feed and of the effluents. For the effluents of NiMo(P)/ASA, the maxima of the CNDC of indoles in the effluents seem to be similar to the feed. This suggests that in hydrotreating reactions, indolestype compounds are hydrogenated into basic compounds, which are only observed by ESI(+)-FT-ICR/MS, without cracking alkyl chains of the molecules. The similar observation can be done on the CNDC of benzocarbazoles. The maximum of the CNDC of benzocarbazoles in the feed is around 18 carbons, whereas for indoles and carbazoles this is higher (21 carbons).

This shows that alkyl chains in benzocarbazoles are not long. On the CNDCs of carbazoles, there is a decrease of the relative abundance of these compounds with nC = 21 in all effluents as compared to the feed. The comparison of the CNDCs of DBE-based families in the 80% HDN conversion effluents between the two catalysts (appendix 5G) does not show any difference between the two catalysts.

Comparison of HDN reactivity of different alkylated compounds

The ultra-high resolution of the FT-ICR/MS technique allows exploiting the conversion of chosen molecules (with different carbon number). Secondly, the similar DBE distribution of C26 compounds between the effluents and the feed suggests that denitrogenation rate is similar or faster than hydrogenation rate of these compounds. However, for C15 compounds, the hydrogenation rate may be faster than denitrogenation rate. It is likely that the hydrogenation of highly-alkylated compounds (C26) may significantly decrease the rigidity of molecules, and thus increase the reactivity towards consecutive steps. This effect may be less pronounced for small molecules (C15).

The conversion curves of several alkylated derivatives of carbazoles (Appendix 5I) indicate a similar evolution of the yield of alkylated carbazoles between the two catalysts. This confirms again that these compounds are quite refractory at medium HDN conversions.

The DBE distribution of different alkylated neutral molecules C15, C20 and C26 do not allow an evaluation of the difference in reactivity towards hydrogenation and/or ring opening of these molecules (appendix 5J).

Conclusions

The HDN catalytic tests of the SRGO + CGO feed allowed comparing the HDN activity of the two catalysts in the HDN of the real feed. Similarly to the HDN of quinoline, overall catalytic activity of the NiMo(P)/Al 2 O 3 was higher than that of the NiMo(P)/ASA in the HDN of the real feed, but the intrinsic HDN activity of NiMo(P)/ASA was higher than the NiMo(P)/Al 2 O 3 . Activation energies of HDS and HDN reactions, which were calculated in the range of 90-98% HDS conversion and 70-90% HDN conversion, indicated that the NiMo(P)/ASA had lower activation energies for both reactions. This is also in agreement with the values obtained from quinoline and indole HDN. Experimental results indicated that NiMo(P)/ASA is more deactivated than the NiMo(P)/Al 2 O 3 .

The ESI-FT-ICR/MS analytical technique is a powerful technique in order to get further insights on the HDN kinetic of the real feed. Polyheteroatom compounds are very reactive towards HDN and totally converted at low HDN conversion. The understanding of the evolution of different nitrogen compounds required the analysis of DBE and carbon number of the hydrotreated effluents. The distribution of basic nitrogen content and the evolution of DBE-based basic families during conversion confirmed that the reaction mechanism proceeds mainly by the hydrogenation of aromatic rings, followed by the ring opening. These two reactions decrease the DBE value of nitrogen compounds and modify the distribution of DBE-based basic families. Neutral nitrogen compounds were rapidly converted at low HDN conversion; however, the increase of neutral/total nitrogen ratio as well as the concentration distribution of neutral nitrogen compounds showed that these compounds were quite refractory at intermediate and high HDN conversion, especially carbazoles, due to the competitive adsorption of basic compounds. In the basic class of compounds, quinoline-type molecules are probably more refractory than pyridine-type ones. In the neutral class, indoletype compounds are more easily hydrogenated than carbazole-type compounds.

Benzocarbazoles are also more reactive towards hydrogenation (into carbazole-type compounds) than carbazoles. To summarize, figure 5-42 shows the main reaction pathway of tetrahydroacridine and carbazole (the two major compounds in basic and neutral family, respectively) associated with DBE, intermediates and HDN products.

The further investigation of the carbon number distribution obtained from FT-ICR/MS analyses also allowed us to compare the relative reactivity of compounds towards hydrogenation and ring opening reactions. The short alkyl chain molecules have a higher reactivity than the long alkyl chain ones. The carbon number distribution curves of total, basic, neutral and DBE-based nitrogen families do not suggest the presence of cracking reactions. At our mild hydrotreating conditions, acid sites of catalysts may be significantly inhibited by the adsorption of nitrogen compounds.

The difference between the two catalysts in the real feed HDN in terms of the distribution of DBE and carbon number is not clear. Only a slightly higher content of traces of heavy compounds (n C > 36) was observed on NiMo(P)/ASA than on NiMo(P)/Al 2 O 3 . A difference in reaction pathways between the two catalysts could not be established. 

General conclusions

With the increase of fuel worldwide demand and the high content of impurities in heavy petroleum crude oils, the improvement of hydrodenitrogenation catalysts is required in order to enhance the removal of nitrogen organic compounds, which are known to poison The catalysts characterization showed that the NiMo(P) supported on ASA was much more acidic than the alumina counter catalyst, as demonstrated by the cyclohexane isomerization rate. Infra-Red Spectroscopy of CO evidences the electron transfer between the support and the active phase. Besides, following the same protocol of sulfidation, the NiMo(P)/ASA showed a lower extent of sulfidation and less promoted NiMoS phase. Moreover, by Transmission Electron Microscopy, we observed a higher MoS 2 -nanolayers stacking on NiMo(P)/ASA but a similar length of MoS 2 nanosheets between the two catalysts.

The two catalysts had the same overall toluene hydrogenation activity although the NiMo(P)/ASA had lower quantity of NiMoS or MoS 2 active phase.

The proposed kinetic model was able to provide accurate kinetic and adsorption parameters which can discriminate the role of support acidity on HDN catalysts. This allowed a better comprehension of the quinoline and indole HDN, as well as the different HDN activity and selectivity to products between the two catalysts. The main reaction pathway of quinoline and indole HDN was the hydrogenation of aromatic ring followed by the ring opening and finally the C sp3 -N bond breaking. The hydrogenation of aromatic ring is the rate limiting step of the main reaction pathway. Therefore, the improvement of the hydrogenation function of sulfide catalysts might allow enhancement of the HDN catalyst activity. Catalyst characterization data and results of kinetic modeling showed that the NiMo(P)/ASA intrinsically favored the hydrogenation rate limiting step of quinoline HDN, which is in line with the toluene hydrogenation activity, but this promoting effect was not evidenced in indole HDN. In both quinoline and indole HDN, the NiMo(P)/ASA showed a clear promoting effect for all N-removal steps. The higher acidity of the ASA support may increase the acidity of the SH-group and thus bring a beneficial effect for the transfer of H from an SH-group to the reactant during the hydrogenation step. The beneficial effects for N-removal steps of the NiMo(P)/ASA was explained by acid sites located on the support or/and the more acidic SHgroup on the edge of the sulfide slab. Moreover, the nitrogen compounds adsorbed more strongly over NiMo(P)/ASA than over NiMo(P)/Al 2 O 3 . This was again explained by the higher acidity of SH-groups and/or the modification of electronic properties of CUS sites, on which nitrogen compounds preferably adsorb. The difference observed between the quinoline and indole HDN was the production of saturated amines during quinoline HDN; meanwhile they were not detected during indole HDN due to their extremely high HDN reactivity. This implied the higher self-inhibition effects of quinoline HDN over the NiMo(P)/ASA due to the higher competitive adsorption of these compounds over this catalyst. The latter result and the lower quantity of active phase over the ASA supported catalyst are the reasons which explained the slightly lower overall quinoline HDN activity of this catalyst.

A ranking of adsorption constants of nitrogen compounds was established thanks to the adsorption parameters obtained from the kinetic modeling and the investigation of the solvent effects. Saturated amines adsorb more strongly than NH 3 and aromatic amines. The adsorption constant of NH 3 was higher than that of aromatic amines. Indole, a neutral compound, showed the lowest adsorption constant. This similar ranking was observed over both catalysts. In the mixture of quinoline and indole, the presence of quinoline (basic compound) showed a strong inhibition effect on the indole HDN, which was in agreement with the relative adsorption constant of quinoline and indole. This confirmed the inhibiting effects of basic compounds on the HDN of neutral compounds; therefore neutral compounds became more refractory towards HDN in the mixture.

The HDN of the Straight Run and Coker Gas Oils mixture was investigated thanks to the total nitrogen, basic nitrogen determination and the Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. At high HDS (90-98%) and HDN (70-90%) conversions, the sulfur-removal was strongly affected by the presence of nitrogen compounds. Over NiMo(P)/Al 2 O 3 , an increase of temperature decreased this inhibiting effects and thus enhanced the ratio of rate constants of HDS to HDN. The NiMo(P)/ASA was less active and more quickly deactivated than the reference NiMo(P)/Al 2 O 3 catalyst in the HDN of the real feed. The analyses of DBE and carbon number distribution from FT-ICR/MS data allowed understanding the HDN reaction mechanism and comparison of the reactivity of nitrogen compound families. As seen in the HDN of model molecules, the HDN of the real feed mainly passed by the hydrogenation of aromatic rings, followed by ring opening. Neutral nitrogen compounds were more refractory than basic compounds due to the preferential competitive adsorption of the latter compounds. Carbazoles and benzocarbazoles type compounds were quite refractory in the neutral class, and quinoline type compounds were the refractory ones in the basic class. Benzocarbazoles type compounds were easier to convert than carbazoles ones. Moreover, further investigation on the carbon number distribution showed that short-alkyl chain nitrogen compounds were probably more reactive than longalkyl chain nitrogen compounds towards the HDN reactions. This suggested that steric hindrance effects may play a role in the HDN of big molecules. Attempts to distinguish the difference between the two catalysts in the HDN of the real feed have not been successful.

The difference observed was only the faster deactivation of the NiMo(P)/ASA catalyst. Cracking reactions were not observed. This was explained by the inhibiting effects of nitrogen compounds on the acid sites of the catalysts at our mild hydrotreating conditions.

For future work, a more precise quantification by GCxGC-NCD would be useful in order to compare with the pseudo concentrations obtained by FT-ICR/MS for similar families.

Further, kinetic modeling by lumping approach, which could be based on the classification of nitrogen compounds as function of DBE values and carbon numbers, would allow for a more quantitative interpretion of the extremely complex reaction network.

1B. Effect of partial pressure of H 2 S

Several examples on the effects of H 2 S are given in Table S1 The high temperature (375-400 o C) favored also the cracking and coking of reactants and products, which resulted in the deactivation of catalyst 10 . The principal reactions forming the heavy products are alkylation or condensation of intermediate products took place at high temperature 11 .

Last pulse of CO on the sulfide catalysts: bands at around 2150 cm -1 are attributed to the interaction of CO with the support, i.e. the OH groups of weak Brønsted acid sites.

At the last pulse of CO, a difference was observed in the position of CO on -OH weak Brønsted acid sites: 2155 cm -1 for NiMo(P)/Al 2 O 3 and 2158 cm -1 for NiMo(P)/ASA. This indicated the higher acidity of NiMo(P)/ASA. Absorbance, (a.u.)

Wave number of CO, cm 
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  procédés d'hydrotraitement et de valorisation des fractions lourdes sont de plus en plus nécessaires pour produire plus de carburants légers et propres. Les réactions d'hydrotraitement jouent deux rôles importants: (i) l'élimination du soufre et des composés aromatiques pour satisfaire les règles en qualité de carburant et en environnement; (ii) la purification des fractions pétrolières pour des procédés de conversion catalytiques en aval. L'implémentation de l'étape d'hydrotraitement avant les procédés de conversion permet d'éviter l'empoisonnement de catalyseurs dans ces dernières étapes et donc améliorer ses conversions. L'utilisation de catalyseurs d'hydrodésazotation est de plus en plus importante due à la demande en valorisation des coupes pétrolières lourdes et les effets négatifs des composés azotés organiques dans les procédés de conversion. Ces composés peuvent provoquer l'empoisonnement de catalyseurs acides dans les procédés d'hydrocraquage ou de craquage catalytique, même à inférieure à 50 ppm d'azote. Ils réagissent également comme les inhibiteurs en hydrodésulfurisation et hydrodésaromatisation en raison de l'adsorption compétitive sur les sites catalytiques de ces composés. Les tentatives pour améliorer la formulation de catalyseurs d'hydrotraitement peuvent être réalisées via la modification de l'acidité du support de catalyseurs sulfures. Le design rationnel de catalyseur d'HDN demande une meilleure compréhension des effets de l'acidité de catalyseurs sur l'activité et la sélectivité. Des études cinétique de la réaction d'HDN est un moyen clé afin d'atteindre cette compréhension. Les études compréhensives du mécanisme réactionnel sur la charge réelle est difficile due à la complexité du mélange. Par conséquent, la première option plus simple est d'utiliser les molécules modèles desquels le schéma réactionnel peut être étudié en détail. Le premier objectif de la thèse est de discriminer le rôle de l'acidité du support de catalyseurs sulfures à base de NiMo dans l'HDN des molécules modèles. Pour celui-ci, les deux catalyseurs d'acidité différente de support, le premier supporté sur γ-alumine (le catalyseur de référence) et le deuxième supporté sur silice-alumine amorphe (préparé par l'imprégnation à sec à l'IFP Energies Nouvelles) sont choisis. La quinoléine et l'indole, respectivement le composé basique et non basique, sont choisis pour notre étude. Les effets de l'acidité du support sont étudiés par la combinaison de résultats de caractérisations de catalyseurs et ceux de la modélisation cinétique avancée. Le rôle de l'acidité du support sur chaque étape élémentaire dans le schéma réactionnel, qui se compose de l'hydrogénation, l'ouverture de cycle et l'élimination de l'atome d'azote, sera analysé en détail. Ainsi, les effets sur l'adsorption des composés azotés seront étudiés. Les résultats obtenu à partir de l'HDN des molécule individuels seront comparés afin d'évaluer la différence en effets de l'acidité de support sur l'HDN de composé basique et neutre. Le deuxième objectif de la thèse est d'étudier la voie réactionnelle en HDN d'une charge réelle et de transposer les résultats obtenus à partir des molécules modèles en HDN de la charge. Un mélange de Gazole Straight Run et Gazole Coker est choisi pour cette étude. Le Gazole Coker est un distillat moyen de faible qualité (faible indice de cétane, teneur élevée en soufre, d'azote et aromatiques), donc et il devra être purifié par l'hydrotraitement pour répondre aux spécifications différentes sur la qualité du produit. La conversion d'HDN de la charge réelle sera étudiée par la détermination de la teneur en azote total et azote basique. La Spectrométrie de Masse à la Résonance Cyclotronique Ionique et à Transformé de Fourier sera utilisée pour caractériser les composés azotés. Cela nous permettra d'évaluer le mécanisme réactionnel et de comparer la réactivité en HDN des différentes familles de composés azotés dans la charge. De plus, la discrimination des effets d'acidité du support sur l'HDN de la charge sera étudiée.
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 5 From the model molecules to the real petroleum feed: HDN of the mixture of Straight Run and Coker Gas Oil.The worldwide economic growth during the last centuries continues to drive the demand for energy and transportation fuels, in particularly, for environmentally clean and light fuels due to severity of emission standards. The European market of refined oil products has become increasingly out of balance with changing domestic demands. The increasing popularity of diesel-powered private vehicles results in an increasing shortfall of diesel and a growing surplus of gasoline1 . The projected changes in fuel demand until 2030 are illustrated in Figure1-11 . In general, the middle distillate demand including jet/kerosene and gasoil/diesel is forecast to increase from 50% (in 2010) to 59% (in 2030).
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 11 Figure 1-1: Total European refined products demand in 2010 and 2030 1
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 12 Figure 1-2: Several model nitrogen compounds in petroleum fractions[2][3][4][5][6][7] 
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 13314 Figure 1-3: GCxGC-NCD image of diesel fraction 3
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 16 Figure 1-6: Dependence of hydrocracking conversion on total nitrogen content in feed (The reaction temperatures: (a) 370 o C, (b) 390 o C, and (c) 405 o C, 162 bar, H 2 /HC = 1200 Nm 3 /m 3 , LHSV = 1h -29 ) Kasztelan et al. 15 studied the effects of the first-stage hydrotreating which was carried out at 70 bars or 140 bars, over NiMo/Al 2 O 3 , on the hydrocracking performances. The lightends (NH 3 , H 2 S…) generated in this step were removed by stripping to eliminate their
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 17 Figure 1-7: Reaction pathway of pyridine HDN47 
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 18 Figure 1-8: Reaction pathway and rate constants of quinoline HDN (reaction rate constants
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 19 Figure 1-9: Reaction pathways of acridine HDN[START_REF] Girgis | Reactivities, reaction networks, and kinetics in highpressure catalytic hydroprocessing[END_REF] 
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 110 Figure 1-10. These authors suggested that the hydrogenation pathway was faster than direct C-N bond cleavage pathway.
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 112 Figure 1-12: Reaction scheme of carbazole HDN[START_REF] Nagai | Hydrodenitrogenation of carbazole on a molybdenum/alumina catalyst. Effects of sulfiding and sulfur compounds[END_REF] 

2 mono

 2 -layers (or poorly stacked) , which are shown as a single sheet of finite size (about 30-40 Å) in Figure 1-14 119 . One layer of Mo is inserted between two hexagonal layers of S (at right of Figure 1-14). In NiMo/Al 2 O 3 catalyst, the Ni promoter may be present in edge substitution (so called NiMoS phase), which is the coordinatively unsaturated active sites (Figure 1-15) 120-122 .

Figure 1 -

 1 Figure 1-14: TEM (Transmission electron microscopy) image of an active phase of Co(Ni)MoS/Al 2 O 3 (left). Molecular model of one Co(Ni)MoS nano-layer with a twodimensional morphology (centre). Bulk MoS 2 structure with infinite stacking of MoS 2 layers (right) 119 Using Density Functional Theory (DFT) technique, Raybaud et al. 121 demonstrated that the most active and stable models are those where Co or Ni substitutes Mo at the S-or Mo-edge. The promoting effect of Ni in hydrotreating reactions was explained by Topsoe et al. 123 . Based on the metal-S bond energy model, they indicated that Ni promoter facilitates formation of active Ni-Mo-S phase 123 . In this case, the addition of Ni results in a decrease in the Mo-S bond strength and hence the reducibility of sulfide phase is improved.
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 115 Figure 1-15: Distribution of Ni in sulfided NiMo/Al 2 O 3 catalyst: as active sites on the MoS 2 edges (NiMoS phase); as segregated Ni 3 S 2 , and as Ni 2+ ions in the support lattice 119
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 1116 Figure 1-16.

Al 2 O 3 ,

 23 Nb 2 O 5 , and Nb 2 O 5 /Al 2 O 3 144 , the beneficial effect for xylene formation route (Figure 1-17) was attributed to a decrease of the electron density of the Mo sulfide phase that should strengthen the DMA adsorption on the sulfide phase. This modification of the electronic properties of the sulfide phase MoS 2 was also attributed to the MoS 2 slabs-support interaction whose strength depends on the support acidity, evidenced by Infra-Red spectroscopy of CO.

NH 2 NH 2 Figure 1 - 17 :

 22117 Figure 1-17: The xylene formation route in 2,6-dimethylaniline decomposition

Figure 1 - 18 :

 118 Figure 1-18: Variation of ν(CO) wavenumber of CO adsorbed on MoS 2 dispersed in the βzeolite of various acidities; the number of acid sites measured by IR and hydrogenation activities. The number after β symbole is the Si/Al ratio of the catalyst 143 Chen et al. 145 found that the support acidity of alumina could change with the addition of Boron, as confirmed by infrared (IR) spectroscopy of 2,6-dimethylpyridine. Their aluminas with different boron loadings were prepared by impregnation with H 3 BO 3 . The CO adsorption followed by IR Spectroscopy demonstrated that the electronic deficiency character of both MoS 2 and CoMoS sites can be increased by boron deposited on the support. In their study, ν(CO/CoMoS) shifted from 2068 up to 2073 cm -1 upon 1.8 wt% of boron addition. The intrinsic activity of the Mo and CoMo catalysts in the HDN of 2,6-dimethylaniline increased with the electronic deficiency character of sulfide phase.

  2 O 3 and amorphous silica alumina SiO 2 -Al 2 O 3 (ASA). The difference in the support acidity of the two catalysts is expected to represent the different effects on the HDN activity and the kinetics of each reaction pathway. The reference NiMo(P)/γ-Al 2 O 3 and NiMo(P)/ASA catalysts were prepared by the incipient wetness impregnation of γ-alumina and amorphous silica-alumina supports (extrudates), at IFP Energies Nouvelles. Both catalysts were synthesized with the determined content of Mo so that they showed the similar activity for toluene hydrogenation. The content of metal oxides was different in catalysts but the molar ratio of Ni/Mo = 0.36 and P/Mo = 0.46 was fixed for both catalysts. The preparation method of the two catalysts was the following:
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 2122 Figure 2-1: Nitrogen isotherm adsorption/desorption curve of the catalysts
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 223 Figure 2-3: Mechanism of cyclohexane isomerization1,2 
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 24 Figure 2-4: Spectra decomposition of Mo 3d of NiMo(P)/Al 2 O 3 (a) and NiMo(P)/ASA (b) The S exists in 2 forms: the S 2-in sulfide phases and the S 2 2-in partially sulfided phases 9 . The spectral envelopes of different detected phases (S 2 2-, S 2-) of S2p are decomposed into a main peak (2p 3/2 ) accompanied by an associated peak (2p 1/2 ). The following rules are applied:
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 2526 Figure 2-5: Spectra decomposition of S 2p of NiMo(P)/Al 2 O 3 (a) and NiMo(P)/ASA (b)
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 27 Figure 2-7: Distribution of Mo (a), S (b) and Ni (c) species obtained from XPS

  -8). The interaction of CO probe molecule with the different species of sulfide phase, i.e. the promoted phase NiMoS, non-promoted phases MoS 2 , NiS x , and NiO x S y , allowed us to characterize the phase, such as the relative proportion of promoted phase and the electronic properties of sulfide phase. On the spectra obtained by IR Spectroscopy of adsorbed CO, we observed different bands corresponding to the interaction of CO with different sites of sulfide phase and acid sites (Figure2-9 and Figure 2-10).
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 28 Figure 2-8: Schematic representation of the chemisorption of CO over a sulfide catalyst

-

  The band ≈ 2110 cm -1 could be attributed to the interaction of CO with the Mo-edge of nonpromoted MoS 2 sites and/or the NiS phase (not in decoration of MoS 2 sheets); -The band due to the interaction of CO with NiO x S y phase was observed in the range 2090-2060 cm-1 
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 29 Figure 2-9: Subtracted IR spectra in the region of interaction of CO with NiMo(P)/Al 2 O 3

Figure 2 -

 2 Figure 2-10: Subtracted IR spectra in the region of interaction of CO with NiMo(P)/ASA
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 211 Figure 2-11: IR spectra of CO adsorbed on the sulfide catalysts: (a) after the first pulse of CO and (b) at saturation of the sulfide phase with CO. The distribution of the band position in the spectra at saturation of CO is obtained by peak decomposition.

  TEM characterization, the grinded sulfide catalysts were suspended in a solution of ethanol. A drop of suspension was deposited on a Holley carbon copper grid of 200 meshes. The analysis was performed on the microscope JEOL 2010 coupled with an EDX Oxford detector and an acceleration voltage of 200 kV. The microscope was equipped with a LaB6 monocrystal filament, which provided an electron beam of 40 A.cm -2 . The resolution was 0.196 nm in point by point mode.

Figure 2 -

 2 Figure 2-12 shows characteristic TEM images of the two sulfide catalysts. On these images, the MoS 2 crystallites appear as black contrasts (sheets), while the interlayer space is white. The structure of the MoS 2 phase in the catalysts contains several stacking nanosheets of MoS 2 (decorated or non-decorated by Ni promoter). The visualization of this structure by TEM allows the average length of MoS 2 sheets and the degree of stacking of each catalyst to be determined.

Figure 2 -

 2 Figure 2-12: TEM Images of NiMo(P)/Al 2 O 3 (left) and NiMo(P)/ASA (right)

Figure 2 - 13 :

 213 Figure 2-13: Distribution of length of MoS 2 nanosheets in the two 2 catalysts NiMo(P)/Al 2 O 3 (left) and NiMo(P)/ASA (right)

  sulfided ex-situ in a continuous-flow reactor operating at atmospheric pressure, with the mixture of 15 vol% H 2 S in H 2 , flow rate of 4 liters/hr. Sulfidation was carried out with a temperature increase of 10°C/min, until 400°C and then maintained for 4h.The quinoline HDN tests were performed in a batch reactor (model Parr 4842) with the volume of 300 ml (Figure3-1).
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 31 Figure 3-1: Batch reactor for quinoline HDN test
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 33 Figure 3-3: Reaction network of quinoline HDN

Figure 3 - 4 :

 34 Figure 3-4: ln(Co/C) (C is the summary of Q, 14THQ, 58THQ concentration) (a) and HDN conversion (b) versus reaction time obtained from 3 tests at 340, 350 and 360°C, at 1.5 wt% of quinoline as initial concentration of quinoline, over NiMo(P)/Al 2 O 3

Figure 3 -

 3 Figure 3-5 shows the pseudo-first rate constant of the conversion of Q+14THQ+58THQ as function of reaction time, in case of quinoline HDN (1 and 2 wt%) over NiMo(P)/Al 2 O 3 and NiMo(P)/ASA. The decrease of reaction rates due to the increase of initial concentration was only explained by inhibiting effect due to competitive adsorption of reactant, intermediates and products. This can be interpreted by a Langmuir-Hinshelwood kinetic model, as it will be described in the part 3.3.
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 335 Figure 3-5: ln(C o /C) (C= Q+14THQ+58THQ) versus reaction times, over NiMo(P)/Al 2 O 3 (a, b) and NiMo(P)/ASA (c, d), at 2 initial concentrations of quinoline: 1 (a, c) and 2 wt% (b, d)

Figure 3 - 6

 36 shows ln(C o /C) profile and HDN conversion of the catalytic tests, which were performed at 350°C, 7 MPa and 1 wt% of quinoline, as function of products reaction times and volume of catalyst. This allowed us to compare the activity of the two catalysts per volume of catalyst (as in toluene hydrogenation). We observed that, in contrast to toluene hydrogenation, the global activity of the NiMo(P)/Al 2 O 3 catalyst was greater than that of the NiMo(P)/ASA catalyst.
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 36 Figure 3-6: ln(C o /C) (C = Q+58THQ+14THQ) (a) and HDN Conversion (b) as function of products of reaction time with volume of catalysts, of catalytic tests at 350°C, 7MPa, 1 wt% of quinoline

Figure 3 - 8

 38 showed the yield of several products versus the HYD conversion over the 2 catalysts. The NiMo(P)/ASA produced more PB but less PCH than NiMo(P)/Al 2 O 3 catalyst, at similar HYD conversion. The distribution of intermediate products such as DHQ and OPA was also different. Since DHQ, OPA and PB were

Figure 3 - 7 :

 37 Figure 3-7: Logarithm values of pseudo-first-rate constant of the disappearance of Quinoline+14THQ+58THQ, as function of 1/T plot. The slope obtained is the value of E a /R

  3). A blank test (without quinoline, 350 o C, 6 hours of reaction) was also performed in order to estimate the solvent contribution to textural properties and carbon deposition.The decrease of the BET surface area and TPV values depends on the initial concentration of quinoline. It is likely that a higher initial quinoline concentration favored the condensation of heavy products on the catalyst, which resulted in the high content of carbon and a decrease of TPV and BET surface area. It is interesting to note that the used NiMo(P)/Al 2 O 3 catalyst after the blank test (without quinoline) showed also a decrease of TPV and BET surface area. This indicated that the conversion of solvent (m-xylene and squalane) contributed also to the formation of coke and heavier products. The content of carbon (quantified by CHNS analysis) deposed on used catalysts varied in the range of 1-2 wt %, and is slightly higher in used NiMo(P)/ASA catalyst than in used NiMo(P)/Al 2 O 3 . The weight content of nitrogen in all used catalysts varied in the range 0.9-1.1%.

  Satterfield and Yang 3 assumed one type of active site for quinoline HDN and grouped the propyl-cyclohexylamine (PCHA), propylcyclohexene (PCHE), propylbenzene (PB) and propylcyclohexane (PCH) into a lumped compound. They assumed that the quinoline, 1,2,3,4-tetrahydroquinoline (14THQ), 5,6,7,8-tetrahydroquinoline (58THQ) and ortho-propyl-aniline (OPA) have the same adsorption constant (K AA ). Decahydroquinoline (DHQ) showed a higher value of adsorption constant (K SA ), and ammonia was treated separately (K NH3 ). By carrying out the reaction with quinoline, 58THQ and OPA as the reactants, they calculated kinetic parameters and the ratios K NH3 /K AA , K SA /K NH3 , which were 0.7 and 2, respectively. However, values of relative adsorption constants make an extrapolation of the results to real mixture difficult. Moreover, the group of hydrocarbons does not allow evaluating the relative rate of different reactions, for examples OPA to PB reaction and PCHA to PCHE reaction.Recently, Jian et al.6 assumed 3 types of catalytic sites for quinoline HDN: the site responsible for (de)hydrogenation of an aromatic hetero-cyclic ring, the second site for hydrogenation of an olefin and the phenyl ring and the last for C-N cleavage. Their results of modeling indicated that the ring opening reactions from 14THQ to OPA and from DHQ to PCHA, as well as the hydrogenation of OPA to PCHA and C-N cleavage in OPA to PB are the rate-determining steps in the HDN of quinoline. However, in their study, activation energies of each reaction and adsorption enthalpies of nitrogen compounds were not given, and the competitive adsorption with NH 3 was neglected. The kinetic model was not validated by additional experiments.

Arrhenius law (Equation 3 - 10 )

 310 and Van't Hoff equation (Equation 3-11), respectively:

Figure 3 - 9 :

 39 Figure 3-9: Liquid-Vapor mass transfer scheme in batch reactor 1

  coefficient of L-V transfer k L a is a physical kinetic parameter, which depends on the physical properties of the system such as viscosity, surface tension, rate of agitation and configuration of reactor. The number of this set of equations (Equation 3-13 and Equation 3-14) is 2 but there are 3 states variables: the thermodynamic equilibrium if the mass transfer is assumed neglected in the gas phase. In this case, * ,liq i C is the liquid concentration of component i at the L-V interface in equilibrium with concentration of component i in the gas phase. This concentration is calculated by the simulation of liquid-vapor equilibrium with ProSim software (version 3.3) using the Grayson-Streed thermodynamic model 9 (part 3.2.1). The values of equilibrium constants at reaction conditions were given in Table3-2. 

  To summarize, the data set used for kinetic modeling is about 1000 experimental points corresponding to the concentrations of components in liquid samples (measured by GC-FID) at different reaction times. The kinetic model will fit concentrations of component in liquid phase (calculated from equation set) with their experimental concentrations. A set of 20 molar balance equations of all components (except for H 2 ) is used to estimate 39 parameters. The 39 parameters estimated by the kinetic model include: -Pre-exponential factors for kinetic parameters (A) -Activation energies (E a ) -Pre-exponential factors for adsorption parameters (B) -Adsorption enthalpies (∆H ads ) -Liquid-vapor mass transfer coefficient (k L a)
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 310310 Figure 3-10:

2 =

 2 D/(N-n); N is the number of experimental points, n is the number of parameters; t is the Student number and V jj is the inverse of Hessien matrix (H), H = J T .J, J is Jacobian sensitive matrix.The software used is Matlab (version 2013b), and the Trust-Region-Reflective
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 1031115 Figure 3-11: Reaction pathways of quinoline HDN for kinetic modeling 1

Figure 3 -

 3 Figure 3-12 and Figure 3-13 as well as appendices 3B-3E show that the distribution of the concentrations of components is well fitted by the chosen kinetic model. Moreover, Figure 3-14 shows that the HDN conversion calculated by the kinetic model is quite coherent with the experimental HDN conversion.
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 312313314 Figure 3-12: Comparison of simulation results (continuous line) and experimental data (points) of 3 tests at 350°C at 1 wt% (a), 1.5 wt% (b) and 2 wt% (c) of quinoline, over NiMo(P)/Al 2 O 3

  affinity or basicity of nitrogen compounds, and the inhibiting effect of NH 3 was neglected.As discussed above, increasing the initial concentration of quinoline did not affect the selectivity to products, but decreased the reaction rate, due to the competitive adsorption of quinoline, intermediates and products. The distinction of 4 groups of nitrogen compounds based on the difference in electronic structure of nitrogen atom in molecules allowed the simplification of kinetic model. These groups are listed below. Within each group, the adsorption parameters (∆H ads , B, K i ) of nitrogen compounds were considered similar.(i) aromatic amines without the conjugation of free electron pair of nitrogen atom with the aromatic ring (quinoline and 58THQ) (ii) aromatic amines showing the conjugation of free electron pair of nitrogen atom with the aromatic ring (14THQ and OPA) (iii) saturated amines (DHQ and PCHA).

(iv) ammonia (NH 3 ) 3 - 5 .

 335 The adsorption parameters including pre-exponential factors, adsorption enthalpies (∆H ads ) (with their confidence intervals) and adsorption constants (K i ) are shown in the Table The confidence intervals of pre-exponential factors vary in the range of 10-17%. The values of adsorption enthalpies varied in the range of 35-50 kJ.mol -1 , which was in agreement with the adsorption enthalpy of o-methyl-aniline over NiMo/Al 2 O 3 obtained by Prins et al.37 .

  -10): pathway I proceeds by the formation of DHQ and then C sp3 -N bond cleavage (ring opening) to form PCHA, finally by C-N bond breaking of PCHA to form PCHE and PCH; pathway II proceeds via direct hydrogenolysis of 14THQ into OPA and then the hydrogenation of OPA to PCHA or the direct cleavage of C sp2 -N bond of OPA to form PB.

  rate determining step (14THQ→DHQ) as a function of reaction time (at iso-volume) over both catalysts (Figure3-16). The adsorption term over NiMo(P)/ASA was always lower than over NiMo(P)/Al 2 O 3 , which means that the stronger adsorption on the ASA-supported catalyst is detrimental to its activity, mainly due to higher competitive adsorption of the reaction products (including NH 3 ).
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 316 Figure 3-16: Plot of K i /(1+∑K j C j,liq ) 2 values of the rate determining step

Figure 3 - 17 :

 317 Figure 3-17: Conversion of dodecylamine over NiMo(P)/Al 2 O 3 and NiMo(P)/ASA

Figure 3 - 18 :

 318 Figure 3-18: Comparison of simulation results (continuous line) and experimental data (points) of additional test for the validation of kinetic model

  of support acidity in quinoline HDN. As expected, the two sulfide NiMo(P)/Al 2 O 3 and NiMo(P)/ASA catalysts with various acidities show differences in quinoline HDN activity and in the selectivity to different products. The quinoline HDN mainly takes place via 2 reaction pathways. The first pathway proceeds by the formation of DHQ and then C sp3 -N bond cleavage to form PCHA, finally by C-N breaking of PCHA to form PCH and PCHE. The second pathway proceeds via direct hydrogenolysis of 14THQ to form OPA and then PB. As expected, the two catalysts showed the difference in quinoline HDN activity and the selectivity to different products, concretely: -The NiMo(P)/ASA presented a lower global activity as compared to NiMo(P)/Al 2 O 3 . This was attributed to a lower quantity of active phase of this catalyst, and a stronger self-inhibition effect due to competitive adsorption of intermediates and NH 3 formed during quinoline HDN.
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 2341 Figure 4-1: Reaction pathways of indole HDN 4

part 3 . 1 .

 31 The tests of indole HDN were performed in the same batch reactor (volume of 300 ml) and stirring rate (800 rpm) as quinoline HDN, with hydrogen supply to the reactor.Reaction conditions of indole HDN were identical to the quinoline HDN and were described in the part 3.1, except for the solvents and initial concentration of indole in the tests.In order to avoid the overlapping of m-xylene (aromatic solvent) and ethylbenzene (product of indole HDN) on the GC chromatogram (due to the close retention times of these compounds), we preferred to substitute m-xylene solvent by another one. Consequently, 1,3,5-trimethylbenzene was chosen to replace m-xylene. Thus, the solvent finally used for indole HDN was a mixture of 35 wt% of 1,3,5-trimethylbenzene and 65 wt% of squalane. The initial concentration of indole for kinetic studies was set to 0.5, 0.75 and 1 wt% of indole. The catalytic tests were carried out at 7 MPa as total pressure and at different temperatures (340, 350 or 360°C).Hot liquid sampling was carried out at different reaction times. At the end of catalytic tests, a cold liquid sampling was performed. The liquid samples were analyzed by Gas Chromatography coupled to a FID detector (GC-FID). The liquid samples of several tests were also analyzed by Gas Chromatography coupled to Nitrogen Chemiluminescence detector (GC-NCD) to verify the formation of heavy products during indole HDN. The analysis conditions of GC-FID and GC-NCD are given in appendix 4A.
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 42 Figure 4-2 and Figure 4-3 show the concentration of indole and products at high indole conversion (> 95%), at hot and cold sampling, of the two catalytic tests over NiMo(P)/Al 2 O 3 (Figure 4-2) and NiMo(P)/ASA (Figure 4-3). Note that in the range of temperature 340-360°C, we did not detect OHIN and ECHA (intermediate products). A decrease of temperature until 320°C allowed detecting traces of OHIN product (<0.1%) at low conversions of indole.
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 4243 Figure 4-2: Concentrations of products after 2h of reaction, at 350°C, 0.75 wt% of indole, over NiMo(P)/Al 2 O 3 , at hot and cold sampling

Figure 4 - 4

 44 shows the GC-NCD chromatogram of the liquid sample obtained from the catalytic test over NiMo(P)/ASA, at 360°C and 1 wt% of indole.
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 44 Figure 4-4: GC-NCD Chromatogram of liquid sample obtained at 30 min, 360°C, over NiMo(P)/ASA, 1 wt% indole

1 (Figure 4 Figure 4 - 5 :

 1445 Figure 4-5: Formation of light by-products of indole HDN 1
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 44748 Figure 4-7: ln(C o /C) with C=[IND]+[HIN] versus reaction time obtained from catalytic tests at different temperatures, 0.5 wt% indole, over NiMo(P)/Al 2 O 3 (a) and NiMo(P)/ASA (b)
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 49 Figure 4-9: ln(C o /C) with C=[IND]+[HIN] versus reaction time obtained from catalytic tests at different initial concentrations of indole, at 350°C, over (a) NiMo(P)/Al 2 O 3 and (b) NiMo(P)/ASA
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 4410 Figure 4-10: Compare the HDN conversion of indole over the two catalysts, at 350°C, 7 MPa, in the test of (a) 0.5 wt% and (b) 1 wt% of indole

  -11). We found that the NiMo(P)/ASA slightly favored the formation of ethylbenzene (EB), which is product of the direct C sp2 -N bond breaking of o-ethylaniline. Ethylcyclohexane was usually the main final product of indole HDN over the two catalysts. The NiMo(P)/Al 2 O 3 favored the accumulation of oethylaniline as compared to the NiMo(P)/ASA. This might be explained by the lower reactivity of OEA or the higher formation rate of OEA from 2,3-dihydroindole over NiMo(P)/Al 2 O 3 . The kinetic modeling will allow us to get further insights.
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 411 Figure 4-11: Selectivity to products comparison of the two catalysts in the test of indole HDN, at 350°C, 7MPa and 1 wt% indole, (a) Indole, (b) o-Ethylaniline, (c) ethylbenzene, (d) ethylcyclohexane
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 412 Figure 4-12: Reaction scheme of indole HDN for kinetic modeling

H 2 . 7 )

 27 The kinetic equation of this pathway is given by (Equation 4-7):The kinetic model estimated the adsorption parameters (B, ∆H ads ) and kinetic parameters (A, E a ) of all steps in the reaction network(Figure 4-12). These estimation results are given in

Figure 4 -

 4 13 and Figure4-14 as well as appendices 4C-4Fshow that the distribution of the concentrations of components was quite well fitted by the chosen kinetic model.
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 413414 Figure 4-13: Simulation results (continuous line) and experimental data (points) of 3 tests at 350°C, over NiMo(P)/Al 2 O 3 , at 0.5 wt% (a), 0.75 wt% (b) and 1 wt% (c) of indole

  3 s -1 , as in the case of quinoline HDN. The L-V thermodynamic equilibrium constants calculated from the concentration of every component in gas phase and liquid phase, which are obtained by the kinetic modeling, are given in Figure 4-15. The values of L-V equilibrium constants rapidly approach the values obtained from thermodynamic simulation (by mean of ProSim software), i.e. the system rapidly reaches the thermodynamic equilibrium state. This indicates the absence of L-V diffusion transfer limitation in our experiments. The values of k L a estimated in indole HDN found fall in the range of the values estimated for quinoline HDN, and both were coherent with the values calculated by the experimental correlation (empirical k L a = 0.18 -0.23 s -1 at 350°C).

Figure 4 -

 4 Figure 4-15: L-V thermodynamic equilibrium constants of indole, EB, ECH and NH 3 , calculated by the kinetic model, at 340 o C and 7 MPa.

  non-catalytic experiments in the range of 340-360 o C, about 10-15 mol% of indole is converted to 2,3-dihydroindole. We conclude that this composition corresponds to the thermodynamic equilibrium between indole and 2,3-dihydroindole. Experimental data of catalytic tests give ratios of concentration of indole to 2,3-dihydroindole in the range of 8-15%, i.e. close to thermodynamic equilibrium. The results of the kinetic modeling can reproduce this thermodynamic equilibrium (Figure 4-16). The evolution of [HIN]/[IND] ratios shows that the indole -2,3-dihydroindole equilibrium is rapidly established under the reaction conditions.

Figure 4 -

 4 Figure 4-16: [HIN]/[IND] ratio at 350°C, 1 wt% indole over (a) NiMo(P)/Al 2 O 3 and (b) NiMo(P)/ASA, determined by experimental data and kinetic modeling

  steps. This indicates the contribution of the stronger adsorption of nitrogen compounds in the promoting effect of the NiMo(P)/ASA.

Figure 4 -

 4 Figure4-10 shows that the NiMo(P)/ASA had very slightly lower HDN conversion in the test of 1 wt% of indole, but it exhibited a higher HDN conversion in the test at 0.5 wt% of indole (at 350°C). The kinetic modeling reproduces this difference (see the HDN conversion curves calculated by the kinetic model as function of products of reaction time and volume of catalyst in appendix 4G). In order to explain the phenomenon and compare with the quinoline HDN, competitive adsorption effects must be taken into account. In case of quinoline HDN, it should be recalled that the strong adsorption of the intermediate DHQ and NH 3 over NiMo(P)/ASA led to self-inhibition, as demonstrated in part 3.5.5, and decreased the overall activity of this catalyst. Similarly, we calculated the adsorption term

  determining step (HIN→OHIN) of the path 1 and the rate determining step (OEA→ECHA) of the path 2, as a function of reaction time (at isovolume of catalyst), for the two cases 1 wt% and 0.5 wt% of indole (at 350 o C) (Figure 4-17).
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 417 Figure 4-17: Plot of K i /(1+∑K j C j,liq ) 2 values of the rate determining steps (HIN→OHIN and OEA→ECHA) over both catalysts as function of reaction times, of the test at 1 wt% (a) and

  compounds on the catalytic site. This is different from the quinoline HDN, in which the adsorption of intermediate products and NH 3 became self-inhibiting and decreased the overall activity of the ASA-supported catalyst. The absence of a self-inhibiting effect in indole HDN is explained by the absence of saturated amines, i.e. octahydroindole (OHIN) and ethylcyclohexylamine (ECHA), which were very rapidly converted. Meanwhile, the corresponding saturated amines in quinoline HDN, decahydroquinoline (DHQ) and propylcyclohexylamine (PCHA) represent a considerable quantity. These components have high adsorption constants and hence strong adsorption on the catalytic site. Different aromatic amines such as OEA and HIN produced during indole HDN have low concentration, thus this does not result in a high self-inhibiting effect.
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 418 Figure 4-18: By-product formation calculated by the kinetic model, over NiMo(P)/Al 2 O 3 (a) and NiMo(P)/ASA (b), at 350°C and 7 MPa

  to compare the self-inhibiting effect of quinoline HDN with the absence of such an effect with indole. The strong adsorption of the saturated amines (DHQ, PCHA) and NH 3 over NiMo(P)/ASA in quinoline HDN led to a high competitive adsorption on catalytic sites and induced a strong self-inhibiting effect, thus resulted in lower overall quinoline HDN activity of the NiMo(P)/ASA. Meanwhile, in indole HDN, due to the fast conversion of intermediate saturated amines (OHIN and ECHA) and the low concentration of HIN and OEA, the self-inhibiting effect of indole HDN was not observed.

Figure 4 - 19 ,

 419 indole has a higher reactivity as compared to quinoline. At the same reaction conditions and with the same solvent, the pseudo-first rate constant of the conversion of quinoline (in thermodynamic equilibrium with 14THQ and 58THQ) is 1.

4. 7 . 4 . 7 . 1 .

 7471 Comparison of adsorption constants of quinoline, indole and their products Effect of solventsIt should be recalled that the complete studies of individual compounds (quinoline and indole) were performed in the different system of solvents. The quinoline HDN was carried out in the mixture of 50 wt% of m-xylene and 50 wt% of squalane, whereas the indole HDN was carried out in the mixture of 35 wt% of 1,3,5-trimethylbenzene and 65 wt% of squalane.

Figure 4 -

 4 Figure 4-20 shows the distribution of indole + dihydroindole (HIN) concentration as function of reaction times. The initial point of reaction time is obtained when reaction conditions reached 350°C and 7 MPa. The initial reaction rate is compared in order to estimate the ratio of intrinsic adsorption constants between the two solvents because of the absence of competitive adsorption of intermediate products and NH 3 at the initial point. The values of r 1 and r 2 are estimated from Figure 4-20, with r 1 : initial reaction rate of the conversion of indole + HIN in m-xylene + squalane (S 1 ); r 2 : initial reaction rate of the conversion of indole + HIN in 1,3,5-trimethylbenzene + squalane (S 2 ).
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 4204421 Figure 4-20: Disappearance rate of indole + dihydroindole in the two different solvents, over NiMo(P)/Al 2 O 3 (a) and NiMo(P)/ASA (b), 0.5 wt% of indole, at 350°C

  intrinsic adsorption constant of the solvent S 1 (m-xylene + squalane) K S2 : intrinsic adsorption constant of the solvent S 2 (1,3,5-trimethylbenzene + squalane) C S1 : concentration of m-xylene and squalane in the liquid phase, (mmol/l) C S2 : concentration of 1,3,5-trimethylbenzene and squalane in the liquid phase, (mmol/l) K int (i): intrinsic adsorption constant of component i C * H2(i) : concentration of H 2 in the liquid phase in solvents S i , respectively, (mmol/l) C IND+HIN(i) : concentration of indole + HIN in solvent S i (in the liquid phase) (mmol/l) C j(i) : concentration of component j in solvent S i (in the liquid phase) (mmol/l)

  of indole HDN in the solvent S 2 (1,3,5-trimethylbenzene+squalane) (part 4.4) allows us to determine the values of K int (IND)/(K S2 .C S2 ) and K int (HIN)/(K S2 C S2 ). The concentrations of indole and HIN in the solvents S 1 and S 2 at initial point (C IND(i) and C HIN(i) ) are experimentally obtained from the catalytic tests in the two solvents. The liquid-vapor thermodynamic simulation by mean of ProSim software allows determining the concentration of solvents and hydrogen in liquid phase. All these values are given in

Figure 4 -

 4 Figure 4-22 shows the relative order of adsorption constants of nitrogen compounds, in correlation with their pKa values. The adsorption of nitrogen compounds on the CUS sites depends not only on the electronic properties of the sulfide active CUS sites, but also the electron density of the adsorbed molecule. The saturated amines showed the highest adsorption constants, whereas indole, a neutral nitrogen compound, showed the lowest adsorption constant. The former is explained by the high density of electron on the nitrogen atom of the molecules; the latter is explained by very weak basicity of indole, due to the conjugation of the free electron pair on nitrogen atom with the aromatic ring.
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 422 Figure 4-22: Relative order of apparent adsorption constants of nitrogen compounds, correlated with pKa values

Figure 4 -

 4 Figure 4-23 shows the HDN conversion of quinoline obtained in the quinoline test (without indole) and in the mixture test (in the presence of indole), over NiMo(P)/Al 2 O 3 (a) and over NiMo(P)/ASA (b).
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 4 Figure 4-23: HDN conversion of quinoline in the absence (Q test) and the presence of indole (Q+IND tests), and indole & OEA concentrations , (a) over NiMo(P)/Al 2 O 3 , (b) over NiMo(P)/ASA, at 350°C, 7 MPa

Figure 4 -

 4 24 shows the HDN conversion of indole, in the absence and the presence of quinoline, over NiMo(P)/Al 2 O 3 (a) and NiMo(P)/ASA (b).
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 424 Figure 4-24: HDN conversion of indole in the absence (IND test) and the presence of quinoline (Q+IND tests), and Q + 14THQ +58THQ & DHQ concentrations obtained from, (a) over NiMo(P)/Al 2 O 3 , (b) over NiMo(P)/ASA, at 350°C, 7 MPa
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 51 Effluents which exited from the top of reactor were separated into gas and liquid phase. Liquid sampling was performed via a six-way valve for further analyses. Liquid sample is stored in the loop (Position 1) before sampling, and the valve will change into Position 2 and nitrogen gas flux will push liquid to sample collector (Figure5-1). The liquid phase at the outlet of separator was stored in outlet tank. System pressure was controlled after the outlet tank. Considering that there is no (or negligible) pressure drop between the reactor and the outlet tank, the pressure in the reactor was equal to that measured in the outlet tank. The working pressure was 5 MPa. The hydrodynamic regime of the reactor was previously studied in literature32 .
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 51 Figure 5-1: Synoptic diagram of micropilot

Figure 5 - 2 :

 52 Figure 5-2: Protocol of catalytic tests in continuous fixed-bed reactor

  extensively developed since 2000's years. The principle of the GCxGC technique is based on the separation of compounds by the difference in their volatility and polarity. Two columns (one nonpolar and one polar column) are connected in series through a modulator. The sample eluted from the first column (the non-polar column) is trapped in the modulator for a fixed time period, namely the modulation time, before being injected to the second column (the polar column). Compounds in a complex matrix will be separated and identified on the chromatogram according to their boiling point (separated on the first column) and their polarity (separated on the second column). The principle of GCxGC is described in Figure 5-3.
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 54 Figure 5-4: Diagram of the FT/ICR-MS (Thermo Scientific LTQ-FT-Ultra) 9

2 )

 2 cell (high resolution)observe the ions. Upon entering the ICR cell, under the magnetic field of the superconducting magnet, the ions undergo a Lorentz force which drives a circular movement (cyclotron movement). The frequency of this movement is measured and it allows determining the m/z ratio (Equation 5-1).Due to the complexity of component matrix, information (m/z ratio) obtained from FT/ICR-MS spectra, has to be structured thanks to the concept proposed by Kendrick45 , which is based on the repetition of CH 2 groups (mass = 14.01565 u). The Kendrick Mass is defined by Equation5The normalization of the Kendrick Mass to the entire number allows us to calculate the Kendrick Mass Defect (KMD), which is the difference between the entire number and the Kendrick Mass (Equation5-3). KMD = INT (Kendrick Mass) -Kendrick Mass (Equation 5-3) With Kendrick's concept, compounds having the same value of KMD will show the same degree of unsaturation, the same number of heteroelements, of aromatic cycles, or the same number of double bonds, but a different number of carbon atoms. Therefore, this allows classifying the ions as a function of their alkylation degree (associated to ion mass) and of the degree of unsaturation (associated to KMD). Mass spectra obtained from FT/ICR-MS are treated by Kendrick Inside software, developed by IFP Energies Nouvelles. An example of mass spectra obtained from FT/ICR-MS and the Kendrick diagram obtained from the data treatment by Kendrick Inside of the gas oil feed will be given in part 5.3. Results obtained from the Kendrick Inside are also exploited to have a distribution of carbon number and of unsaturation degree (or Double Bond Equivalent -DBE). The DBE for a compound is the sum of double bonds, number of nitrogen atoms in the ring and number of rings (except for nitrogen heterocycle). It is calculated by the formula: DBE = c-h/2+n/2+1 for a C n H h N n O o S s molecule.
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 35355483531 Figure 5-5: Ionization mechanism of acridine (a) and carbazole (b)48 
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 5657 Figure 5-6: Compositional analysis of sulfur in gas oil mixture

Figure 5 Figure 5 - 8 :

 558 Figure 5-8: GCxGC-NCD chromatogram of gas oil mixture
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 59 Figure 5-9: Distribution of N-compound families from GCxGC-NCD analysis

Figure 5 -

 5 Figure 5-10 and Figure 5-11 show the raw positive and negative ESI-FT/ICR-MS spectra of the gas oil mixture, respectively. It is clear that the intensity of the positive ESI spectrum is significantly higher than that of the negative ESI spectrum. This indicates that the ionization of neutral compounds in ESI(-) mode is much more difficult than the ionization of basic molecule in ESI(+) mode, even in the presence of NH 3 , promoter for the ionization of neutral molecules. Due to the difference in the ionization efficiency of basic and neutral compounds, the relative peak intensity that is observed in Figure 5-10 and Figure 5-11 for basic and neutral compounds does not represent the relative abundance of these two families in the gas oil mixture.
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 5511 Figure 5-10: ESI(+) FT/ICR-MS raw spectrum for gas oil mixture

  compounds in the gas oil mixture, respectively, as function of DBE and carbon number (Figure5-12 and Figure5-13). The bubble size corresponds to relative abundance of N 1compounds. For basic nitrogen species, the carbon number varies in the range of 9-35, whereas, the carbon number of neutral nitrogen species is narrower (in the range of12-31).
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 512 Figure 5-12: Diagram for the relative abundance of N 1 basic compounds as function of DBE and carbon number in the gas oil mixture

Figure 5 - 13 :

 513 Figure 5-13: Diagram for the relative abundance of neutral N 1 compounds as function of DBE and carbon number in the gas oil mixture

  nitrogenThe exploitation of raw spectra also allows us to access to the distribution of DBE, which correspond to N-compound families.

Figure 5 -

 5 14 and Figure 5-15 show the distribution of DBE in basic and neutral classes, respectively. Note that the families next to the DBE values in Figure 5-14 & Figure 5-15 are just representative. There are of course many different families of N-compounds for the same DBE value, i.e. acridines and benzoquinoline for DBE = 10. By Figure 5-14 & Figure 5-15, N-compounds with DBE = 7 (quinolines), 8 (tetrahydroacridines), 9 (octahydro-benzacridines) are the major compounds in the basic class; whereas N-compounds with DBE = 9 (carbazoles) and DBE = 12 (benzocarbazoles) are the major ones in the neutral class. There are much less partially hydrogenated compounds in the neutral class.
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 514 Figure 5-14: Concentration of representative families by DBE in basic class

  the two catalysts. As described in experimental part, the modification of LHSV values via the change of gas oil flow rate in the test allows us to follow the HDS and HDN conversions, calculated by Equations 5-4 and 5-5, respectively, versus 1/LHSV. ] feed , [N] feed are total concentration of sulfur and nitrogen in the feed; [S] out and [N] out are total concentration of sulfur and nitrogen in the outlet product stream.
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 5163517 Figure 5-16: Comparison of HDS conversions of gas oil tests at 350, 360, 370°C, as function of times on stream of gas oil tests over NiMo(P)/Al 2 O 3

Figure 5 -

 5 Figure 5-16 and Figure 5-17 show the HDS and HDN conversions, at three different temperatures, as function of times on stream of the tests over NiMo(P)/Al 2 O 3 . The steadystate of the NiMo(P)/Al 2 O 3 catalyst is obtained after about 20 hours. The variation of LHSV in the range of 5 -2 h -1 allows obtaining 92-99 % of HDS conversion and 70-95% of HDN conversion. A temperature increase of 10°C helps to gain about 1-2% of HDS conversion and 3-5% of HDN conversion. At the end of test cycle, a return to the initial conditions allows evaluating the deactivation level of the catalyst.

Figure 5 -

 5 18 shows plots of f(n) as function of 1/LHSV values, with values n and app k for HDS and HDN reactions for the test over NiMo(P)/Al 2 O 3 , at 360°C.
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 518 Figure 5-18: Determination of reaction order and apparent rate constants of HDS (a) and HDN (b) reaction, over NiMo(P)/Al 2 O 3 , at 360°C

Figure 5 -

 5 20 gives the straight lines of ln( app k ) as function of 1/T, of which the slopes are the values of -E a /R.
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 520 Figure 5-20: Determination of apparent activation energies of gas oil (a) HDS and (b) HDN, over the 2 catalysts
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 52156 Figure 5-21: DBE modification during the HDN of model molecules
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 522 Figure 5-22: Structure of results discussion on the distribution of DBE and carbon number

Figure 5 -

 5 23 shows the total and basic nitrogen content in the feed and in hydrotreated effluents. The repeatability of analysis is 2% (maximum) for total nitrogen content and 8% for basic nitrogen content. This allows us to compare the percentage of basic nitrogen between different HDN conversions and between the 2 catalysts (at similar HDN conversion).
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 523524 Figure 5-23: Total and basic nitrogen content in gas oil feed and hydrotreated effluents
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 5255 Figure 5-25: Conversion of N 1 and polyheteroatom basic families over both catalysts

Figure 5 - 27 : 5 . 6 . 3 .

 527563 Figure 5-27: Examples of N 1 S 1 and N 1 O 1 polyheteroatom compound conversion
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 528 Figure 5-28: Pseudo concentration of each basic N-family (or each DBE) in effluents from the test over (a) NiMo(P)/Al 2 O 3 and (b) NiMo(P)/ASA

Figure 5 -

 5 Figure 5-29 shows the relative abundance of DBE of basic nitrogen families in the effluents at 80% HDN conversion. This allows us to compare the distribution of DBE between the two catalysts.
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 529 Figure 5-29: Relative percentage of basic nitrogen families, in the feed and in the effluents at

4 .

 4 Distribution of DBE-based neutral N 1 families in the effluentsSimilarly, from ESI(-)-FT/ICR-MS analysis, we are able to calculate the pseudo concentration of each neutral nitrogen family corresponding to each DBE value, from the relative intensity of each peak and the neutral nitrogen content. Figure 5-30 shows the distribution of each DBE, corresponding to each family of neutral compounds, as a function of HDN conversion.

Figure 5 - 30 :

 530 Figure 5-30: Pseudo concentration of each neutral N-family (or each DBE) in effluents from the tests over (a) NiMo(P)/Al 2 O 3 and (b) NiMo(P)/ASA

Figure 5 -

 5 32 shows the distribution of carbon numbers of the total nitrogen (including basic and neutral nitrogen)
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 532 Figure 5-32: Carbon number distribution curves of total nitrogen in the effluents as compared to that in the feed, (a) over NiMo(P)/Al 2 O 3 and (b) over NiMo(P)/ASA

5. 7 . 2 .

 72 Carbon number distribution of basic and neutral nitrogenFurther investigation on the carbon number distribution curves of basic and neutral nitrogen in the effluents and in the feed is given in Figure5-33. 
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 533 Figure 5-33: Pseudo-concentration by carbon number of basic nitrogen (a, b) and neutral nitrogen (c, d) in the effluents as compared to that in the feed, over NiMo(P)/Al 2 O 3 (a, c) and over NiMo(P)/ASA (b, d)

Figure 5 -

 5 Figure 5-34 shows the carbon number distribution curves of representative DBE-based families: pyridines/anilines, quinolines and acridines. The maxima of the CNDC of pyridines in all effluents are shifted to lower carbon number, for both catalysts. The shift is particularly strong in the 71% HDN conversion effluent. This phenomenon is also observed, but less clearly, in the CNDC of quinolines. The shift of CNDC of families with DBE = 5, 6 is similarto that of pyridines/anilines (DBE=4), meanwhile, the shift of CNDC of families with DBE = 8, 9 is similar to that of quinolines (DBE = 7). By contrast, the maxima of the CNDC of acridines (DBE = 10) and families with DBE > 10 in all effluents are slightly shifted to higher carbon numbers as compared to the feed.

Figure 5 - 34 :Figure 5 -

 5345 Figure 5-34: Pseudo-concentration by carbon number of DBE-based basic nitrogen families: (a, b) DBE = 4, (c, d) DBE = 7, (e, f) DBE = 10 in the effluents and in the feed

Figure 5 - 35 :

 535 Figure 5-35: Comparison of pseudo-concentration by carbon number of DBE-based basic nitrogen families: (a) DBE = 4, (b) DBE = 7, (c) DBE = 10 in the effluents at 80% HDN conversion over both catalysts and in the feed

  of DBE-based neutral families Similarly, the carbon number distribution curves of DBE-based neutral nitrogen families are given in Figure 5-36, i.e. for indoles (DBE=6), carbazoles (DBE=9) and benzocarbazoles (DBE=12).

Figure 5 - 36 :

 536 Figure 5-36: Pseudo-concentration by carbon number of DBE-based neutral nitrogen families: (a, b) DBE = 6, (c, d) DBE = 9, (e, f) DBE = 12 in the effluents and in the feed

  DBE = 12 / NiMo(P)/ASA

Figure 5 -Figure 5 - 28 .

 5528 Figure 5-28. Again, the concentration curves of certain alkylated-pyridines/anilines indicate clearly that these compounds are intermediate products during the HDN of the feed; meanwhile, the concentration of alkylated-quinolines continuously decreases during HDN conversion. The ring opening of alkylated-quinolines produces the alkylated-anilines, i.e. the ring opening of C6-Q into C9-Aniline (Figure 5-38).

Figure 5 - 37 :Figure 5 - 38 :

 537538 Figure 5-37:Pseudo-concentration of several alkylated derivatives of pyridines/anilines as function of HDN conversion, (a) C6-PYR or C5-ANI, (b) C8-PYR or C7-ANI, (c) C10-PYR or C9-ANI, (d) C12-PYR or C11-ANI; green squared point is for pseudo-concentration of corresponding alkylated molecules in the feed.

Figure 5 -

 5 39 shows that the conversion of long-alkyl chain molecules is systematically lower than that of short-alkyl chain molecules. Thus the latter compounds are more reactive towards HDN reactions.

Figure 5 - 39 :Figure 5 - 40 :Figure 5 - 41 :

 539540541 Figure 5-39 : Conversion of specific alkylated quinoline and acridines-type compounds as function of total HDN conversion, (a, b) quinolines; (c, d) acridines

  at medium and high HDN conversio

Figure 5 - 42 :

 542 Figure 5-42: Scheme of the main reaction pathway of tetrahydroacridine and carbazole associated with DBE, intermediates and products

  Photoelectron Spectroscopy on one side and Infra-Red Spectroscopy of CO on the other side allowed the quantification of the active phase and the comparison of the modification of the sulfide phase due to the support acidity. Catalytic tests of the HDN of model molecules (quinoline and indole) were carried out in a batch reactor, in which the liquid-vapor equilibrium was accounted for. The kinetic model was established by taking into account the liquid vapor mass transfer and the competitive adsorption of nitrogen compounds and hydrogen on the same catalytic sites (Langmuir-Hinshelwood type) in order to analyze both kinetic and adsorption parameters of the complex reaction network of each model molecule.
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  Most studies evaluated that H 2 S showed an inhibiting effect on hydrogenation, but positive effect on C sp3 -N bond cleavage. In fact, Perot et al.4 found that the rate constants of the steps involving C-N bond cleavages was higher whereas the rate of hydrogenation reactions was slightly reduced. Prins et al. also found that C sp3 -N breaking of DHQ was strongly favored by H 2 S 5 . The promotion of catalysis by the presence of H 2 S on C sp3 -N bond breaking was explained by nucleophile substitution mechanism8 . On the other hand, Jian et al.6 observed the Ni-Mo-S site which was responsible for hydrogenation of aromatic rings of OPA was inhibited by H 2 S.1C. Effect of temperatureThe temperature played an important role on hydrogenation equilibrium and also on the rate of C-N bond breaking reactions, and then on total conversion and distribution of products. Generally, a high temperature favored the C-N bond cleavage and thus increased the selectivity in HDN products. However, the hydrogenation reaction of N-containing compounds was also disfavored at high temperature. Several examples figuring these effects are summarized in the Table S1-3.Table S1-3: Effect of temperature on HDN of model molecules

10
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  Appendix 3B: Comparison of simulation results (continuous line) and experimental data (points) of 3 tests at 340°C, at 1 wt % (a), 1.5 wt % (b) and 2 wt % (c) of quinoline, over NiMo(P)/Al 2 Comparison of simulation results (continuous line) and experimental data (points) of 3 tests at 360°C, at 1 wt % (a), 1.5 wt % (b) and 2 wt % (c) of quinoline, over NiMo(P)/Al 2

  Appendix 5D: Conversion of polyheteroatom neutral families Conversion of polyheteroatom neutral families over both catalysts Distribution of DBE and carbon number of N 1 S 1 neutral family in the feed and the effluents, (a) 76% HDN conversion over NiMo(P)/Al 2 O 3 , (b) 71% HDN conversion over NiMo(P)/ASA conv, NiMo(P)/ASA Feed
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 36 Apparent rate constants, effective rate constants at 350°C and activation energies of

Table 1 -

 1 1: pK a and proton affinity (PA) values of some nitrogen model compounds8,[10][11][12][13][14] 

	Compound	pK a	PA (kcal/mol)
	Dodecylamine	10.6	-
	Aniline	5.0	213.5
	Pyridine	5.2	222
	Piperidine	11.1	229.7
	Quinoline	4.9	227.6
	1,2,3,4-Tetrahydroquinoline	5.0	225
	Acridine	5.6	232.7
	Ammonia	9.25	207.6
	pyrrole	0.4	209.4
	Indole	-3.6	223.3
	2,3-dihydroindole	5.0	-
	Carbazole	-6.0	

  3 

  -11. 

	HIN		OEA		EB
	N H	N H	NH 2	
	Indole				
	N H OHIN	ECHA	NH 2	ECHE	ECH
	Figure 1-11: Reaction pathways of indole HDN 67
	Firstly, indole is hydrogenated into 2,3-dihydroindole (HIN). There are two important
	pathways in the case of indole (analogous to quinoline): one proceeding via hydrogenation of
	HIN to octahydro-indole (OHIN) and the other via ring opening of HIN to o-ethyl-aniline
	(OEA). When investigating the indole HDN over a sulfide CoMo/Al 2 O 3 catalyst, at 350 o C, 35
	atm, Massoth et al. 68 found that the rate of the first C-N bond-breaking step leading to OEA
	depended on the square root of the H 2 S partial pressure and was inhibited by indole and
	dihydroindole. Major products (OEA, EB and ECH) were detected. The OEA conversion
	takes place essentially via hydrogenation to o-ethylcyclohexylamine (ECHA)

Table 1 -
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	2: Summary of the reactivity order for nitrogen compounds towards HDN
	((*) PY = pyridine, Q = quinoline)		
	Reactivity ranking	Conditions of study	Reference
	five-membered ring compounds < six-membered ring compounds	oil sand derived gas oil	Bej et al. 93
	Pyridine > quinoline > acridine > Benz[a]acridine	pure compounds, batch reactor	Kabe et al. 94
	pyrrole > indole > carbazole	pure compounds	Stern 88
	PY>2-MePY>2,6-diMePY>2,4,6-triMePY (*)	pure compounds	Cerny 95
	8-MeQ > Q ≈ 2-MeQ > 6-MeQ > 3-MeQ > 4-MeQ (*)	pure compounds	Kim et Massoth 96
	carbazole > 1-alkylcarbazole > 1,8-alkylcarbazole	medium gas oil	Shin et al. 97 Wiwel et al. 98

1.6. HDN of real petroleum feedstock

  

	Study on simultaneous HDS, HDN and HDA reactions has received much attention in
	hydrotreating of real petroleum feeds. HDN reactions play a key role for the deep removal of
	other heteroelements and aromatics, due to the strong inhibiting effect of organonitrogen
	compounds on HDS and HDA reactions. The HDS reaction of refractory sulfur compounds,
	i.e. 4,6-dimethyldibenzothiophene (4,6-DMDBT), is much inhibited by N-containing
	compounds 99,100 . Consequently, a high HDN conversion must be maintained to achieve a
	deep sulfur removal of heavy feed.
	HDN conversion of real petroleum fractions depends on the nature of N-compounds in
	the feed, because the different nitrogen compounds have different reactivity toward HDN. For
	example, the HDN conversion of coal derived liquid was higher than the HDN conversion of
	light cycle oil due to the presence of carbazole-type compounds in light cycle oil 101 . The
	HDN of neutral nitrogen compounds are inhibited by the presence of basic nitrogen
	compounds, i.e. the HDN of 1,4-dimethylcarbazole and methyl-indole is inhibited by the
	presence of acridine 102 . This inhibition effect makes neutral nitrogen compounds to be more
	refractory in the real feed. Wiwel et al. 103 found that the most refractory organic nitrogen
	compounds in the vacuum gas oil belong to the family of 4,8,9,10-
	tetrahydrocycloheptacarbazoles (Figure 1-13).

1.7. Conventional sulfide hydrotreating catalysts

  

	Table 1-3: Kinetic model utilized for real feed hydrotreatment	
	Feed	Kinetic model	Reference
	bitumen derived gas oil	Pseudo first rate law	Diaz-Real et al. 118
	Oil-Sands Derived Heavy Gas Oil	Non basic → Basic → NH 3 with r i = k i .[N i ] 1.5	Bej et al. 93
	Crude oil	r HDN = k HDN .[N] 1.672 .[H 2 ] 0.3555	Jarullah et al. 112
	Heavy Gas Oil	S (k: apparent rate constant, C N : concentration of nitrogen, K i : H S H H H N N N H H N HDN C K P K C K C P K K k 2 2 . . . . r 2 2 2 2 . . 1	Botchwey et al. 113 Ferdous et al. 114
		apparent adsorption constant of component i)	
		Langmuir-Hinshelwood model, for 6 lumps :	
	Vacuum residue	asphaltene (small and big molecule), resin,	Ferreira et al. 117
		aromatic, saturates, NH 3 +H 2 S	
	Vacuum Gas Oil	5-family continuous lumping: paraffin, naphtene, aromatic, sulfur and nitrogen.	. The two-step Becker et al. 115
	Lumped model using a Langmuir-Hinshelwood consecutive mechanism involving hydrogenation and hydrogenolysis for HDS and HDN reactions was represented by Langmuir Hinshelwood model 116 . However, an agreement Vacuum Gas Oil Charon-Revellin et representation. Nitrogen compounds were distinguished into non-basic and basic groups. al. 116
	between experimental and calculated data was not obtained for the sulfur and basic nitrogen
	compounds because families contain compounds of different reactivity. Basic nitrogen did not
	distinguish hydrogenated carbazole derivatives and other molecules composed of amines and
	acridine derivatives. The study of Becker et al. 115 , without separation of the basic and neutral Co-Mo and Ni-Mo sulfide catalysts supported on γ-Al 2 O 3 are the most commonly
	nitrogen compounds, but taking into account the hydrocracking of paraffins, napthtenes and used in hydrotreating processes. In the formula of industrial hydrotreating catalyst, there are
	aromatics, showed that their modeling approach was capable of accurately predicting the total always three constituents supported on alumina: active phase (MoS 2 , WS 2 or mixture of both),
	hydrocarbon conversion and yield regardless of feed composition. In the hydrotreating of
	heavy feedstock, i.e. vacuum residue, the catalyst volume constraints were very important due
	to the presence of diffusion limitation which is caused by molecules size of heavy compounds
	117 . Therefore, taking the diffusion with the adsorption and kinetic in kinetic model becomes
	necessary for the modeling of heavy feed hydrotreatment 117 . Table 1-3 summarizes certain
	kinetic model of the real feed hydrotreatment.	

Table 2 -
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		NiMo(P)/Al 2 O 3	NiMo(P)/ASA
	% wt MoO 3	18.6%	14.0%
	% wt NiO	3.84%	2.97%
	% wt P 2 O 5	4.93%	3.84%

1: Elemental composition of catalysts

Table 2 -

 2 2: Textural properties of the catalysts

	NiMo(P)/Al 2 O 3	NiMo(P)/ASA

Table 2 -

 2 3: Activity in toluene hydrogenation and cyclohexane isomerization

	NiMo(P)/Al 2 O 3 NiMo(P)/ASA

Table 2 -

 2 4: Binding energies (eV) of atoms on both catalysts in XPS spectra

	Catalysts	Ni 2p3/2	Mo 3d	O 1s	C 1s	P 2p Si 2p Al 2p S 2p
	NiMo(P)/Al 2 O 3	854.1	229.2	531.5 284.6 134.4	-	74.6 162.1
	NiMo(P)/ASA	854.3	229.1	532.1 284.6 134.6 102.9 75.0 162.1

Table 2 - 5 :

 25 Atomic ratios of elements from XPS and ICP quantitative analysis

	( (*): Sulfur content was analyzed by CHNS elemental analysis)		
	Catalysts	Ni/(Al+Si) Mo/(Al+Si)	Ni/(Ni+Mo) S/(Ni+Mo) SiO 2 /(SiO 2 +Al 2 O 3 )
	NiMo(P)/Al 2 O 3 (XPS)	0.034	0.08	0.30	1.43	0
	NiMo(P)/Al 2 O 3 (ICP)	0.037	0.09	0.29	2.0 (*)	0
	NiMo(P)/ASA (XPS)	0.030	0.06	0.34	1.24	0.29
	NiMo(P)/ASA (ICP)	0.029	0.07	0.29	1.8 (*)	0.29

Moreover, the atomic ratios of S/(Ni+Mo) obtained from XPS analysis for NiMo(P)/Al 2 O 3 and NiMo(P)/ASA catalysts are 1.43 and 1.24, respectively. The atomic ratios of S/(Ni+Mo) in NiMo(P)/Al 2 O 3 and NiMo(P)/ASA catalysts should be equal to 1.6 (approximately) if the catalysts were fully sulfided. The latter value was calculated by considering that all Ni and Mo were sulfided into Ni 3 S 2 and MoS 2 crystals. The sulfur
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	NiMo(P)/Al 2 O 3	0.326	0.424
	NiMo(P)/ASA	0.205	0.318

6: Quantification of NiMoS active phase in the catalysts Catalyst n NiMoS per 1g of catalyst (mmol/g cata) n NiMoS per 1cm 3 of catalyst (mmol/cm 3 cata)
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	Catalysts	A promoted /A total	Position of NiMoS band (cm -1 )
	NiMo(P)/Al 2 O 3	51%	2129
	NiMo(P)/ASA	35%	2134

7: Distribution of CO adsorbed species from the peak decomposition of bands IR(CO)

Table 3 -

 3 1: Comparison of the composition of samples taken at hot and cold conditions Table3-2 summarizes the average values of the volatility and L-V equilibrium constants at 3 different temperatures.

		At 30 min						At 2h	At 3h30	At 5h
	Concentration (mmol/l)	Hot	Cold				Hot	Cold	Hot	Cold	Hot	Cold
	HDN products	5.71	6.60			31.11	35.26	44,51	49,09	45,5	52,8
	HYD products +Q 53.78 51.85			25.78	23.21	13,62	12,52	7,89	8,09
	PCHA + OPA	1.33	1.37				1.64	1.64	1,97	1,96	2,01	2,01
	SUM	60.82 59.82			58.52	60.11	60,10	63,58	55,4	62,9
	Balance error (%) 4.77% 6.34% 6.67% 4.13% 5.70% 0.18% 10.93% 1.12%
		i		i i x y						(Equation 3-1)
	where * i y and *								
			i	n	L i	n	v i	n	v i	(Equation 3-2)
	where v i n , L i n are the mole quantity of component i in vapor and liquid phase, respectively.
	The effluent entering in the flash contains representative compounds (quinoline,
	propylcyclohexane and propylbenzene), solvents (m-xylene and squalane), H 2 , H 2 S and NH 3 .
	Due to the lack of data for several compounds in ProSim, quinoline was used to represent to
	other nitrogen compounds in the mixture (quinoline, 14THQ, 58THQ, OPA and PCHA); PCH
	was used to represent to PCH and PCHE. The experimental concentrations of all components

The simulation of reaction mixtures obtained from additional experiments by ProSim, using a flash in ProSim simulator. The Grayson-Streed thermodynamic model was known to well simulated the hydrocarbon mixtures with hydrogen

9 

. The simulation of the flash in ProSim allows us to calculate the liquid-vapor equilibrium constant ( i , calculated by (Equation 3-1)) and the volatility ( i , calculated by (Equation 3-2)) of every component. * * i x are mole fractions of component i in gas phase and liquid phase at equilibrium, respectively.

obtained under "cold" conditions (25°C, 3.2 MPa), for different reaction times (with molar balance errors lower than 5%) were used as ProSim input data. The simulation results showed that values of equilibrium constant of quinoline, PB, PCH and NH 3 at given temperature and pressure don't change with their composition.

Table 3 -

 3 2: Volatility and L-V equilibrium constants (θ i ) of PB, PCH, PCHE, Quinoline, NH 3 , H 2 S, H 2 and solvents at 340, 350, 360°C and 7 MPa (Simulation by ProSim)

		340°C		350°C		360°C	
		Volatility	θ i	Volatility	θ i	Volatility	θ i
	PB	0.321	0.58	0.358	0.63	0.408	0.69
	PCH, PCHE	0.297	0.52	0.332	0.56	0.379	0.61
	Nitrogen compounds	0.225	0.36	0.265	0.41	0.317	0.46
	NH 3	0.822	5.65	0.835	5.72	0.853	5.79
	H 2	0.832	5.89	0.833	5.62	0.837	5.37
	H 2 S	0.744	3.43	0.755	3.46	0.767	3.48
	m-xylene	0.376	0.71	0.412	0.76	0.434	0.81
	squalane	0.009	0.010	0.013	0.014	0.017	0.019

Table 3 -

 3 3: Total porous volume, BET surface area and carbon content of used catalysts

	Test conditions 340-360°C, 7 MPa	Used catalyst	S BET (m 2 /g)	VPT (ml/g)	Average pore diameter (nm)	% wt carbon
	FRESH NiMo(P)/Al 2 O 3		201	0.467	7.2	0
	Without quinoline,350°C	NiMo(P)/Al 2 O 3	186	0.447	7.7	0.6
	1 wt% Quinoline	NiMo(P)/Al 2 O 3	178-183 0.426-0.433	7.5-7.8	0.9-1.7
	1.5 wt% Quinoline	NiMo(P)/Al 2 O 3	182-187 0.408-0.429	7.7-8.0	1-2.2
	2 wt% Quinoline	NiMo(P)/Al 2 O 3	176-180 0.405-0.407	7.6-7.9	2.0-2.8
	FRESH NiMo(P)/ASA		180	0.336	6.4	0
	1 wt% Quinoline	NiMo(P)/ASA	144-152 0.283-0.302	6.5-6.6	2.7
	1.5 wt% Quinoline	NiMo(P)/ASA	144-145	0.288-0.29	6.4-6.5	2.7-3.2
	2 wt% Quinoline	NiMo(P)/ASA	145-150	0.294-0.3	6.6-6.7	2.4-3.2

The used catalysts obtained from the catalytic test of 1 wt% of quinoline, 350°C and 7

MPa were regenerated by re-sulfidation, with the same protocol of the sulfidation of fresh catalyst (part 2.3). The used catalysts were then carried out for the quinoline HDN, with the same reaction conditions of fresh catalyst in order to evaluate the deactivation level of the catalyst. For that, the pseudo-first-reaction rate law is assumed and the the pseudo-first rate constant (k o ) of the conversion of Q+14THQ+58THQ (k o ) (per 1 gram of the catalyst) was calculated. The deactivation ratio is defined as the ratio between k o obtained from the test with fresh catalyst and k o obtained from the test with spent catalyst. Table

3

-4 summarizes the k o values for fresh and spent catalysts and the deactivation ratio. It is clear that the two catalysts were not much deactivated because the deactivation ratio was not too far from unity, and the NiMo(P)/ASA was more deactivated than NiMo(P)/Al 2 O 3 , which is in agreement with the carbon content in Table

3-3. 
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 3 4: Deactivation ratio of the catalysts after quinoline HDN test

	NiMo(P)/Al 2 O 3	NiMo(P)/ASA

Table 3 -

 3 

			Over NiMo(P)/Al 2 O 3		Over NiMo(P)/ASA	
	Nitrogen compound	B	∆H ads (kJ/mol)	K i at 350°C, (l/mol)	B	∆H ads (kJ/mol)	K i at 350°C, (l/mol)
	Q+58THQ	5.45E-07	-48.2 (± 1.0%)	6.0 ± 1.5	5.871E-07	-50.3 (± 0.7%)	9.6 ± 2.0
	14THQ+ OPA	4.91E-06	-36.5 (± 0.7%)	5.2 ± 0.8	1.0515E-06 -45.3 (± 0.7%)	6.6 ± 1.1
	DHQ+PCHA	1.86E-06	-48.6 (± 0.5%)	22.1 ± 3.7	1.0108E-06 -53.5 (± 0.7%)	31.1 ± 6.3
	NH 3	3.40E-06	-44.7 (± 0.6%)	19.0 ± 2.8	2.0352E-06 -49.6 (± 0.8%)	29.0 ± 7.1

5: Adsorption enthalpies and adsorption constants at 350°C of nitrogen compound a

( a B: pre-exponential factors; ∆H ads : adsorption enthalpy; K i : adsorption constant; The number in parenthesis is the accuracy of estimated parameters)

Table 3 - 6 .

 36 The values of pre-exponential factors (lnA) are not given in the table and their confidence intervals vary in the range of 0.2-1%.
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 3 6: Apparent rate constants, effective rate constants at 350°C and activation energies of (de)hydrogenation reactions and their confidence intervals a

		NiMo(P)/Al 2 O 3	NiMo(P)/ASA
	Reaction	k i.

Table 3 -

 3 7 shows the variation of ratio reaction time, calculated from the catalytic test at 350°C and 1 wt % of quinoline. This variation indicates that DHQ is mainly produced by the hydrogenation of 14THQ before 2 hours of reaction due to the high concentration of 14THQ, but the two pathways are subsequently equivalent.

	6 / r	4 r	5 r	as function of

Table 3 -
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	7: Variation of ratios r 6 /(r 4 -r 5 ) during the quinoline HDN at 350°C, 7 MPa and 1 wt
	% of quinoline									
	r 6 /(r 4 -r 5 )	0 h 0.25h 0.5h 0.75h 1h	1.5h	2h	2.5h 3h	4h	5h
	NiMo(P)/Al 2 O 3 75.2 10.4	5.3	4.0	3.2	2.3	1.9	1.7	1.4	1.3	1.2
	NiMo(P)/ASA 192.3 28.1 15.8 11.6	8.9	6.2	4.7	3.8	3.4	2.4	1.8

Table 3

 3 

-8 shows effective rate constants at 350°C and activation energies of denitrogenation reactions, which are equal to the production of apparent rate constants (k i ) and adsorption rate constants of the corresponding components (K i ).

Table 3 -

 3 8: Apparent rate constants, effective rate constants at 350°C and activation energies of denitrogenation reactions and hydrogenation of PCHE and their confident intervals b

		NiMo(P)/Al 2 O 3	NiMo(P)/ASA
	Reaction	k i.

  1 ) E a (kJ/mol) Al 2 O 3 . Hence, the acidity of the silica-alumina support does not seem to favor the ring opening. However, as compared to NiMo(P)/Al 2 O 3 , NiMo(P)/ASA shows a higher effective rate constant for the direct hydrogenolysis of OPA (C sp2 -N direct bond breaking) to produce PB. In other words, OPA is more reactive over ASA-supported catalyst than over Al 2 O 3 -supported catalyst, and consequently this explains a low concentration of OPA during reaction over NiMo(P)/ASA.

	14THQ → OPA	5.0 ± 0.1	0.030	145.3 ± 0.7	4.2 ± 0.0	0.028	120.6 ± 0.6
	DHQ → PCHA	9.5 ± 0.0	0.210	167.4 ± 1.0	5.3 ± 0.1	0.164	163.2 ± 1.2
	OPA → PB	9.0 ± 0.1	0.046	178.6 ± 1.1	21.1 ± 0.3	0.138	182.8 ± 0.8
	PCHA → PCHE 53.0 ± 1.4	1.187	158.1 ± 1.0	54.0 ± 0.4	1.682	159.7 ± 0.9
	PCHA → PCH	23.0 ± 1.0	0.506	133.4 ± 0.6	31.2 ± 0.1	0.972	104.6 ± 0.8
	PCHE → PCH	-	0.266	56.6 ± 0.4	-	0.159	58.9 ± 0.4
	( b E Moreover, the NiMo(P)/ASA is also more active than NiMo(P)/Al 2 O 3 for other
	denitrogenation reactions (without ring opening), such as the β-elimination of PCHA into

a : activation energies; k i : apparent rate constants; K i : adsorption constants)

Regarding the ring opening reactions (14THQ → OPA and DHQ → PCHA), the NiMo(P)/ASA shows lower effective rate constants than the NiMo(P)/PCHE or the direct hydrogenolysis of PCHA into PCH.

Table 3 -
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			NiMo(P)/Al 2 O 3	NiMo(P)/ASA
	Reaction			
			(s -1 /mmol NiMoS)	(s -1 /mmol NiMoS)
	Q → 58THQ	Hydrogenation	213.3 ± 2	261.1 ± 0.2
	14THQ →DHQ	Hydrogenation	53.2 ± 0.2	103.1 ± 1.4
	14THQ → OPA	Ring opening	20.3 ± 0.4	27.5 ± 0.3
	DHQ → PCHA	Ring opening	38.8 ± 0.2	34.3 ± 0.8
	OPA → PB	C-N cleavage	36.6 ± 0.4	137.0 ± 2.5
	PCHA → PCHE	β-elimination	216.8 ± 6	351.5 ± 3.5
	PCHA → PCH	C-N cleavage	94.1 ± 4	203.1 ± 1.2
	The other reaction steps that have a significantly higher rate constant (per NiMoS site)
	on NiMo(P)/ASA (			

9: Intrinsic rate constants (apparent rate constants calculated per 1 mmol NiMoS) at 350°C of non-equilibrated reactions

Table 3 -

 3 8 & Table 3-9) are: the C-N cleavage in OPA and PCHA and the β-elimination of PCHA to PCHE. The ring opening of 14THQ to OPA is slightly favored (when taking the rate constants normalized by NiMoS), and no positive effect of acid support is observed in the ring opening of DHQ to PCHA. According to the proposed HDN mechanisms

Table 3
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	-10). The
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	10: L-V mass transfer coefficient k L a		
	k L a (s -1 )	340 o C	350 o C	360 o C
	NiMo(P)/Al 2 O 3	0.085 (±11%)	0.149 (±6%)	0.227 (±3%)
	NiMo(P)/ASA	0.106 (±16%)	0.134 (±12%)	0.211 (±8%)

Table 4 - 1 :

 41 Volatilities and L-V equilibrium constants (θ i ) of indole and its products at

	different temperatures and 7MPa, estimated by ProSim	
		At 340 o C						At 350 o C	At 360 o C
	Compounds											
		Volatility	θ i					Volatility		θ i	Volatility	θ i
	Indole	0.23	0.44					0.26				0.52	0.30	0.60
	OEA	0.26	0.53					0.29				0.61	0.33	0.69
	EB	0.29	0.61					0.32				0.67	0.33	0.71
	ECH	0.26	0.52					0.28				0.57	0.30	0.61
	NH 3	0.80	5.91					0.80				6.01	0.81	6.11
	H 2	0.81	6.41					0.81				6.18	0.81	5.95
	Squalane	0.00	0.01					0.01				0.01	0.01	0.01
	1,3,5-triMeBz	0.24	0.49					0.27				0.54	0.29	0.59
	Thanks to the L-V equilibrium constants and the total concentration of all components
	in liquid phase, we calculated the concentrations of every component in the gas phase
	(Equation 4-1). The latter values allowed us to establish the nitrogen mass balance.
	As postulated in part 3.3, we had:	C	i	,	g	C	liq * i ,	.	RT P	.	C	total liq i

Table 4

 4 

	Table 4-2: Nitrogen mass balance of the test indole HDN over NiMo(P)/Al 2 O 3 , 360 o C, 1 wt%
	indole								
	Time, h	0		0.25	0.5	0.75	1	1.5	2
	NH 3 , mmol	0.37		2.03	3.49	4.59	5.49	6.44	7.44
	[N] identified , mmol	8.99		6.81	4.97	3.87	3.05	1.86	1.10
	Balance, mol%	4.8		-1.0	-5.2	-5.2	-4.4	-6.9	-4.4
	Table 4-3: Nitrogen mass balance of the test indole HDN over NiMo(P)/ASA, 360 o C, 1 wt%
	indole								
	Time, h	0	0.17 0.33	0.5	0.67 0.83	1	1.25	1.5	2
	NH 3 , mmol	0.36 1.44 2.47 3.35 4.03 4.63 5.10 5.73 6.34 7.19
	[N] identified , mmol	9.86 8.18 6.57 5.42 4.52 3.80 3.18 2.50 1.95 1.12
	Balance, mol%	6.2	0.1	-5.9	-8.				

-2 and Table 4-3 show the calculated mass balances of the two catalytic tests over NiMo(P)/Al 2 O 3 and NiMo(P)/ASA, respectively. 8 -11.0 -12.4 -14.0 -14.4 -13.8 -13.6
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	-4 summarizes several
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 44 Characterization of the used catalysts after indole HDNAs shown in Table4-4, we found a decrease by about 10-15% of the BET surface area and total pore volume of the two catalysts after catalytic tests. The decrease of these parameters was higher over the ASA-supported catalyst than the Al 2 O 3 counterpart. As in the case of quinoline HDN, we observed a higher deposition of nitrogen and carbon on the NiMo(P)/ASA catalyst. The nitrogen content was 1.0 and 1.4% in the used NiMo(P)/Al 2 O 3

	Test conditions 360°C, 7 MPa	Used catalyst	S BET (m 2 /g)	VPT (ml/g)	Average pore diameter (nm)	% wt carbon	% wt nitrogen
	FRESH NiMo(P)/Al 2 O 3	201	0.467	7.2	0	0
	1 wt% indole	NiMo(P)/Al 2 O 3	175	0.415	7.6	1.5	1.0
	FRESH NiMo(P)/ASA		180	0.336	6.4	0	0
	1 wt% indole	NiMo(P)/ASA	155	0.288	7.4	1.8	1.4

Table 4 -

 4 5: Deactivation ratio of the catalysts after indole HDN test at 350°C

	NiMo(P)/Al 2 O 3	NiMo(P)/ASA

  -5) andVan't 

	Hoff equation (Equation 4-6), respectively:
	k	i		A .	exp	E a	/	RT	(Equation 4-5)
	K	i	B .	exp		H	ads	/	RT	(Equation 4-6)

Table 4 -

 4 6 to Table 4-9.

Table 4 -

 4 6: Adsorption enthalpies and adsorption constants of indole and its products

		NiMo(P)/Al	2 O 3	NiMo(P)/ASA
	Families of N-				
	compounds	∆H ads ,		K i, 350°C	∆H ads ,	K i 350°C
		(kJ/mol)		(l/mol)	(kJ/mol)	(l/mol)
	Indole	-29.5 (± 1.2%)		0.6 ± 0.2	-37.3 (± 1.2 %)	3.0 ± 1.4
	HIN / OEA	-43.0 (± 1.7%)		18.1 ± 7.6	-45.9 (± 1.0 %)	56.3 ± 16.0
	NH 3	-44.9 (± 1.9%)	32.0 ± 14.0	-49.4 (± 1.0 %)	58 ± 16.2

Table 4

 4 

-7 and Table 4-8 summarize some kinetic parameters

Table 4 -

 4 7). The ring opening of OHIN into ECHA is extremely fast over both catalysts; and thus it made the undetectable concentrations of these two components. The effective rate constants are the products of apparent rate constants and the apparent adsorption constant of the corresponding molecule. The effective rate constants of N-removal steps of ECHA into ECH and ECHE could not be determined because the adsorption constants of ECHA was not able to be indentified, but they are certainly much higher than that of the hydrogenation step of HIN into OHIN. This induced the fast disappearance of OHIN and ECHA during the reaction.
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	7: Apparent and effective rate constants at 350°C, activation energies of certain
	elementary steps of the first reaction path of indole HDN
		NiMo(P)/Al 2 O 3	NiMo(P)/ASA
	Reaction	k i at 350 o C,
		(mmol.l -1 .s -1 )

Table 4 -

 4 8: Apparent and effective rate constants at 350°C, activation energies of certain elementary steps of the second reaction path of indole HDNWhen comparing the effective rate constants between the two reaction paths over the two catalysts, the pathway proceeding via the hydrogenation of HIN into OHIN is the most

	0.0033

privileged path of indole HDN.

Kim and Massoth 2 

found also that this reaction route was more important than the OEA hydrogenation route, over a NiMo/Al 2 O 3 catalyst. By kinetic modeling, we observed that the hydrogenation of HIN into OHIN was 2.5 times faster than the C-N bond breaking of HIN into OEA. Moreover, the C sp3 -N bond cleavage of ECHA into denitrogenated products was extremely fast, thus this intermediate product was not detected in

Table 4 -

 4 

7 

and Table

4-8 

show that the apparent rate constants (k i ) of the two rate limiting steps (of the two reaction paths) and the ring opening of HIN into OEA are lower over NiMo(P)/ASA than that over NiMo(P)/Al 2 O 3 . However, the NiMo(P)/ASA have higher effective rate constants (k i .K i ) of these steps thanks to the higher apparent adsorption constants of OEA and HIN over this catalyst (Table

4-6

). The NiMo(P)/ASA has also higher values of the

Table 4 -

 4 9 shows the values of apparent rate constants (k i ) calculated per 1 mmol of NiMoS sites. Note that the concentration of active phase NiMoS of NiMo(P)/ASA is lower than that of NiMo(P)/Al 2 O 3 . The support acidity effects on the intrinsic activity of hydrogenation steps are not clear. From Table4-9, we found that the NiMo(P)/ASA has slightly lower intrinsic apparent rate constant for HIN → OHIN step, however, it has higher one for OEA → ECHA step. This does not allow a clear conclusion on the effects of support acidity on the hydrogenation steps of indole HDN. The higher support acidity implies the stronger adsorption of nitrogen compounds and results in the higher effective rate constants on NiMo(P)/ASA, but it probably does not affect the activation of molecules in hydrogenation reactions of indole HDN.

	Table 4-9: Intrinsic apparent rate constants at 350 o C (calculated per 1 mmol of NiMoS sites)
	of indole HDN over both catalysts (mmol.l -1 .s -1 /mmol NiMoS)	
	Reactions		NiMo(P)/Al 2 O 3 NiMo(P)/ASA
	HIN → OHIN	Hydrogenation	287	256
	HIN → OEA	Ring opening	119	101
	OEA → ECHA	Hydrogenation	20.7	29.2
	OEA → EB	C sp2 -N bond breaking	7.5	12.3
	ECHA → ECHE	β-elimination	422	1853
	ECHA → ECH	C sp3 -N bond breaking	133	265

  than that of the conversion of indole (in thermodynamic equilibrium with HIN). This result is in line with the result obtained in literature, over either CoMo/Al 2 O 3 or NiMo/Al 2 O 342 , where the ratio of relative reactivity of indole to quinoline is 1.2 over CoMo/Al 2 O 3 and 1.5 over NiMo/Al 2 O 3 catalyst.

	k o =1.576 (h	-1 /cm 3 cata)
	Time x Volume of catalyst (h.cm 3 cata)

lower
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 4 11. 
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	NiMo(P)/ASA	
	(a) For	C IND+HIN(i)
	NiMo(P)/Al 2 O 3	

11: Data for calculating K S1 /K S2 ratio: (a) over NiMo(P)/Al 2 O 3 , (b) over
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	12: Comparison of apparent adsorption constants of quinoline, indole and theirs
	products relatively to the m-xylene+squalane solvent (K int (i)/(K S1 .C S1 )), at 350°C, over the
	two catalysts			
	K i at 350°C (l/mol)	NiMo(P)/Al 2 O 3	NiMo(P)/ASA	pK a
	Indole	0.4	1.3	-3.6
	14THQ / OPA	5.2	6.5	5.0 (14THQ)
	Quinoline	6.0	9.5	4.9
	HIN / OEA	10.6	27.7	5.0 (aniline)
	NH 3	19.0	29.0	9.25
	DHQ / PCHA	22.1	31.1	11.2 (piperidine)

Table 5
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	-1:
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 5 1: GCxGC-NCD analysis method for Gas oil mixture

	Injection	Samples were diluted in pure toluene until concentration 30-50 ppm before injection; Syringe size: 5 μl
		Injection volume: 0.5 μl , on column injection
	Inlets	Pressure: 350 kPa Septum Purge Flow: 3ml/min
	Oven	Programmed temperature: 60-260°C: 3°C/min
		260°C for 30 min
	Columns	1 st dimension: SPB5 27.5m x 0.25 mm x 1μm 2 nd dimension: SolgelWax 1.6m x 0.1mm x 0.1μm
	Modulation 12 seconds, trap at temperature of liquid nitrogen
	Detector	NCD, detector temperature: 950°C Acquisition rate: 100 Hz
	5.2.4.	

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR/MS)

  

Table 5 -

 5 2. 

	Table 5-2: Molecular structures of basic N-compounds and their corresponding Double Bond
	Equivalent (DBE) (numbers in brackets and in italic is experimental values of pKa for non-
	alkylated compounds 46,47 )	
	Possible structures	DBE
	N	
	H	
	N	
	NH 2	

Table 5 -

 5 4 summarizes general properties of the three gas oils. The basic nitrogen content in gas oil mixture obtained from titration represents 43% of total nitrogen content.

Table 5 -

 5 4: Properties of straight run gas oil, coker gas oil and the gas oil mixture

	Straight Run GO	Coker GO	Mixture GO
	(S8783)	(S9074)	(S9260)

  -

	S9260 pos_98-1000 #3 RT: 1.95 AV: 1 NL: 3.60E5														
	T: FTMS + p ESI Full ms [98.00-1000.00]																
			266.19															
			280.21														
			252.17	294.22														
				310.25														
		240.17															
				324.27													
		212.14																
					338.28													
					354.32													
	198.13			368.33												
					382.35												
	186.13																
						396.36					674.29	702.32						
												718.29						
	172.11					410.38				646.26	746.32	775.36				
	162.13					437.19			618.23			758.38				
	158.10						464.42	507.33	576.42	613.27				874.59 860.57 834.56 802.39	898.59	942.65	970.68
	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900		950	1000
									m/z									
	S9260 neg_98-600 #9 RT: 8.00 AV: 1 NL: 1.70E6														
	T: FTMS -p ESI Full ms [98.00-600.00]																
					255.23												
							311.30										
								339.33									
									367.36								
								325.31	353.34									
						278.19	297.28			381.37								
					244.11					395.39								
										409.41							
				230.10	258.13					423.42	473.28				
			208.11								451.45						
														489.28	514.37	528.39		
			194.10													539.51	567.54 577.59 591.61
	126.30	157.12	180.08															
	100	150	200	250		300		350	400	450		500		550		600
									m/z									

Table 5 -

 5 

		5: Distribution of carbon number of each DBE in (a) basic and (b) neutral classes
		(a) For basic N-families		(b) For neutral N-families
	DBE	n C	Max	n C of the smallest molecule	DBE	n C	Max	n C of the smallest molecule
	4	9-30	19-22	5	6	13-33	20-23	8
	5	9-34	19-22	9	7	14-32	20-23	
	6	10-35	20-22	-	8	17-32	21-24	
	7	10-36	19-22	9	9	12-32	16-22	12
	8	12-35	17-22	12	10	14-31	19-23	
	9	13-34	19-21	-	11	15-32	21-23	
	10	14-35	19-22	13	12	16-32	17-19	15
	11, 12	14-34	18-22	-	13	16-31	21-23	

Table 5
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	-6 and Table 5-7 summarize the

Table 5 -

 5 6: Reaction order and apparent rate constants of HDS reactions ((*): Reaction orders over NiMo(P)/ASA at 350 o C and 370 o C are assumed to be similar to that at 360°C)

		For HDS reactions:	dS	/	dt	k	app	(	HDS	S ).	n
	Temperature, °C	Catalyst	n	(HDS 1 . h wppm n k app	) 1			R 2	) mmolNiMoS (HDS / . 1 k app h wppm n 1
	350	NiMo(P)/Al 2 O 3 1.77		0.027			0.989	0.110
	360	NiMo(P)/Al 2 O 3 1.77		0.040			0.991	0.165
	370	NiMo(P)/Al 2 O 3 1.77		0.060			0.988	0.245
	350 (*)	NiMo(P)/ASA	-		0.016				-	0.087
	360	NiMo(P)/ASA	1.77		0.020			0.982	0.122
	370 (*)	NiMo(P)/ASA	-		0.025				-	0.136

Table 5 -

 5 7: Reaction order and apparent rate constants of HDN reactions((*): Reaction orders over NiMo(P)/ASA at 350 o C and 370 o C are assumed to be similar to that at 360°C) 3% at the same LHSV. From Table5-6 and Table 5-7, we also found that the NiMo(P)/Al 2 O 3 exhibits higher apparent rate constants than the NiMo(P)/ASA, at a given temperature. The ratio of the apparent rate constants at 350°C is equal to 1.1. This is in a quite good agreement with the ratio of pseudo-first rate constants obtained for quinoline HDN, which was equal to 1.2 (see Figure3.5a). This confirms the higher overall activity of NiMo(P)/Al 2 O 3 in the HDN of basic model molecule, and the real feed in which the HDN of neutral species is inhibited by the presence of basic species. On the other hand, Table5-6 and

		For HDN reactions:	dN	/	dt	k	app	(	HDN	).	N	n
	Temperature, °C	Catalyst	n	(HDN 1 . h wppm n k app	) 1			R 2		) mmolNiMoS (HDN / . 1 k app h wppm n 1
	350	NiMo(P)/Al 2 O 3 1.39		0.572			0.986		2.34
	360	NiMo(P)/Al 2 O 3 1.39		0.708			0.994		2.91
	370	NiMo(P)/Al 2 O 3 1.39		0.866			0.989		3.53
	350 (*)	NiMo(P)/ASA	-		0.516				-		2.81
	360	NiMo(P)/ASA	1.39		0.634			0.990		3.85
	370 (*)	NiMo(P)/ASA	-		0.752				-		4.10
	Figure 5-19 shows the HDS and HDN conversions obtained in the gas oil tests at
	360°C, over both catalysts. The NiMo(P)/Al 2 O 3 is slightly more active than the
	NiMo(P)/ASA. The difference in HDS and HDN conversions between the two catalysts is
	about 2-										

Table 5 -

 5 7 also show the HDS and HDN apparent rate constants calculated per 1 mmol of NiMoS active sites. We found that the NiMo(P)/ASA had higher intrinsic HDN activity than the NiMo(P)/Al 2 O 3 , as already observed in the HDN of model molecules. Moreover, in the range of HDN and HDS conversions, the temperature increase from 350 to 370°C implies the increase of the HDS reaction rate to HDN reaction rate ratio (r HDS /r HDN ) (appendix 5C), over NiMo(P)/Al 2 O 3 . This result is also observed over NiMo(P)/ASA but not significantly. Over both catalysts, these ratios are much lower than unity at all temperatures. This shows that the HDS reactions are retarded by the presence of nitrogen compounds. The temperature increase may decrease the inhibiting effect of nitrogen compounds on HDS reactions.

		100						
			(a)					
		98						
	HDS conversion, %	92 94 96					NiMo(P)/Al	2 O 3
		90					NiMo(P)/ASA
		88						
		0.15	0.20	0.25	0.30	0.35	0.40	0.45	0.50
					1/LHSV (h)		
		100						
		95						
	HDN conversion, %	75 80 85 90					NiMo(P)/Al NiMo(P)/ASA 2 O 3
		70						
		65						
		0.15	0.20	0.25	0.30	0.35	0.40	0.45	0.50
					1/LHSV (h)		

Figure 5-19: Comparison of HDS (a) and HDN (b) conversions between the 2 catalysts in the tests of gas oil mixture at 360°C

Table 5 - 6 &

 56 Table 5-7), we are able to estimate the apparent activation energies of HDS and HDN reaction over both catalysts.

Table 5 -

 5 8: Apparent activation energies of the gas oil HDS, HDN over both catalysts

	E a (kJ/mol)	NiMo(P)/Al 2 O 3	NiMo(P)/ASA
	HDS	133.7	77.2
	HDN	69.0	63.0

Table 5 - 9 :

 59 Determination of the loss of HDS and HDN activity for 2 catalysts

	NiMo(P)/Al 2 O 3	NiMo(P)/ASA

Table 5 -

 5 10 summarizes information of all samples for such analyses. In this chapter, the discussion of the DBE and carbon number distribution of the effluents compared to that of the feed is structured in Figure5-22. 

	Table 5-10: Hydrotreated effluent samples analyzed by potentiometry and FT/ICR-MS
	analyses					
	N o	Catalyst	LHSV, h -1 [S], wppm [N], wppm HDS conv, %	HDN conv, %
	1	NiMo(P)/Al 2 O 3	5.2	618	169	95.6		76.1
	2	NiMo(P)/Al 2 O 3	4.2	485	139	96.6		80.4
	3	NiMo(P)/Al 2 O 3	3.1	424	109	97.0		84.6
	4	NiMo(P)/Al 2 O 3	2.1	224	54	98.4		92.4
	5	NiMo(P)/ASA	5.8	1371	204	90.3		71.1
	6	NiMo(P)/ASA	4.6	1170	184	91.7		73.9
	7	NiMo(P)/ASA	3.5	1008	145	92.9		79.5
	8	NiMo(P)/ASA	2.3	607	76	95.7		89.3
					DBE -based families	Classification
			basic nitrogen		pyridines, anilines		by carbon number
					quinolines, acridines	
		Total					
		nitrogen					
			neutral nitrogen		DBE -based families indoles, carbazoles benzocarbazoles	Classification by carbon number

  The comparison of carbon number distribution curves of total nitrogen between the two catalysts at the same HDN conversion (80%) is given in appendix 5E. The CNDCs of the 80% HDN conversion effluents over the two catalysts are identical. The yield of nitrogen compounds with n C > 36 in the effluent over NiMo(P)/ASA is 1.0 wt%, against 0.4 wt% over

	NiMo(P)/Al 2 O 3 , indicating that condensation and/or alkylation occurred more frequently over
	the ASA supported catalyst.			
		90	(a) NiMo(P)/Al	2 O 3	Feed		90	(b) NiMo(P)/ASA	Feed
	pseudo concentration, wppm	20 30 40 50 60 70 80			76% HDN conv 80% HDN conv 85% HDN conv 92% HDN conv	pseudo concentration, wppm	20 30 40 50 60 70 80	71% HDN conv 74% HDN conv 80% HDN conv 89% HDN conv
		10					10
		0	8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46		0	8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
			Carbon number of total nitrogen			Carbon number of total nitrogen

  Neither of the two results are observed in our case, i.e. the CNDCs of the effluents are similar between the two catalysts at the same HDN conversion, and at high HDN conversion the CNDCs shifts to higher and not to lower carbon numbers. Further investigation of the CNDCs of DBE-based families in the next part is needed to evaluate the HDN reactivity of N-compounds.

	carbon numbers. The CNDC of basic and neutral compounds in the 80% HDN conversion
	effluents are similar between the two catalysts (appendix 5F).
			Note that the ring opening and hydrogenation reactions do not change the carbon
	number distribution of N-compounds, but cracking reactions and/or the different reactivity
	towards denitrogenation of different carbon-number compounds do. In principle, cracking
	reactions are favored by acid sites of catalysts; in this case, we should observe the clear
	difference between the two catalysts. Moreover, cracking reactions are inhibited by nitrogen
	compounds, especially basic compounds. Thus, cracking should become more pronounced at
	high HDN conversions.			
		30	(a) NiMo(P)/Al 2 O	3	Feed		30	(b) NiMo(P)/ASA	Feed
					76% HDN conv			71% HDN conv
	pseudo concentration, wppm	5 10 15 20 25			80% HDN conv 85% HDN conv 92% HDN conv	pseudo concentration, wppm	5 10 15 20 25	74% HDN conv 80% HDN conv 89% HDN conv
		0					0
			8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46			8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
			Carbon number of basic nitrogen				Carbon number of basic nitrogen
		60	(c) NiMo(P)/Al 2 O	3	Feed		60	(d) NiMo(P)/ASA	Feed
					76% HDN conv			71% HDN conv
	pseudo concentration, wppm	10 20 30 40 50			80% HDN conv 85% HDN conv 92% HDN conv	pseudo concentration, wppm	10 20 30 40 50	74% HDN conv 80% HDN conv 89% HDN conv
		0					0
			8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46			8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
			Carbon number of neutral nitrogen				Carbon number of neutral nitrogen

Table S1 -

 S1 -2. 2: Effect of H 2 S partial pressure on HDN of model molecules

	Reactant	Reaction conditions	Observed effects	Ref.
	Quinoline	NiMo/Al 2 O 3 , 350°C, 70 bars	Effect on product distribution: high P H2S enhances HDN products (PCH, PB), decreases HYD products (DHQ, 58THQ).	Perot et al. 4
	DHQ	NiMoP/Al 2 O 3 , 370°C, 15 bars, 65 mbar H 2 S	Positive effect on overall HDN conversion.	Prins et al. 5
	o-propylaniline	NiMoP/Al 2 O 3 , 370°C, 15 bars, H 2 S/H 2 = 0-3.10 -3 mol/mol	Inhibiting effect on hydrogenation of phenyl ring which is the rate-liming step; decrease the overall conversion in presence of H 2 S	Prins et al. 6
	Pyridine, piperidine	NiMoP/Al 2 O 3 , 370°C, 3.10 -3 mol/mol 15 bars, H 2 S/H 2 = 0-	no effect on piperidine HDN. Inhibiting effect on pyridine hydrogenation,	Jian et al.

  Appendix 4B: FT-ICR/MS analyses of heavy by-products produced from indole HDN (a) Theoretical and experimental ESI(-) FT/ICR-MSspectra for the C 16 H 12 N 2 (ionized into C 16 H 11 N

	Stirring rate (s -1 )	13.33
		231.09277			NL:
	Impeller diameter (m) C 16 H11 N2 0.00000 ppm	0.03	1.57E5 C 16 H11 N2: C 16 H11 N2
					p (gss, s /p:5) Chrg -1
					R: 180000 Res .Pwr . @FWHM
	Kinematic Viscosity (cP)	0.22
	Surface tension, Dyne/cm	1.95
	Density, kg/m 3		523
	Molecular weight	180.6
		231.09302			NL:
	Nombre de Weber (We) C 16 H11 N2 1.07025 ppm	1285	4.38E3 MNG-B-079-2h neg_1#12 RT:
					7.13 AV: 1 T: FTMS -p ESI
					Full ms [80.00-600.00]
	Nombre de Reynold (Re)	28654
	231.08767			Quinoline	PCH	NH 3
	C 16 H11 N2 Molar volume (m 3 /kmol) -22.08179 ppm			231.10020 0.118 C 17 H13 N -22.27848 ppm	0.160	0.028
	Molecular diffusion coefficient (cm 2 /s) 231.085 231.090 231.095	1.62.10 -4 231.100	1.35.10 -4 3.81. 10 -4
			m/z	
	Schmidt number (Sc)				25.9	31.1	11.0
	Sherwood number (Sh)			11348	13185	5616
	k L a				0.204	0.197	0.238
		230.19033			NL:
		C 16 H 24 N			1.57E5
	0.00000 ppm			C 16 H 24 N:
					C 16 H 24
			Q	
		(c)	14THQ
			58THQ
			DHQ
			OPA
	230.19012	PCHA
	C 16 H 24 N -0.20606 ppm	PB	
			PCHE
			PCH
	230.18763			
	C 16 H 24 N			
	-2.69938 ppm		
	230.18079	230.19378	230.19949	230.20791
	C 15 H 22 N 2	C 16 H 24 N	C 17 H 26	C 17 H 26
	3.04331 ppm	3.45711 ppm	-3.41026 ppm	5.00289 ppm
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APPENDICES

As shown in Table 5-9, we found that the two catalysts are slightly deactivated. The NiMo(P)/ASA is slightly more deactivated than the NiMo(P)/Al 2 O 3 . This result is comparable to the observation obtained from the HDN of quinoline and indole. This was attributed to the higher deposition of coke on the surface of NiMo(P)/ASA, due to the acidity of ASA support, which promotes condensation reactions and coke formation. The carbon and nitrogen elemental analysis shows that the carbon and nitrogen content in the used NiMo(P)/Al 2 O 3 are 5.0 and 0.37 wt%, respectively, after the test cycle, whereas the carbon and nitrogen content in the used NiMo(P)/ASA are 5.3 and 0.47 wt%, respectively.

Overview of the DBE evolution in the HDN of model molecules

In order to understand how the HDN conversion of the real feed changes the distribution of DBE and different basic and neutral nitrogen species, an overview of the HDN of model molecules is necessary. Pour les perspectives, la quantification par GCxGC-NCD sera nécessaire afin de comparer avec des concentrations obtenues par FT-ICR/MS pour les familles semblables. La modélisation cinétique par l'approche « lumping », qui pourrait être utilisé à partir de la classification des composés azotés en fonction des valeurs de DBE et de nombre de carbones, serait utile pour interpréter le schéma réactionnel de l'HDN de la charge réelle.

Appendix 1: Bibliography studies on the effects of hydrogen partial pressure, partial pressure of H2S and temperatures on the HDN reactions

1A. Effect of hydrogen partial pressure

The dependence of HDN of model molecules on the partial H 2 pressure is upon to the nature of model molecules (Table S1-1). Gioia et al. 1 indicated that the reaction pathway of quinoline HDN involving OPA as an intermediate becomes more important as pressure decreases. More positive effect on aniline HDN than HDN of pyridine.

Machida et al. 3 However, the nitrogen removal rate from 2,4-dimethylpyridine was independent on H 2 pressure 2 . This was interpreted because hydrogenolysis is the rate-determining step in HDN of 2,4-dimethylpyridine, and that removing nitrogen from quinoline involves the hydrogenation of substituted benzenes, which is kinetically more difficult than the hydrogenation of dimethylpyridine. Similarly, the aniline HDN was more enhanced by H 2 partial pressure than pyridine HDN due to the difference in rate-determining step in the HDN of each compound. In fact, hydrogenation of benzene ring is the rate-determining step in aniline HDN, while C-N bond cleavage of piperidine was the rate-determining step in pyridine HDN 3 . A mechanism in which a hydrogen atom at hydrogen dissociative site on catalyst would spill over to an adsorption site of nitrogen compounds was proposed. The strong adsorption of nitrogen compounds of pyridine and piperidine would occupy nitrogen adsorption sites, which would be equal to acceptor sites of spillover hydrogen. Therefore, the increasing hydrogen partial pressure results in no improvement of HDN reactions, and the greater the adsorption strength of nitrogen compounds onto catalyst surface, the lesser the effect of partial pressure of hydrogen 3 .

Appendix 2A : Hydrogenation of toluene

The activity for aromatic hydrogenation of both catalysts was characterized by the toluene hydrogenation at IFP Energies Nouvelles. This test was carried out in the gas phase, in a fixed-bed reactor, and proceeds through 2 different consecutive steps: the sulfidation of catalyst and then the toluene hydrogenation. The feedstock entered in the reactor is a mixture of toluene, cyclohexane with dimethyl disulfide (DMDS) (as an agent to remain the sulfide stat of catalysts) and aniline (as an inhibitor of acid function of catalyst). The composition of the feedstock is described as following:

- 

Appendix 2B : Isomerization of cyclohexane

This test was also performed with 2 steps: the sulfidation of catalysts and the catalytic test, in the fixed-bed reactor. The conditions of each step (temperature, pressure, VVH) were totally identical with the test of toluene hydrogenation. However, the nature and the composition of the feedstock were different. It included 94.12 wt% of cyclohexane and 5.88 wt% of DMDS (the agent produces H 2 S to maintain the sulfide stat of catalysts). The volume ratio of H 2 /feed was fixed to 450 liters H 2 /liters liquid.

Appendix 2C : Infra-Red Spectra of CO over alumina and silica-alumina supports

Spectra of IR(CO) of ASA support in the zone of 2300-2000 cm -1

Method of decomposition of Infra-Red spectra of CO adsorption

The decomposition of IR spectra at CO saturation coverage was carried out by Grams software. The parameters of the peak decomposition are summarized in following The two following figures show the peak decomposition of spectra over NiMo(P)/Al 2 O 3 and NiMo(P)/ASA. The position of the bands remained the same after the decomposition. However, the noise/signal ratio is quite high and the overlap of species made the decomposition difficult, therefore, the accuracy is not so good but the coherence with XPS data supports the interpretation. 

Appendix 3D: Comparison of simulation results (continuous line) and experimental data (points) of 3 tests at 340°C, at 1 wt % (a), 1.5 wt % (b) and 2 wt % (c) of quinoline, over NiMo(P)/ASA Appendix 3E: Comparison of simulation results (continuous line) and experimental data (points) of 3 tests at 360°C, at 1 wt % (a), 1.5 wt % (b) and 2 wt % (c) of quinoline, over NiMo(P)/ASA Appendix 3F: Calculation of liquid-vapor mass transfer coefficient from empirical correlation, based on experimental parameters

The molecular diffusion coefficient was calculated by empirical Wilke-Chang equation: V A : molar volume of solute A at the normal boiling point (ml.mol -1 )

Value of k L a of each molecule was calculated from Sherwood number, by equation:

The Sherwood number was calculated from non-dimensional numbers: 

Appendix 4A : Method of GC-FID and GC-NCD for analysis of indole and its products

Method of GC-FID for analysis of indole and its products

Programed temperature : Acridines (10) tetraHbenzARC (11) diHbenzARC (12) Appendix 5C: Plot of HDS reaction rate to HDN reaction rate ratios (rHDS/rHDN) as function of temperature.

The HDS and HDN reaction rates were calculated by the power law reaction order, with the apparent rate constants and reaction order calculated in table 5